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SUMMARY

During recent years, inborn errors of human IL-17
immunity have been demonstrated to underlie primary
immunodeficiencies with chronic mucocutaneous
candidiasis (CMC). Various defects in receptors
responsible for sensing of Candida albicans or
downstream signalling to IL-17 may lead to susceptibility
to Candida infection. While CMC is common in patients
with profound T cell immunodeficiencies, CMC is also
recognised as part of other immunodeficiencies in
syndromic CMC, or as relatively isolated CMC disease.
We describe a 40-year-old woman with a clinical picture
involving cutaneous bacterial abscesses, chronic oral
candidiasis and extensive dermatophytic infection of the
feet. By whole exome sequencing, we identified a
STAT1-gain-of-function mutation. Moreover, the patient’s
peripheral blood mononuclear cells displayed severely
impaired Th17 responses. The patient was treated with
antifungals and prophylactic antibiotics, which led to
resolution of the infection. We discuss the current
knowledge within the field of Th17 deficiency and the
pathogenesis and treatment of CMC.

BACKGROUND

Chronic mucocutaneous candidiasis (CMC) is a
hereditary primary immunodeficiency (PID) charac-
terised by severe persistent or recurrent skin and
mucosal infection by Candida albicans, dermato-
phytosis and onychomycosis.! Since CMC may be
part of other conditions ranging from very severe
immunodeficiencies to more isolated and benign
conditions, it has been suggested that CMC be
divided into three different categories, including
(1) CMC associated with profound primary T cell
immunodeficiencies, (2) syndromic CMC and (3)
isolated CMC disease.” CMC disease was first
described in sporadic cases in the 1960s, followed
by the identification of inherited cases in consan-
guineous families in the 1970s; it is a rare condi-
tion with an estimated frequency of 1/100 000
individuals.® The infectious phenotype typically
presents in early infancy in otherwise healthy indi-
viduals with persistent or recurrent Candida infec-
tion." *® Some patients display bacterial infections
of the respiratory tract and relatively mild staphylo-
coccal infections of the skin,” dermatophytosis®
and recurrent herpes virus disease.'® Moreover,
autoimmune diseases, including thyroid auto-
immunity and hepatitis, have been described.''~"®

Finally, there is an associated risk of oral and
oesophageal squamous cell carcinoma' 7 '® and
cerebral aneurysms.'”~%!

Major progress has been made by the realisation
that inborn errors of human IL-17 immunity
underlie CMC, irrespective of the genetic cause.”
The main source of IL-17 is the Th17 subset of
CD4+T lymphocytes, although CD8+T cells,
natural killer (NK) T cells, innate lymphoid cells
and y8-T cells may also contribute.*? Differentiation
of naive T cells into Th17 subset of lymphocytes is
a highly complex process driven by multiple cyto-
kines, including IL-1B, IL-6, TGFp, IL-21 and
IL-23 in humans. Negative regulation of Th17 dif-
ferentiation is exerted by IFNy dependent
Statl-mediated responses.”> Th17 cells generate
IL-17, IL-21 and IL-22, resulting in expression of
proinflammatory cytokines (IL-1, IL-6, tumor
necrosis factor-o. (TNFa), G-CSF and GM-CSF),
chemokines (CXCL1, CXCLS5, IL-8, CCL2, CCL7)
and antimicrobial peptides, from epithelia and
fibroblasts.”® Accordingly, Th17 responses promote
granulopoiesis and neutrophil recruitment to sites
of infection, and mediate host defence against
extracellular bacteria and fungi, particularly at
mucosal surfaces.””>* A critical role of the IL-17
pathway has been implicated in mucosal immunity
to oral, dermal and disseminated candidiasis in
mice.”

Given that defective Th17 responses underlie
CMC, various defects in the normal pathway from
sensing of C. albicans by pattern recognition recep-
tors (PRR)s to downstream signalling molecules
involved in generation and function of IL-17, IL-21
and IL-22, have been identified. First, CMC has
been described as a consequence of rare mutations
in PRRs, including Dectinl, Dectin2 and MINCLE,
or the downstream adaptor CARD9Y, resulting in
impaired cellular recognition of the Candida
antigen by phagocytes and epithelial cells, therefore
compromising differentiation of Th17 subsets.*
Moreover, CMC is frequently part of an autosomal
dominant (AD) hyper-IgE syndrome (HIES) caused
by STAT3-mutations resulting in insufficient
responses to IL-6, IL-21 and IL-23, and defective
generation of Th17 responses.”® 2 CMC may also
be present in autosomal recessive HIES caused by
mutations in TYK2, DOCK8 and GMP3.?® In add-
ition, CMC can present within the Mendelian sus-
ceptibility to mycobacteria (MSMD) syndrome
caused by mutations in IL-12/23 and IL-12/23
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receptor (IL-12R1b deficiency), ultimately resulting in decreased
production of Th17 responses.”” 3° CMC has also been
described in patients with deficiency in ORAI1 or MST1.*! In
the presence of STAT1 gain-of-function (GOF) mutations,
impaired development of IL-17-producing cells has been sug-
gested to be due to a role of Stat1-dependent IFNy signalling in
negative regulation of Th17 responses, although the precise
mechanisms remain to be fully resolved.'* '* Direct interference
with IL-17 function and responses can be caused by mutations
in IL-17F and IL-17RA, respectively.>*> Finally, CMC may be
caused by the presence of autoantibodies directed against
IL-17A, IL-17F and/or IL-22, abolishing the function of these
cytokines.*? 34

CASE PRESENTATION

A 40-year-old woman presented to the International Center for
Immunodeficiency Diseases at Aarhus University Hospital, for
immunological evaluation. She had a history, since early child-
hood, of recurrent cutaneous abscesses mostly localised to the
femora and nates regions, requiring repeated surgical incisions
and antibiotics, as well as chronic oral candidiasis, and an unex-
plained condition involving excessive vegetative hyperkeratosis
of her toes and toenails, with secondary bacterial and fungal
infection. The previous medical history of the patient included
several referrals to the department of dermato-venereology in
our hospital. When the patient was 18 years of age, she devel-
oped vegetative hyperkeratosis on her toes and nails. Initial
therapy was a topical antimycotic and corticosteroids with mod-
erate and temporary effect. During her first pregnancy at
21 years of age, the hyperkeratosis progressed and became
infected, requiring her to be admitted to hospital, with odorous
macerated vegetative hyperkeratotic scales affecting the dorsal
side of all toes, nail dystrophy and a sharply demarcated

Figure 1  Clinical photos. (A) Skin
abnormalities of the patient’s feet at
presentation before treatment, (B)
aggravation after weeks of treatment
with TNF-a blockade with
adalimumab, and (C) following

2 months of antifungal terbinafine
treatment leading to almost complete
resolution. (D—F) Feet of the father of
the index patient (D) before, and

(E and F) after treatment with
terbinafine for 2 and 4 months,
respectively. TNF-c, tumor necrosis
factor-ct.

erythaematosus  dermatitis  suggesting  dermatophytosis
(figure 1A). Bacterial cultures from skin were negative while
fungal cultures showed Trichophyton metagrophytes, and
microscopy from the scales showed hyphae. The infection
resolved with intensive use of topical silver sulfadiazine com-
bined with standard doