Single amino acid charge switch defines clinically distinct
proline-serine-threonine phosphatase-interacting protein 1
(PSTPIP1)-associated inflammatory diseases
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Background: Hyperzincemia and hypercalprotectinemia
(Hz/Hc) is a distinct autoinflammatory entity involving
extremely high serum concentrations of the proinflammatory
alarmin myeloid-related protein (MRP) 8/14 (S100A8/S100A9
and calprotectin).

Objective: We sought to characterize the genetic cause and
clinical spectrum of Hz/Hc.
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Methods: Proline-serine-threonine phosphatase-interacting
protein 1 (PSTPIP1) gene sequencing was performed in 14
patients with Hz/Hc, and their clinical phenotype was compared
with that of 11 patients with pyogenic arthritis, pyoderma
gangrenosum, and acne (PAPA) syndrome. PSTPIP1-pyrin
interactions were analyzed by means of immunoprecipitation
and Western blotting. A structural model of the PSTPIP1 dimer
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was generated. Cytokine profiles were analyzed by using the
multiplex immunoassay, and MRP8/14 serum concentrations
were analyzed by using an ELISA.

Results: Thirteen patients were heterozygous for a missense
mutation in the PSTPIP1 gene, resulting in a p.E250K mutation,
and 1 carried a mutation resulting in p.E257K. Both mutations
substantially alter the electrostatic potential of the PSTPIP1
dimer model in a region critical for protein-protein interaction.
Patients with Hz/Hc have extremely high MRP8/14
concentrations (2045 = 1300 pg/mL) compared with those with
PAPA syndrome (116 = 74 pg/mL) and have a distinct clinical
phenotype. A specific cytokine profile is associated with Hz/Hc.
Hz/Hc mutations altered protein binding of PSTPIP1,
increasing interaction with pyrin through phosphorylation of
PSTPIP1.

Conclusion: Mutations resulting in charge reversal in the
y-domain of PSTPIP1 (E — K) and increased interaction with
pyrin cause a distinct autoinflammatory disorder defined by
clinical and biochemical features not found in patients with
PAPA syndrome, indicating a unique genotype-phenotype
correlation for mutations in the PSTPIP1 gene. This is the first
inborn autoinflammatory syndrome in which inflammation is
driven by uncontrolled release of members of the alarmin
family. (J Allergy Clin Immunol 2015; 88 NEN-NEN,)

Key words: Hyperzincemia and hypercalprotectinemia, myeloid-
related protein 8/14, calprotectin, S100 proteins, zinc, proline-
serine-threonine phosphatase-interacting protein 1, pyogenic
arthritis, pyoderma gangrenosum, and acne syndrome, genotype,
phenotype, autoinflammation

Mpyeloid-related protein (MRP) 8 (S100A8) and MRP14
(S100A9) are endogenous ligands of Toll-like receptor (TLR) 4'
that are highly expressed in granulocytes, monocytes, and
activated keratinocytes.” Both proteins belong to the family of
alarmins, which are danger signals released during cellular stress
or damage; have strong proinflammatory effects in vitro”’; and
promote inflammation in vivo.* '’ Highly increased serum
concentrations of MRP8/14 complexes (calprotectin) have been re-
ported in patients with systemic juvenile idiopathic arthritis (SJIA)
and familial Mediterranean fever (FMF; OMIM #249100).' 2

Hypercalprotectinemia and hyperzincemia (Hz/Hc) is a
rare autoinflammatory condition characterized by marked
dysregulation of MRP8/14 metabolism associated with
accumulation of zinc caused by the zinc-binding capacities of
MRPS8/14.? Together with extremely high MRP8/14 serum levels,
the syndrome is characterized by severe systemic and cutaneous
inflammation, hepatosplenomegaly, arthritis, pancytopenia, and
failure to thrive.” The genetic cause of the disease has not been
identified thus far.”'*"">

Proline-serine-threonine phosphatase-interacting protein 1
(PSTPIP1; also known as CD2BP1) is a cytoskeleton-associated
adaptor protein that modulates T-cell activation,'® cytoskeletal
organization, and IL-1B release.'” Heterozygous mutations in
the PSTPIPI gene cause the dominantly inherited pyogenic
arthritis, pyoderma gangrenosum, and acne (PAPA) syndrome
(OMIM #604410). PAPA syndrome is a rare autosomal dominant
autoinflammatory disease typically caused by the missense
mutations p.A230T (c.688G>A) and p.E250Q (c.748G>C) in
PSTPIP1.'® Mutations causing PAPA syndrome are thought to
disrupt the interaction of PSTPIP1 with a protein tyrosin
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Abbreviations used
AIN: Autoimmune neutropenia
FMF: Familial Mediterranean fever
Hz/Hc: Hyperzincemia and hypercalprotectinemia
MIF: Macrophage migration inhibitory factor
MRP: Myeloid-related protein
PAPA: Pyogenic arthritis, pyoderma gangrenosum, and acne
PSTPIP1: Proline-serine-threonine phosphatase-interacting protein 1
SJIA: Systemic juvenile idiopathic arthritis
TLR: Toll-like receptor
WT: Wild-type

phophatese (PTP-PEST), a regulatory phosphatase, leading to un-
controlled secretion of IL-1f3, probably through binding to pyrin,
which is mutated in patients with FME.'? Patients with PAPA syn-
drome typically present with recurrent sterile pyogenic arthritis in
childhood, occurring spontaneously or after minor trauma. In
adolescence the propensity for cutaneous inflammation increases,
encompassing severe cystic acne, and recurrent pyoderma gangre-
nosum-like ulcers, including the positive pathergy phenomenon.zo
In contrast, systemic inflammation, failure to thrive, and high
mortality are not part of the clinical picture of PAPA syndrome.

In this study, for the first time, we identified de novo p.E250K
and p.E257K mutations in the PSTPIPI gene as the cause of
Hz/Hc disease and characterized this autoinflammatory entity in
comparison with PAPA syndrome. We here describe the first
inherited syndrome in which the inflammatory pathogenesis is
largely driven by unrestrained release of proinflammatory danger
signals of the alarmin family.

METHODS

Patients and samples

This study was approved by the Medical Ethics Committee at the
University of Muenster, Muenster, Germany, and performed in accordance
to the Helsinki Declaration. All patients or relatives provided written informed
consent. Fourteen patients with Hz/Hc were enrolled. Patients P1 JP2p3e
P4,'> and P11°' have been previously reported. Patients’ clinical symptoms
are summarized in Table E1 and the Methods section in this article’s Online
Repository at www.jacionline.org.

Patients with PAPA syndrome, SJIA, and FMF

As a control group, 11 patients with genetically confirmed PAPA syndrome
(8 patients carrying the p.A230T mutation, 2 patients with the p.E250Q
mutation, and 1 patient with the p.E256G mutation) were included
(for patient’s details, see Table E2 in this article’s Online Repository at
www.jacionline.org). Patients PI and PII have been reported previously.””
Furthermore, 20 patients with active SJIA (sex, 12 male/8 female; age range,
7-16 years), 20 patients with active FMF (9 male/11 female; age range,
8-17 years), and 20 healthy control subjects (11 male/9 female; age range,
7-24 years) were included for serologic studies.

Analysis of MRP8/MRP14 in serum and skin and

zinc serum levels

Serum concentrations of MRP8/14 were determined by using a sandwich
ELISA, as previously described. The readers of the laboratory assay were
blinded for diagnosis and inflammatory activity of the patients. Skin sections
of patient P1 were stained with monospecific affinity-purified rabbit antisera to
MRP8 and MRP14. Immunostaining was performed with a standard 3-stage
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immunoperoxidase method, as previously described.’ Zinc serum levels were
determined by using atomic absorption spectroscopy. Normal serum levels
were defined as 11.5 to 21.4 pmol/L (95% CI).

Analysis of anti-neutrophil antibodies

Neutrophil-reactive antibodies were detected by using the agglutination,
microscopic immunofluorescence, and mAb-specific immobilization of
neutrophil antigen assay, as previously described.”

Genotype analysis

In patients with Hz/Hc, exons 1 to 15 of the PSTPIP1 gene and all 10 exons
of the Mediterranean fever gene were sequenced. PCR amplification products
of exons were purified with the ExoSAP-IT reagent (USB, Cleveland, Ohio)
and sequenced with the ABI PRISM Big Dye Terminator v3.1 Ready Reaction
Cycle Sequencing kit and the ABI PRISM 3130 Genetic Analyzer (Applied
Biosystems, Foster City, Calif).

Structural model and sequence alignment

The PSTPIP1 sequence (residues 3-285, UniProtKB code 043586) was
defined as the target, and the F-bar domain of FCHo2 (PDB ID 2V0O, residues
2-271) with a sequence identity of 23% served as the template.”* Homology
models were based on an alignment using the Clustal Omega tool>> and built
with the MODELLER program.”® One thousand models were calculated and
clustered, and the model with the best ANOLEA score’’ belonging to the
largest cluster was further refined. A dimeric structure was generated by align-
ing 2 copies of the resulting model with chains A and B of the x-ray structure
2V00 and minimizing them by using the CHARMM22 all-atom force field.”®
Structural models for the mutant proteins p.E250K and p.E257K, as well as for
the PAPA syndrome mutant p.E250Q, were generated by mutating the respec-
tive amino acids of the dimer model and reminimizing the structure. For each
of the 4 models, the electrostatic potential was calculated with the UHBD
code.”” The FoldX program was used to perform an in silico alanine scan
by mutating each residue to an alanine and estimating the resulting change
in folding energy.*” Molecular visualization was done with CHIMERA.*’

Immunoprecipitation and phosphorylation of

PSTPIP1

HEK?293 cells were transfected (PolyFect; Qiagen, Hilden, Germany) with
wild-type (WT) enhanced green fluorescent protein—PSTPIP1 or p.E250Q or
p-E250K mutated enhanced green fluorescent protein—-PSTPIP1 and pyrin for
coprecipitation or cAbl (31284;pSG5-ABL; Addgene, Cambridge, Mass) for
detection of tyrosine phosphorylated proteins. Transfected HEK cells were
incubated in lysis buffer (50 mmol/L Tris [pH 7.7], 300 mmol/L NaCl,
2 mmol/L. MgCl, 0.1% Chaps, and protease inhibitor cocktail; Roche,
Mannheim, Germany) for 20 minutes on ice and pushed through a 15-gauge
cannula. For detection of phosphotyrosine, 0.4 mmol/L Naz;VO, was added to
lysis buffer. After centrifugation, supernatants were incubated overnight at
4°C for coprecipitation of pyrin or for 3 hours at 4°C for detection of tyrosine
phosphorylated proteins with antibody (mouse «-PSTPIP1 [ab88474];
Abcam, Cambridge, United Kingdom) linked to a/g agarose beads (Pierce
Biotechnology, Rockford, IlI). After washing, samples were analyzed by
means of SDS-PAGE and Western blotting with appropriate antibodies (rabbit
a-PSTPIP1 [HPA 010600]; Atlas Antibodies, Stockholm, Sweden; mouse
a-phosphotyrosine  [4G10]; Merck Millipore, Darmstadt, Germany).
Additionally, coimmunoprecipitation band intensities of blots from 3
independent experiments were densitometrically analyzed with Image]
1.46r (National Institutes of Health, Bethesda, Md). All values were
normalized to the PSTPIP1 value.

Extracellular cytokine measurement
Cytokines and soluble receptors were measured in serum by using a
multiplex immunoassay, as previously described.’” Acquisition of data was
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performed with the FlexMap3D system (Bio-Rad Laboratories, Hercules,
Calif) and xPonent v4.2 software (Luminex, Austin, Tex). Data analyses
were performed by using Bio-Plex Manager software version 6.1.1 with 5
parametric curve fitting (Bio-Rad Laboratories). Cytokines analyzed included
IL-1e, IL-1B, IL-2, IL-4, IL-15, IL-6, IL-8, IL-10, IL-12, IL-13, IL-15, IL-17,
IL-18, IL-21, IL-22, IL-33, CCL2, CCL3, CCL11, CCL17, CCL18, CCL22,
CXCL9, granulocyte colony-stimulating factor, GM-CSF, macrophage
colony-stimulating factor, IFN-a, IFN-y, macrophage migration inhibitory
factor (MIF), intercellular adhesion molecule, vascular cell adhesion
molecule, receptor activator of nuclear factor kB ligand, IFN-y—induced
protein 10, and TNF-a. Serum samples for this analysis were immediately
frozen and shipped on dry ice.

Statistical analysis

Statistical analyses were performed with Prism 5.0 software (GraphPad
Software, La Jolla, Calif). Analyses between 2 groups were performed with an
unpaired 2-tailed Student ¢ test. Comparisons among 3 or more groups were
performed by using 1-way ANOVA, followed by Bonferroni multiple means
tests for comparing all pairs of columns. Differences in protein serum profiles
were analyzed by using the Mann-Whitney U test. Differences were
considered statistically significant at a P value of less than .05.

RESULTS
Characterization of clinical phenotype in patients
with Hz/Hc

Patients with Hz/Hc had a persistent early-onset (median age at
disease onset, 13 months) inflammatory disease characterized by
cutaneous inflammation (12/14), (hepato)splenomegaly (12/14),
failure to thrive (9/14), lymphadenopathy (6/14), and joint
involvement (arthritis in 7/14 and arthralgia/morning stiffness
in 2/14). Most of these patients showed marked abnormalities in
hematologic parameters, including neutropenia (14/14), anemia
(hemoglobin, <100 g/L; n = 13/14), and thrombocytopenia (7/14,
see Table E1). As a consequence of the detected pancytopenia,
bone marrow biopsy specimens were analyzed in 8 patients
showing dyserythropoiesis, fibrosis, and lymphocytosis.
Additionally, the frequency of anti-neutrophil antibodies was
screened in serum of 12 of 14 patients with Hz/Hc and 9 of 11
patients with PAPA syndrome. We found a constellation of
autoimmune neutropenia (AIN) in 4 patients and a constellation
consistent with AIN (without identification of antigen) in 4 other
patients with Hz/Hc (66% together), whereas only in 3 patients
with classical PAPA syndrome could such a constellation be
found (33%, see Table E3 in this article’s Online Repository at
www.jacionline.org). Analysis of B-cell subpopulations
(total [CD197], transitional [CD24** and CD38" "], naive
[CD277, IgG~, and IgA™], memory [CD27"], IgM memory
[CD27%, IgG ™, and IgA ], and switched memory [CD277,
IgG™, and IgA™]) did not show relevant changes in 5 patients
with Hz/Hc (E250K) or 5 patients with PAPA syndrome
(3 E250Q and 2 E256G) when compared directly or with healthy
control subjects.

Interestingly, in the cohort of patients with PAPA syndrome
(n = 11) the most relevant clinical findings of anemia,
neutropenia, thrombocytopenia, (hepato)splenomegaly, and
failure to thrive were absent (see Table E2). Inversely, pyogenic
arthritis, a prominent clinical feature of PAPA syndrome
(n = 8/11) was present in only 1 patient with Hz/Hc. The only
common clinical symptom in both groups was skin inflammation
(PAPA syndrome, n = 9/11; Hz/Hc, n = 12/14), which appeared
in a variety of manifestations. The significance of the differences
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FIG 1. Hz/Hc can be distinguished from PAPA syndrome based on clinical
symptoms and laboratory parameters. A, Characteristic clinical symptoms
and laboratory parameters present or absent in patients with Hz/Hc and
those with PAPA syndrome. B-l, Palpebral lesions (Fig 1, B), pyoderma
gangrenosum-like ulcers (Fig 1, C) or ulcerative dermatitis (Fig 1, D and
E), and MRP14 expression in affected (Fig 1, F and G) and unaffected
(Fig 1, H and ) skin of patient 1.

in the clinical phenotype and laboratory findings is depicted in
Fig 1, A (median age at disease onset in patients with PAPA
syndrome, 4 years).

Among cutaneous findings, palpebral lesions occurred in 2
patients with Hz/Hc (Fig 1, B), whereas they were absent in
patients with PAPA syndrome. Patient P1 had pyoderma
gangrenosum (Fig 2, C) and several ulcers in the lower extremities
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(Fig 1, D and E). Here, biopsy samples from affected and
unaffected skin showed a dramatic upregulation of MRP8 and
MRP14 in hyperproliferative epidermis and marked leukocyte
infiltration in inflamed dermis (Fig 1, F and G) in contrast to
clinically unaffected skin from the same patient (Fig 1, H and [).

Cutaneous inflammation was characterized by an unspecific
infiltrate composed of neutrophils and macrophages admixed
with plasma cells, as well as perivascular lymphocellular
infiltrations in 5 patients with Hz/Hc.

Genetic studies

Interestingly, genetic analyses of patients with Hz/Hc revealed
in all of them an amino acid exchanges from the acidic glutamic
acid to basic lysine. In patients P1 to P13, the heterozygous G>A
transition at the ¢.748 position in exon 11 of the PSTPIPI gene,
leading to the missense p.E250K variant, was found.”' In patient
P14 the heterozygous G>A transition at c.769 position, also in
exon 11 and leading to the missense p.E257K variant, was found.
Multiple sets of evidence indicate that these 2 variants are very
likely deleterious for the structure, function, or both of PSTPIP1:
their absence in the database of genomic diversity (0% allele
frequency for the 2 variants in the 1000 Genomes project),
in silico analyses with the algorithms SIFT and Polyphen-2
(deleterious and probably damaging), and family-based
cosegregation studies. Parental DNA was available from patients
P2 to P8, P12, and P13, which confirmed a de novo mutation in 8
patients. Patients P9 (father) and P8 (son) shared the same
PSTPIP1 E250K mutation, and both were affected with a variable
clinical expression.

In all patients carrying the mutations, we detected excessively
increased MRP8/14 and zinc serum levels compatible with earlier
findings reported in patients with Hz/Hc (see Table E1).

Alteration of electrostatic potential of PSTPIP1

Both 250 and 257 residues are located on the convex face of the
dimeric PSTPIP1 model, close to the dimer interface but exposed
to the solvent (Fig 2, A). Because o helices have a periodicity of
3.6, both mutations point to the same face of the helix and to the
outside of the structure. Moreover, copies of E250 and, to a lesser
degree, E257 from chains A and B are in proximity, suggesting
that their influence could be potentiated in the dimer. E250 is
located in a cluster of 4 negatively charged side chains formed
by D246, E247, E250, and E251 (Fig 2, B). An in silico alanine
scan suggests that neither E250 nor E257 is relevant for the
structural integrity of the protein. The electrostatic potential
projected on the molecular surface of the PSTPIP1 model
(Fig 2, C and D) displays a large negative patch in the central
part of the convex face that has been proposed to be important
for pyrin and PTP-PEST binding. Both mutants, p.E250K and
p.E257K, substantially affect this negative patch of WT PSTPIP1
(Fig 2, E and F), whereas the influence of the PAPA syndrome
mutant p.E250Q on the electrostatic potential is much less
pronounced (Fig 2, G).

Binding of pyrin and phosphorylation of PSTPIP1
The PAPA syndrome-associated p.E250Q mutation causes

increased pyrin binding and hyperphosphorylation of PSTPIP1.

Therefore we tested the effect of the p.E250K mutation on
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FIG 2. Mutations of patients with Hz/Hc alter the electrostatic potential of
PSTPIP1. A, PSTPIP1 FCH domain in a ribbon diagram of PSTPIP1 dimer
with Hz/Hc mutations (green). B, p.E250 in a cluster of 4 negatively charged
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phosphorylation and pyrin binding. Relative to the E250Q
mutant, the E250K mutant exhibits markedly increased binding
to pyrin (Fig 3, A). The 2 mutant proteins were hyperphosphory-
lated relative to WT in the presence of the cAbl kinase (Fig 3, B).
Although the increase in PSTPIP1-pyrin binding was significant,
phosphorylation only showed a tendency toward stronger
p.E250K hyperphosphorylation (Fig 3, C).

Serum concentration of MRP8/14 and zinc in
patients with PSTPIP1 mutations

Serum samples were obtained at the time of clinical and
serologic active disease. Serum concentrations of MRP8/14 in
patients with Hz/Hc (mean = 95% CI, 2070 = 1190 png/mL) were
found to be significantly increased (up to 20-fold) compared with
those in patients with PAPA syndrome (116 = 74 pg/mL,
P < .001; Fig 4, A). Levels in healthy control subjects were
0.48 + 0.1 pg/mL.** We have previously shown that MRP8/14
levels are increased in patients with SJIA and FMF at the time
of clinical and serologic active disease.'""'> However, the
MRP8/14 levels in patients with Hz/Hc were more than 20 or
40 times higher than those in patients with FMF
(110 = 82 pg/mL) or SJTA (45 = 13 pg/mL, both P < .001),
respectively. There were no significant differences among
patients with PAPA syndrome, FMF, and SJIA. Concomitantly,
zinc levels were found to be significantly increased in patients
with Hz/Hc (114.5 = 28.3 pmol/L) compared with those in
patients with PAPA syndrome (21.9 * 7.8 pmol/L), FMF
(14 = 8 pmol/L), and SJIA (12.1 = 1.9 wmol/L) or healthy
control subjects (12.8 = 1.0 wmol/L, all P < .001; Fig 4, B).
The degree of increase in MRP8/14 and zinc levels correlated
closely in the entire patient cohort (r = 0.838, P <.001; Fig 4, C).

Serum cytokine profile of Hz/Hc and PAPA
syndrome

In view of the increased MRP8/14 levels detected in patients
with Hz/Hc, we investigated the profile of circulating cytokines to
define an inflammatory signature using serum samples obtained
during active disease from 8 patients with Hz/Hc (7 with p.E250K
and 1 with p.E257K), 5 patients with PAPA syndrome (2 with
p-A230T, 2 with p.E250Q, and 1 with p.E256G), and 22 healthy
control subjects (female/male sex, 12/10; age range, 3-16 years).
All samples were obtained at the time of clinical and serologic
active disease. Expression levels were stratified into (1) cytokines
that were only upregulated or downregulated in patients with
Hz/Hc (ie, IL-2, IL-15, IL-22, and IFN-v); (2) cytokines that were
upregulated in patients with Hz/Hc and those with PAPA
syndrome but significantly higher in patients with Hz/Hc (ie,
IL-8, IL-18, and IL-33); and (3) cytokines that were significantly
upregulated or downregulated in patients with Hz/Hc and those
with PAPA syndrome compared with control subjects (ie, IL-1f3,
IL-4, IL-6, IL-10, CCL2, CCL3, CCL17, CCL18, CCL22,
CXCL9, intercellular adhesion molecule, vascular cell adhesion
molecule, IFN-a, macrophage colony-stimulating factor, and
MIF). Levels of IL-1a, IL-5, IL-12, IL-13, IL-17, IL-21, CCL11,

side chains. C-G, Electrostatic potential in (blue, positive charge; red,
negative charge; Fig 2, C) in WT (Fig 2, D), p.E250K (Fig 2, E), p.E257K
(Fig 2, F), and p.E250Q mutants (Fig 2, G).
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FIG 3. p.E250K mutation increases PSTPIP1-pyrin binding. A, Cotransfec-
tion with pyrin and PSTPIP1 WT or p.E250Q or p.E250K mutants.
Immunoprecipitation (/IP) was performed with anti-PSTPIP1 and immuno-
blotted with anti-pyrin and anti-PSTPIP1. B, Cotransfection with PSTPIP1
WT, p.E250Q or p.E250K mutants, and cAbl. Immunoprecipitation with
anti-PSTPIP1, phosphorylation was detected with anti-phosphotyrosine.
C, Relative band intensity was measured and expressed as n-fold to
PSTPIP1 WT. *P < .05.

granulocyte colony-stimulating factor, GM-CSF, IFN-y—induced
protein 10, TNF-a, and receptor activator of nuclear factor kB
ligand were not significantly different from those in control
subjects (Fig 5 and see Table E4 in this article’s Online Repository
at www.jacionline.org).

Response to treatment

Response to treatment was evaluated in all patients with Hz/Hc
(see Table E5 in this article’s Online Repository at www.
jacionline.org). Interestingly, no consistently effective therapy
was observed. Best responses were noted when using IL-1
inhibitors, either anakinra (n = 4) or canakinumab (n = 1), but
there were a few patients who were unresponsive to this therapy
(n = 5). Treatment with cyclosporine (n = 5) or prednisolone
(n = 6) resulted in a partial response. Of note, cutaneous
symptoms, arthritis, anemia, and systemic inflammation
improved, but neutropenia persisted in all patients after treatment.
In 3 patients (hepato)splenomegaly resolved with treatment.

Serum profiles of cytokines, MRP8/14, and zinc were
investigated in paired samples of 4 patients with a partial response
to IL-1 or TNF inhibition or GM-CSF and 4 patients with no
response to IL-1 or TNF inhibition and a flare under continuous
treatment with cyclosporine. Partial response to treatment was
accompanied in all 4 treated patients by a decrease of IL-8, IL-18,
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FIG 4. Patients with Hz/Hc can be distinguished from those with
PAPA syndrome, FMF, or SJIA based on MRP8/14 and zinc serum levels.
A and B, MRP8/14 (Fig 4, A) and zinc (Fig 4, B) serum levels in patients with
active disease (patients with Hz/Hc, n = 13; patients with PAPA syndrome,
n = 11), patients with FMF (n = 20), patients with SJIA (n = 20), or healthy
control subjects (n = 20). C, Correlation of MRP8/14 and zinc levels in all
patients. ¥*P < .05 and ***P < .001.

IL-33, IL-6, CCL18, MIF, MRPS8/14, and zinc serum
concentrations (see Figs El and E2 in this article’s Online
Repository at www.jacionline.org).

DISCUSSION

Hz/Hc is an autoinflammatory disorder characterized by
chronic systemic inflammation, prominent skin inflammation,
arthralgia/arthritis, hepatosplenomegaly, pancytopenia, and
failure to thrive.” A hallmark of the disease is the extreme increase
in serum concentrations of the proinflammatory alarmins MRP8
and MRP14 and concomitantly zinc. In this study we report the
genetic cause for this disorder, namely a single amino acid
substitution in the y-domain of PSTPIP1 (E—K) either at
position p.E250 or p.E257. Clinically, Hz/Hc is distinct from
the other PSTPIPI-associated disease, PAPA syndrome, based
on the presence of a severe course and early-onset disease,
hepatosplenomegaly, and failure to thrive. Variable expressivity
of disease was noted both in patients with Hz/Hc and those with
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FIG 5. Patients with Hz/Hc can be distinguished from patients with PAPA
syndrome and healthy control subjects based on serum protein expression
levels. Protein serum concentration levels were classified by differential
expression between patients with Hc/Hz, patients with PAPA syndrome,
and control subjects. Expression values are normalized for each gene to the

healthy group. Transformed expression levels are indicated by color scale
with relatively high (red) and relatively low (blue) expression.

PAPA syndrome, with patient P8 showing a weaker phenotype
than his father (patient P9) in the cohort with Hz/Hc. Incomplete
penetrance has been previously reported in families with PAPA
syndrome21 and seems also to be a feature of the p.E250K
mutation. Two patients with Hz/Hc died of postoperative
complications after liver transplantation or sepsis.

Regarding laboratory findings, Hz/Hc is characterized by
severe anemia and neutropenia, which is present in all patients
and accompanied by thrombocytopenia in most patients. By
contrast, anemia and neutropenia were not or only rarely observed
in patients with PAPA syndrome. Bone marrow aspirates in
patients with Hz/Hc showed evidence of dysgranulopoiesis and
dyserythropoiesis, which is consistent with observed
pancytopenia. It is yet unclear whether the hematologic findings
are related to chronic inflammation or could be the result of
altered PSTPIP1 function. PSTPIP1 is known to regulate
neutrophil and macrophage functions,”** but its role in cell
maturation has not been reported. Because of the severe
neutropenia, we were not able to perform functional studies
with purified neutrophils. In addition, patients with Hz/Hc could
be clearly separated from patients with PAPA syndrome based on
extremely high MRP8/14 and zinc serum levels. In summary,
these data suggest a unique genotype-phenotype correlation for
mutations in the PSTPIPI gene.
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MRP8/14 alarmins have been identified as endogenous ligands
for TLR4-mediated expression of proinflammatory cytokines,
chemokines, NADPH oxidase, or adherence molecules. %7
The extremely high expression of this endogenous TLR4 ligand
in patients with Hz/Hc suggests a role for MRP8/14 in the
pathogenesis of severe PSTPIPI-mediated inflammation. In
addition, patients with Hz/Hc could be clearly differentiated
from those with PAPA syndrome based on a distinct cytokine
profile (Table E3). Interestingly, many of these proteins play a
role in positive inflammatory feedback mechanisms between
innate immune cells and the epithelium.’**® IL-22 and
combination of IFN-y and TNF-«a are known inducers of MRP
expression in epithelial cells.”’

Hyperzincemia is caused by the zinc-capturing properties of
MRP8/14,” and zinc levels are increased in patients with Hz/Hc
but not in patients with PAPA syndrome, FMF, or SJIA. Usually
inflammation induces a reduction in plasma zinc concentrations
because of redistribution in the cellular compartment.”’ In
patients with sepsis, lower plasma zinc concentrations were
associated with higher illness scores and increased cytokine
production.’’ Therefore the unique high zinc levels in patients
with Hz/Hc are interesting observations in an inflammatory
context. Zinc deficiency is associated with higher IL-1p
production and lower IL-2 and IL-6 production.”'** Conversely,
in promonocytic cells zinc increased both IL-6 and IL-8 levels,*
and under inflammatory conditions, IFN-y gene expression seems
to be reduced by zinc deficiency.’®"” Therefore hyperzincemia
might contribute to the high IL-2, IL-6, IL-8, and IFN-vy levels
found in patients with Hz/Hc.

Among the identified cytokines, some are characteristic for the
T-cell compartment as IL-2 or IL-22, indicating a role of the
adaptive immune system in patients with Hz/Hc. Additionally, in
a murine model of systemic autoimmune disease, we have shown
that MRP8 and MRP14 expression at the site of inflammation is
essential for the development of autoreactive T cells and
promotion of systemic autoimmunity.” This mechanism might
enhance inflammation in the chronic phase of this autoinflamma-
tory syndrome. Although B-cell distribution was normal in
patients with Hz/Hc and those with PAPA, we found serologic
constellations of AIN as a result of anti-neutrophil antibody
production in both phenotypes (66% vs 33% of samples). Because
autoantibodies were not found in all neutropenic patients, this
seems not to be the only responsible mechanism. However, AIN
might contribute to neutropenia in patients with Hz/Hc and seems
to be a result of the activation of the adaptive immune system
within an autoinflammatory disease.

The p.E250K and p.E257K substitutions in PSTPIP1 are
located within the coiled-coil region, which is important for
pyrin and PTP-PEST interaction. The electrostatic modeling of
PSTPIPI1 displays a large negative patch in the critical region that
is significantly affected by both mutations but not found for the
classical PAPA-associated mutation E250Q. The PAPA-causing
mutations have been shown to disrupt PSTPIP1-PEST
phosphatase interactions, resulting in hyperphosphorylation of
PSTPIP! and increased pyrin avidity.'” This binding might
release pyrin from its autoinhibition, triggering increased
apoptosis-associated speck-like protein containing a carboxy-
terminal CARD oligomerization and caspase-1 activation.*®
Furthermore, the increased PSTPIP1-pyrin avidity also results
in altered PSTPIP1 cellular distribution and its greater
colocalization with the apoptosis-associated speck-like protein
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containing a carboxy-terminal CARD inflammasome.'’ We
showed that p.E250K mutation increases PSTPIP1-pyrin
interactions compared with p.E250Q. The pE250K-mutated
PSTPIP1 protein shows comparable hyperphosphorylation with
p-E250Q indicating that the increased PSTPIP1-pyrin binding is
not just dependent on the phosphorylation status of the protein.
These data are in accordance with earlier reports indicating a
role of the coiled-coil domain of PSTPIP1 in addition to
phosphorylation of tyrosine Y344 in the binding of pyrin.'” The
fact that a single negative charge switch in PSTPIP1 causes major
phenotypic changes with clinical significance is unique for this
group of autoinflammatory diseases, and the analysis of the
underlying molecular mechanism will be a challenging matter
for future research. Because significantly increased MRP8/14
levels can be found in patients with FMF and those with PAPA
syndrome and are extremely high in patients with Hz/Hc, it seems
to be likely that the MRP secretion is regulated by the
pyrin-PSTPIP1 axis. A link might be the involvement of tubulin
in the pyrin-PSTPIP1 axis'®*’ because MRPs are released in an
alternative tubulin-dependent manner.” Patients with cryopyrin-
associated periodic syndromes with mutations in the NOD-like
receptor family, pyrin domain, containing 3 gene have
MRPS8/14 levels within the range of systemic infections.’®
Therefore highly increased serum levels of MRP8/14 are the first
specific biomarker for diseases affecting NOD-like receptor
family, pyrin domain containing 3-independent inflammasome
activation.”'”

The efficacy of anti-TNF treatment and inconsistent efficacy of
recombinant IL-1RA (anakinra) treatment of patients with PAPA
syndrome have been reported.”’ Reports about treatment of
Hz/Hc are limited, with preliminary evidence for favorable
treatment with cyclosporine'” and adalimumab.” In our cohort
of patients with HZ/Hc, IL-1 blockade was partially effective in
5 of 10 patients; cyclosporine or prednisolone showed reasonable
responses as well. Anti-TNF treatment was only effective in 1 of 3
patients. Interestingly, improvement in cutaneous symptoms,
arthritis, anemia, systemic inflammation, and hepatosplenome-
galy was noted, whereas neutropenia was still present in all 3
patients. Therefore our data indicate the necessity for an
individual tailored treatment regimen. Response to treatment
was accompanied by a decrease in levels of serum proteins,
including IL-18 and MRP8/14.

This study reports the largest cohort of patients with PSTPIP1
mutations. PSTPIP1-associated diseases show variable
expressivity and are associated with a range of clinical
phenotypes. To avoid confusion, we would like to suggest a novel
nomenclature for this group of related diseases that is based on the
causal genotypes, biochemical findings, and clinically distinct
symptoms. In analogy to cryopyrin-associated periodic
syndrome, we suggest the term PSTPIPl-associated
inflammatory diseases (PAID) as a new class that encompasses
PAPA syndrome (p.A230T, p.E250Q, and p.E256G), pyogenic
arthritis, pyoderma gangrenosum, acne, and hidradenitis
suppurativa syndrome (p.E277D)’* and patients with Hz/Hc
(p-E250K and p.E257K). We would like to suggest the term
PSTPIP1-associated myeloid-related proteinemia inflammatory
syndrome (PAMI) for the latter entity. We further propose that
patients with undefined autoinflammatory syndromes and
significant skin inflammation (or pyoderma gangrenosum) should
be tested for MRP8/14 serum levels to initiate targeted genetic
testing.
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In conclusion, an amino acid change in the y-domain of
PSTPIP1 (E—K) causes a clinically and serologically distinct
autoinflammatory disorder representing a novel and unique
genotype-phenotype  correlation. The PSTPIP1-associated
myeloid-related proteinemia inflammatory syndrome (Hz/Hc)
inflammatory phenotype is associated with a characteristic
cytokine profile and characterized by extremely high levels of
the proinflammatory alarmins MRP8 and MRP14.

‘We thank Melanie Saers and Susanne Schleifenbaum for excellent technical
assistance, Professor Jerzy-Roch Nofer for laboratory analysis, and Professor
Anna Simon for providing clinical data.

Key messages

o The novel heterozygous missense mutations p.E250K and
p-E257K in the PSTPIPI gene are the cause for the auto-
inflammatory disorder Hz/Hc.

Patients with Hz/Hc can be separated from patients with
PAPA syndrome based on a distinct clinical phenotype,
cytokine profile, and first of all, extremely high MRP8/
MRP14 expression and serum concentrations.
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Supplement 1: Detailed patient‘s descriptions

Patient 1

A 6 year old male presented with recurrent gonarthritis. Since 14 yrs. of age he had recurrent
furunculosis of the face and legs, PG, sterile pustulosis and hepatosplenomegaly. At 29 yrs.
he presented with an ulcerating pyoderma, cryptogenic liver cirrhosis, splenomegaly and
minimal-change glomerulonephritis. Extensive and painful cutaneous lesions were
unresponsive to local therapy. Additionally, anemia, neutropenia, elevated CRP,
hyperzincemia and hypercalprotectinaemia were observed. Eventually the patient died at the
age of 35 yrs. from postoperative complications 3 months after liver transplantation.
Treatment with GM-CSF was started because of its effectiveness in non-healing ulcers of
leukemia patients and psoriasis. GM-CSF effectively alleviated the skin lesions and markedly
improved quality of life. While C-reactive protein did not decrease and anemia was not
improved, zinc and calprotectin levels fell transiently. After detection of the E250K
substitution anakinra was started with short-lived improvement of his general condition,
arthritis and a decrease in CRP. After 2 months arthritis and skin manifestations worsened
and therapy was switched to infliximab. Initially skin lesions and arthritis improved but

infliximab therapy had to be discontinued after 3 months for liver transplantation.

Patient 2

A 14 months old female presented with anemia, neutropenia, growth failure and high levels
of ESR, CRP, LDH, zinc and calprotectin. Bone marrow biopsy showed moderate fibrosis
marked lymphocytes infiltration, predominance of erythroid lineage with maturation
disturbances. Splenomegaly and neck lymphadenopathy were present. Dermatologic and
rheumatologic symptoms were absent. Studies for infections and autoimmune diseases were
negative, function of her immune system was normal. Condition was stable under oral
prednisone for 4 yrs. with Hb level of 95 g/l;, ESR and CRP levels were reduced.

Methotrexate was added for 18 months and iv immunoglobulin for few months after two
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unsuccessful efforts to reduce prednisone with little clinical benefit. Treatment with
cyclosporine then followed for 16 months, which stabilized the anemia, but the neutropenia
worsened. The last 25 months the child has had no treatment and the recent blood test
revealed low but stable Hb levels, stable neutropenia, and moderate inflammatory activity

(CRP: 13 mg/l)

Patient 3

A male patient presented at 11 months with fever, macular erythematous rash, arthralgies,
right knee arthritis, anemia and elevated CRP. Bone marrow biopsy revealed
dysgranulopoesis and dyserythropoesis. Later chronic palpebral necrotic lesions developed.
Recurrent epistaxis and hematomas were attributed to a defect in primary hemostasis. At 3
yrs. of age, he presented with severe anemia (Hb 2g/l), neutropenia, high inflammatory
parameters, generalized muscular atrophy, hepatosplenomegaly and growth retardation.
Growth hormone therapy was started at the age of 7 yrs. At 4 yrs. and 6 months of age
excessively high calprotectin and zinc levels were found.

At 3 yrs. of age, prednisolone administration had a partial effect on arthralgia, anemia and
CRP level. At the age of 4 yrs. and 6 months Tacrolimus was started. Palpebral lesions and
joint pain disappeared and his quality of life was markedly improved. Biological inflammation
decreased to a normal level and anemia improved. Tacrolimus was stopped at the age of 5
yrs. and 9 months old, and anemia and inflammation reappeared. Colchicine administration
was started concurrently with prednisolone. Clinical symptoms and biological inflammation
but not anemia was controlled. At the age of 8 yrs. old, Anakinra treatment was started but
was not tolerated because of urticarial and pain at injection sites. Canakinumab was started
at the age of 9 yrs. with good effect on arthritis and anemia (becoming transfusion
independent), hepatosplenomegaly resolved and CRP normalized, and the steroids could be

tapered. The neutropenia persisted.

Patient 4
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A 6 year old female presented with chronic inflammation, anemia, neutropenia, PG,
hepatosplenomegaly, growth retardation and moderately impaired mental and motor
development. At the age of 10 yrs. extremely elevated serum calprotectin and zinc levels
were detected.

Prednisolone was administered initially, but without effect on chronic inflammation or anemia.
When Hz/Hc was diagnosed CsA treatment was started and was partly effective. Clinical
symptoms, particularly the skin lesion and joint pain were alleviated and the dose of
prednisolone could be decreased. Quality of life was markedly improved and she began to
walk independently. Hepatomegaly began to resolve; however, splenomegaly persisted.
CRP decreased and anemia improved but neutropenia persisted. IL-6 serum levels fell and

IL-8 showed a marked reduction after treatment.

Patient 5

A male patient with onset of disease at the age of 4 years presented at the age of 11 years
with hepatosplenomegaly, edematous and necrotic lesions of the eyelids, left arm and 3™
finger of right hand, recurrent pyogenic arthritis, growth retardation, anemia and elevated
CRP. No history of recurrent fever or infections. He was started on Humira without any effect

and then switched to Anakinra therapy. Arthritis resolved, anemia and skin lesions improved.

Patient 6

A 17 day old male infant presented with fever of unknown etiology, anemia and neutropenia.
Since the age of 4 months recurrent perianal and gluteal abscesses with a poor response to
intravenous antibiotics occurred. Elevated inflammation markers were repeatedly measured.
At the age of 24 months, high levels of serum zinc and calprotectin were observed. Anemia
requiring transfusions, thrombocytopenia and neutropenia were also a constant feature; he
also had persistent fevers. Neutropenia showed poor or no response to G-CSF. He also had

lymphadenopathy, hepatosplenomegaly and severe growth delay.
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Between the ages of 17 months and 32 months he was treated with dexamethasone and
Cyclosporine A because of the suspicion of hemophagocytosis in the context of an EBV
infection. Treatment was maintained because of the diagnosis of Hz/Hc. At the age of 34
months dexamethasone was changed to prednisone with a response regarding inflammatory
markers and anemia. After revealing the E250K mutation CsA and prednisone were
withdrawn and treatment with Anakinra was started without any effect. Also treatment with

canakinumab did not show any effect.

Patient 7

A 7-month-old female patient presented with failure to thrive, pancytopenia, mild
lymphadenopathy and hepatosplenomegaly. Bone marrow showed dyserythropoiesis without
significant myelodysplasia, and an increase in cellularity. Lymph node biopsy revealed only
reactive lymph nodes. Purulent nodules arose repeatedly on the eyes, back, and legs.
Additionally, there were multiple infections in the setting of neutropenia including cellulitis,
conjunctivitis, pneumonia and central line infections. No recurrent fever of unknown source or
in regular pattern. She has had occasional arthralgias of the knees and legs. ESR and CRP
were consistently elevated, but decreased when on immunosuppression. Zinc levels were
markedly elevated. Other issues included poor weight gain and requirement of gastrotomy
tube feeding and growth retardation. Additionally, an IgA Nephropathy presented at age of 7
years with hematuria and proteinuria. Paternal family history of multiple members with early
gout existed. Father has had gout symptoms since age 14.

Since 2 yrs. of age she has been maintained empirically on cyclosporine and prednisone with
improvement of inflammatory markers and anemia. However, she intermittently required red
cell and platelet transfusions and G-CSF. For over 5 yrs. the patient was transfusion
dependent. At 8 years of age genetic test results revealed an MEFV variant in addition to her
PSTPIP1 mutation, and she was put on colchicine, but this was discontinued because of
abdominal complaints. 5 months later anakinra in combination with cyclosporine was started

because of disease worsening. An improvement of thrombocytopenia, anemia (without need
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for blood transfusions), lymphocyte count, normalization of CRP, weight and linear growth
were observed along with improvement of muscular strength, and great improvement in

guality of life. Steroids have since been tapered and she remains mildly neutropenic.

Patient 8

A male patient developed anemia and neutropenia at the age of 4 yrs. Hepatosplenomegaly
or lymphadenopathy did not occur, skin or joint involvement was absent. Additionally,
continuously elevated CRP and ESR were present. No thrombocytopenia or bleeding
diathesis did occur, recurrent infections or fever were absent. In the diagnostic work-up a

zinc level of 640ug/dl was striking. The patient was started on colchicine.

Patient 9

A male patient (father of patient 8) developed at age of 18 yrs. skin abscesses on his legs
and back that had to be drained and had a history of small acne, no PG or skin ulcers. He
had occasional morning hand and finger stiffness but no joint swelling or tenderness.
Hepatosplenomegaly or lymphadenopathy did not occur. CRP of 2.4 mg/dl, anemia and
neutropenia were present; zinc level was 381lug/dl. No thrombocytopenia or bleeding
diathesis was noted, no recurrent infection or fever except history of salmonella meningitis at

age of 6 months.

Patient 10

A female patient developed fever, rash and subsequent pancytopenia at age of 10 weeks.
Much of her symptomatology resolved over 8 weeks but neutropenia persisted only later
improving. She was followed for a number of years with no etiology of neutropenia and
multiple episodes of fever, erythema multiform rash, anemia and worsening neutropenia.
Rash responded well to prednisone courses with improvement of cytopenia. By age 5 years
she developed musculoskeletal symptoms including transient synovitis of left hip and right

ankle and/ or non-infectious osteitis of left forearm associated with the typical fever, anemia
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and worsening neutropenia. After 3 episodes of transient musculoskeletal symptoms lasting

from 4-8 weeks, a PSTPIP1 E250K mutation detected after identifying the disease as Hz/Hc.

Patient 11

A female patient developed a maculopapular rash at age 1 month; cervical lymphadenopathy
and splenomegaly with thrombocytopenia and anemia developed at 6 months. Due to
abnormal protease activity in the blood, leading to cleavage of high molecular weight von
Willebrand factor bleeding diathesis with epistaxis and easy bruisability continued throughout
childhood. Recurrent sterile arthritis developed in the large joints at age 8 yrs., PG started at
age 18 yrs. recurrent upper respiratory infections and pneumonias, and episodic
lymphangitis and cellulitis, continued into adulthood. Saddlenose deformity followed
spontaneous septal perforation; pharyngeal papillomatosis developed in her 20s. Additionally
a large granular lymphocytosis of the T cells developed; bone marrow biopsy was normal.
The patient was started on corticosteroids for PG in early childhood. Cyclosporine improved
the PG but was poorly tolerated. Efficacy of tacrolimus was short-lived. Granulocyte colony-
stimulating factor, initiated because of neutropenia, rapidly worsened the PG. Treatment with
Anakinra did not improve the PG or her extensive cutaneous ulcers. She died at age 36 yrs.

of sepsis-associated multiorgan failure.

Patient 12

Female patient was initially investigated for anemia at age 6 months. She had a history of
transient neonatal thrombocytopenia due to maternal Ro/La antibodies (history of SLE/RA
overlap), but soon developed chronic, persistent neutropenia and variable thrombocytopenia.
No iron deficiency, negative anti-neutrophil antibodies could be found. She was on G-CSF,
prophylactic antibiotics/antifungals and had to be transfused regularly. Bone marrow showed
to be “hypoplastic’. She shows failure to thrive and had a thoracic scoliosis since birth.
Significant febrile episode, generalised lymphadenopathy, hepatosplenomegaly and raised

inflammatory markers occurred at age of 1 year. Lymph node histology showed very
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disorganized node with a poorly formed germinal center but with no other findings to suggest
malignancy. Repeated febrile episodes since, a causative organism could never be found.
Small bowel and liver biopsies were non diagnostic. Two episodes of dactylitis and
suspected hip osteomyelitis (not confirmed) occurred in 2010. Documented viral infections
(chickenpox, HIN1 and RSV) and on recovery from these (early 2011) developed a
persistent fever with painful swollen and edematous ankles and wrists, along with reduced
movement particularly of her lower limbs. MRI imaging failed to identify an obvious infective
focus. Inflammatory markers were always elevated. In view of the severity of this episode
she was treated with Methylprednisolone, and subsequently got a short course of anakinra
(IL-1 receptor antagonist). She has improved greatly with these treatments, though it is
currently unclear which was the more important drug. Prednisolone continued (4 mg/day). No

further episodes, better, but still elevated inflammatory parameters, anemia and neutropenia.

Patient 13

Male patient was investigated initially at age of 18 months. He developed a symmetric
aseptic polyarthritis affecting both large and small joints and aseptic necrosis of the right
femoral head. At the age of 14 yrs. he developed a pyoderma gangrenosum, which was
successfully treated with steroids and cyclosporin A. and is currently in remission. He
subsequently presented with sporadically furuncles at buttocks, which were successfully
treated topically. Additionally a nephrotic-range proteinuria and hematuria was present. He
also has a persistent leukopenia and neutropenia as well as anemia. The patient has been
treated with low-dose prednisone and ASS, with partial good responses. Mycophenolate
mofetil induced no clinical, hematological or biochemical response and is currently is not
being administered. Rituximab was withdrawn after an anaphylaxis-like reaction during the
second dose. Cyclosporin-A effectively treated the pyoderma gangrenosum, Furthermore.
tocilizumab. was started in July 2013 on the basis of a high plasma level of IL-6, compared

with the plasma levels of TNF and IL-1. This treatment first improved the joint and renal
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manifestations, but the neutropenia still remained. However, this treatment was finally

withdrawn by loss of efficacy.

Patient 14

A 3 month old male patient presented with hepatosplenomegaly, neutropenia, anemia and
thrombocytopenia without signs of lymphadenopathy. He did not receive proper medical
attention until 12 yrs. of age when osteomyelitis of the left index finger prompted
hospitalization; Bone marrow biopsy showed hypocellular marrow with numerous lymphoid
aggregates with mild predominance of cytotoxic T lymphocytes. In the following years he
presented with acne vulgaris and persistent non-healing wound, PG with serous drainage
that persisted for over 6 months and was unresponsive to doxycycline and anakinra.
However, other instances of PG type lesions that responded to oral antibiotics and
prednisone. Additionally pustular and papular lesions and erythematous plaques occurred.
Joint involvement was absent and recurrent fevers were not reported, CRP and ESR
constantly elevated. Bilateral hearing loss was identified at the age of 14 as result of multiple
middle ear infections. He has also had a liver biopsy showing noncaseating granulomas, mild
steatosis, and occasional portal tracts with mild inflammation and slight hepatocyte swelling.
The patient was refractory to anakinra, colchicine, and Enbrel. Prednisone and antibiotics
have been used to prevent outbreaks and/or the worsening of existing PG lesions. A trial of

G-CSF increased neutrophil count but due to side-effects had to be discontinued.



Supplemental table 1. Characteristics and history of hyperzincaemia and hypercalprotectinaemia patients.

Patient 1 2 3 4 5 6 7
deceased (35)
Current age post-op 11 8 20 12 5 9
(years) .t
complications
Age of onset 6 yrs 14 months 11 months 4 yrs 4 yrs 1 month 7 months
Sex m f m f m m f
PSTPIP1 PSTPIP1 PSTPIPL PSTPIP1 PSTPIP1 PSTPIPL PSTPIPL
heterozygous heterozygous | heterozygous
heterozygous | heterozygous E250K heterozygous | heterozygous E250K E2E0K
Mutation p.E250K p.E250K pMEFV p.E250K p.E250K pileFv pMEFV
no MEFV no MEFV no MEFV no MEFV
mutation mutation heterozygous mutation mutation heterozygous | Heterozygous
414del somatic p.E148Q p.E148Q
Growth failure normal < 3rd percentile | < 3rd percentile | < 3rd percentile | < 5th percentile | < 3rd percentile | < 3rd percentile
Lympadenopathy no yes no no no yes yes
Hepato- es splenomegal es es es es es
splenomegaly Y/ p galy Y/ Y Y Y Y
edematous and
. , i , necrotic lesions .
Dermatological PG, ulcerative no rasr;,l n:t;:rracl)ltlc PG, ulcerative at evelids. and recurrent pustular lesions
symptoms dermatitis paip dermatitis y T abscesses |eyes, back, legs
lesions upper extremity
Rheumatic - arthritis, - pyogenic .
symptoms arthritis no athralgia arthritis arthritis no arthralgia
portal
hypertension
. with ascites and
generalized
- : liver failure muscular oesophageal
Addtional signs minimal change n.k atrophy and varix, n.k n.k IgA
and symptoms 9 o phy moderately o o nephropathy
GN delayed motor |. X
impaired mental
development
and motor
development
CRP (mg/l) 146 140 223 60 138 206 140
Hb (g/l) 80 60 20 55 83 58 63
%109 3.80 3.2 3.8 15 5.0 45 1.3
WBC (*10°/1) . . . . . . .
neutropenia neutropenia neutropenia neutropenia neutropenia neutropenia neutropenia
Platelets (*10°/1) 102 357 320 102 216 26 25
dyserhsyitshropme strong B-cell
' dysgranulopoies lymphocytosis |dysgranulopoies
) moderqte is and and moderate is and
Bone marrow n.d. fibrosis with a d hvth . n.d n.d. fibrosi Kk ld hvih .
marked yserhythropoie ibrosis, weak |dyserhythropoie
sis dyserhythropoie sis
lymphocyte .
AR sis
infiltration
Plasma zinc
(umol/ly! | 77 118 147 82 113 211 200
MRP8/14 (ug/ml)* 1500 1300 8800 1000 1000 2000 800




Patient 8 9 10 11 12 13 14
Deceased (36)
g;gresr;t age 5 24 7 Sepsis- 5 16 17
associated MOF
Age of onset 4 yrs 18 yrs 2.5 months 8 yrs 6 months 18 months 1yr
Sex m m f f f m m
PSTPIP1 PSTPIP1 PSTPIP1 PSTPIP1 PSTPIP1 PSTPIP1 PSTPIP1
heterozygous | heterozygous | heterozygous | heterozygous | heterozygous | heterozygous | heterozygous
Mutation p.E250K p.E250K p.E250K p.E250K p.E250K p.E250K p.E257K
no MEFV no MEFV no MEFV no MEFV no MEFV no MEFV no MEFV
mutation mutation mutation mutation mutation mutation mutation
Growth failure n.k. n.k < 3rd percentile normal < 3rd percentile | < 3rd percentile normal
Lympadenopathy no no no yes yes yes no
Hepato-
splenomegaly no no splenomegaly | splenomegaly yes yes yes
PG, bullae acne vulgaris
Dermatological no skin abscesses erythema ulcerations eczematous PG. furunculosis PG
symptoms Acne multiforme Erythematous rash ’ Pustular and
lesions pustular lesions
5;5;?;%‘5 no g%rr:‘égg arthritis arthritis dactylitis arthritis no
bilateral hearing
granular T- Iqss aftgr
lymphocyte scoliosis, multlple ml|ddle
. - transient non- clonal delayed motor ear mfecyons
/Addtional signs . . g . hepatic
and symptoms n.k. n.k. mfectpus proliferation anq . GN noncaseating
osteitis (TLGL) communication
- granulomas,
VWF deficiency | development . >
mild steatosis,
and mild
inflammation
CRP (mg/l) 57 24 160 72 60 82 46
Hb (g/l) 90 105 57 60 61 94 92
WEBC (*10° 4.0 2.8 1.7 0.08 1.9 1.6 1.07
(*20°/1) . . . . . . .
neutropenia neutropenia neutropenia neutropenia neutropenia neutropenia neutropenia
Platelets (*10°/) 450 201 70 218 67 236 75
severe myeloid normal BM hypocellular,
hypoplasia, mild celullarity, with a lymphoid
Bone marrow n.d. n.d. dyserhythropoie nd mild hypoplasia relative aggregates with
sis and decrease of |predominance of
lymphocytosis myeloid lineage | cytotoxic T cells
fdfnsonl}f;lz'nc 98 58 52 110 144 130 64
MRP8/14 (ug/ml) 1600 600 1600 1000 3400 2400 1000

Displayed are all symptoms and maximum (CRP) and minimal levels (Hb, WBC and platelet count) present in
patient‘s history. MOF=multi-organ failure, m=male, f=female, n.k.=not known, PG=pyoderma gangrenosum,
GN=glomerulonephritis, CRP=C-reactive protein, Hb=hemoglobin, WBC=white blood cells, MRP=myeloid-related
protein. *Normal levels 11.5-21.4.umol/l, °Normal levels < 0.4 ug/ml



Supplemental table 2. Characteristics and history of patients with PAPA syndrome.

Patient I Il [l \% V VI
Current age
(years) 6 33 12 4 24 14
Age of onset 3 yrs. 18 yrs. 3 yrs. 2 yrs. 4 yrs. infant
Sex f f m m m m
PSTPIP1 PSTPIP1 PSTPIP1 PSTPIP1 PSTPIP1 PSTPIP1
Mutation heterozygou | heterozygous | heterozygous | heterozygous | heterozygous | heterozygous
s p.A230T p.A230T p.E256G p.E250Q p.A230T p.E250Q
Growth failure no no no no no no
Lympadenopathy no no no no no no
Hepato- no no no no no no
splenomegaly
erythematous
plagues
ache polycystic PG
abscesses, skin abcesses, acne, PG pustular a_nd
. ) e small erythema, |papular lesions
Dermatological . hidradenitis,
pustulosis cutaneous no pustular erythematous
symptoms severe . . .
edema at right lesions (cystic)| edematous
thrombo- e
o leg that develop | (cellulitis-like)
phlebitis . . -
into ulcers |lesions, pruritic
urticarial
h/o abscesses
Rheumatic pyogenic - pyogenic pyogenic arthritis Pyogenic
" tendinitis " " . arthritis
symptoms arthritis arthritis arthritis arthralgia .
arthralgia
Addtional signs inflammatory 0StEODOrOSiS
and symptoms bowel disease P
CRP (mg/l) 170 39 54 74 54 39
Hb (g/l) 129 65 123 103 138 108
WBC (*10°/1) 8.0 5.9 6.18 10.8 4.3 5.9
Platelets (*10°/1) 585 300 235 194 153 201
Bone marrow n.d. n.d. n.d. n.d. n.d. n.d.
Plasma zinc
MRP8/14 (ug/ml)? 260 130 40 340 60 60




Patient VIl VIl IX X Xl
Current age 51 22 18 50 10
(years)
Age of onset infant 6 yrs. 4 yrs. 6 yrs. 3 yrs.
Sex m m f f m
PSTPIP1 PSTPIP1 PSTPIP1 PSTPIP1 PSTPIP1
Mutation heterozygous | heterozygous | heterozygous | heterozygous | heterozygous
p.A230T p.A230T p.A230T p.A230T p.A230T
Growth failure no no no no no
Lympadenopathy no no no no no
Hepato-
splenomegaly no no no no no
mild psoriasis
pustular and erythematous capitis .
papular lesions plaques. acne vulgatrls
. erythematous |[large papules, acneiform recurren
E;r;rg?;ﬂgglcal plaques  |pustules, cysts | lesions of face, |abscesses/furun no
PG panniculitic neck and trunk | cles (breast,
recurrent cystic | subcutanueous gluteal, upper
acne pustules extremity), poor
wound healing
Rheumatic pyogenic arthritis arthritis pyogenic arthritis|pyogenic arthritisjpyogenic arthritis
symptoms arthralgia arthralgia arthralgia arthralgia arthralgia
proteinuria of
unknown origin,
internal bleeding
Addtional signs hemorrhoids,
and symptoms diverticular
disease,
hypertension,
iron deficiency
CRP (mg/l) 31 75 240 36 30
Hb (g/l) 133 141 120 120 103
WBC (*10°/1) 8.3 12.1 4.6 11 8.8
Platelets (*10%/1) 154 189 241 332 453
Bone marrow n.d. n.d. n.d. n.d. n.d.
Plasma zinc 13 29 14 11 17
(umol/l)
MRP8/14 (ug/ml)? 50 230 20 10 70

Displayed are all symptoms and maximum (CRP) and minimal levels (Hb, WBC and platelet count)
present in patient‘s history. m=male, f=female, n.k.=not known, PG=pyoderma gangrenosum, CRP=C-
reactive protein, Hbo=hemoglobin, WBC=white blood cells, MRP=myeloid-related protein. *Normal levels
11.5-21.4pmol/l, *Normal levels < 0.4 pg/ml



Supplemental table 3. Screening for anti-neutrophil antibodies in Hz/Hc and PAPA patients.
GIFT = Granulocyte immunofluorescence test, GAT = Granulocyte agglutination test, LIFT = Lymphocyte
immunofluorescence test, MAIGA=Monoclonal antibody immobilization test for granulocyte antigens, n.t. =
not tested, AIN = autoimmune neutropenia, cAIN = consistent with autoimmune neutropenia

Patient Patient GIFT GAT LIFT MAIGA Serological Diagnosis
Hz/Hc

1 E250K

2 E250K

3 E250K

6 E250K

7 E250K

8 E250K

9 E250K
10 E250K
11 E250K
12 E250K
13 E250K
14 E257K

PAPA

| A230T

Il A230T

\Y A230T
\ii E250Q
Wi A230T
VI A230T
IX A230T

X A230T

Xl A230T




Supplemental table 4. Protein serum levels in patients with PSTPIP1 mutations

pHz/Hc pHz/Hc pPAPA
Hz/Hc PAPA Co
vs. PAPA  vs Co vs. Co

Hz/Hc>PAPA=control

IL-2 100,5(69,9;196,8) 7,1(0,8;8,6) 11,4(5,6:15,1) wx ok ns
IL-15 2,3(1,4;4,0) 67,0(43,0;106,6) 45,2(32,7;60,1) wx ok ns
IL-22 269,8(147,6;516,1) 36,4(0,0;64,4) 12,3(0,0;16,8) o b ns
IFN-y 64,0(27,0,97,7) 4,7(3,2;9,2) 2,1(1,1,3,7) * ok ns
Hz/Hc>PAPA>control

IL-8 784.0(599.6;4487.1) 252.6(248.8;277.5) 1.9(0.0;7.7) wx ok
IL-18 5517.8(5167.2,6096.3)  4146.9(3017.9;4837.6) 17.5(12.4;25.9) o b ok
IL-33 13.0(7.3;21.1) 5.1(4.1,9.8) 0.0(0.0;0.0) * ok
Hz/Hc=PAPA>control

IL-1R 2.3(0.6;4.5) 2.0(2.0;2.1) 0.0(0.0;0.0) ns b o
IL-4 0.1(0.0:0.2) 0.0(0.0;0.5) 1.5(1.0;2.7) ns b o
IL-6 293.6(185.4;364.0) 111.7(46.2;116.1) 0.0(0.0;0.0) ns ok
IL-10 55.1(31.5;83.3) 25.9(23.1;42.9) 0.0(0.0;0.0) ns b ok
ccL2 79.9(68.4;110.6) 100.5(59.4;113.0) 22.0(9.2;34.9) ns b o
ccLs 143.6(81.6;176.7) 82.1(64.0;196.8) 0.0(0.0;0.0) ns ok
CCL18* 513.4(391.8;807.5) 383.4(366.0;483.7) 14.3(12.7;25.6) ns b o
ccL17 152.1(76.2;232.7) 76.0(41.2;121.5) 2.6(1.2;5.0) ns b ok
cCL22 333.4(285.9528.6) 207.3(205.9;431.4) 60.1(40.3;81.2) ns ok
CXCL9 93.2(59.4;123.0) 54.1(47.2;64.1) 6.6(2.4,9.9) ns b ok
ICAM* 1949(1765;2629) 1552(1448;1939) 294.6(26.1;355.1) ns b ok
VCAM* 5326(5097;6148) 4817(4572;5430) 155.6(122.6;456.8) ns ok
IFN-a 3.7(2.1;18.1) 2.0(1.1,7.0) 104.7(11.9;337.1) ns o o
G-CSF* 7.4(6.3;11.9) 9.5(7.6,9.8) 14.3(9.6;16.7) ns * *
M-CSF 12.3(10.0;27.2) 14.8(9.4;15.2) 1.1(0.0;3.4) ns ok o
MIF* 13.5(7.7;25.3) 3.1(2.7;4.3) 1.7(1.3;2.8) ns o o
Hz/Hc=PAPA=control

IL-1a, IL-5, IL-12, IL-13, IL-17, IL-21, CCL11, GM-CSF, IP-10, TNF-a, RANKL

All values pg/ml, except * in ng/ml and expressed as median (25. percentile; 75. percentile).

Hz/Hc=hyperzincaemia and hypercalprotectinaemia, PAPA=pyogenic arthritis, pyoderma gangrenosum and acne
syndrome, IL=interleukin, IFN=interferon, MIF=macrophage migration inhibitory factor, CCL=chemokine (C-C maoatif)
ligand, CXCL=chemokine (C-X-C maotif) ligand, ICAM=intracellular adhesion molecule, vascular adhesion molecule,
M-CSF=macrophage colony-stimulating factor, G-CSF=granulocyte stimulating factor, GM-CSF=granulocyte
macrophage colony-stimulating factor, 1P-10= inducible protein 10, TNF=tumor necrosis factor, RANKL=receptor
activator of NF-kB ligand. (Mann-Whitney-U-test: *** = p < 0.001, ** = p < 0.01, * = p < 0.05).



Supplemental Table 5. Response to treatment of Hz/Hc patients

Treatment Poor response Partial response
Anti IL-1
systemic inflammation, arthritis (P1)*
No effect (P6) " . . .
arthritis, anemia, skin lesions (P5)
) No effect (P10) ) . ) o )
Anakinra (with CsA) anemia, thrombocytopenia, systemic inflammation,

Canakinumab

No effect (P11)
No effect (P12)

No effect (P6)

weight and growth gain (P7)
anemia, systemic inflammation (P3)°

arthritis, anemia, HSM, systemic inflammation (P3)

Anti-1L6
Tocilizumab arthritis, proteinuria and hematuria (P14)"
Anti TNF-a
Etanercept No effect (P11)
Adalimumab No effect (P5) systemic inflammation (P10)
Infliximab skin lesions, arthritis (Pl)1
Others
anemia, systemic inflammation (P2)
partial effect on arthritis, anemia, systemic inflammation (3)
Prednisolone Poor control of anemia and systemic PG (P11)
inflammation (P4) (with azathioprine) partial effect on vasculitis (P14)
partial effect on systemic inflammation, hepatomegaly and
lymphadenopathy resolved (P12)
anemia (worsening of neutropenia (P3)
PG (P10)
Cyclosporine A arthritis, anemia, systemic inflammation skin lesions,
hepatomegaly (P4)
(with pred) anemia, systemic inflammation (P6,7)
(with pred) PG (P14)
arthritis, anemia, systemic inflammation, skin lesions (P3)*
Tacrolimus .
PG 10)
Methotrexate No steroid tapering (P2)
VIG No steroid tapering (P2)
No effect (P14)
Colchicine No effect (P11) (with pred) arthritis, systemic inflammation (P3)
GM-CSF skin lesions (P1)

Hz/Hc=hyperzincaemia and hypercalprotectinaemia, P=patient IL-1=interleukin 1, TNF-a=tumor
necrosis factor alpha, CsA=cyclosporine A, pred=prednisolone, PG=pyoderma gangraenosum,
GM-CSF=granulocyte macrophage colony-stimulating factor, IVIG=intravenous immunoglobulin,
HSM=hepatosplenomegaly; number in brackets represents patient number

! short-lived effect, *discontinued due to adverse effects.
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SUPPLEMENTAL FIGURE LEGENDS

Figure 1. Serum parameters of Hz/Hc with anti-IL-1 treatment. (A) Serum protein and
zinc profile of patients with partial response to anti-IL-1 treatment with IL-1Ra (anakinra) or
anti-IL1-ab (canakinumab) or (B) non-response to IL-1Ra (anakinra). red=increase of serum

levels, green=decrease of serum levels. All values pg/ml, except * in ng/ml and ** in ug/ml.

Figure 2. Serum parameters of Hz/Hc with anti-TNF, GM-CSF or ciclosporin treatment.
(A) Serum protein and zinc profile of patients with partial response or non-response to anti-
TNFab (adalimumab), (B) partial response to GM-CSF and (C) flare under continuous
ciclosporin treatment. red=increase of serum levels, green=decrease of serum levels. All

values pg/ml, except * in ng/ml and ** in pug/ml.
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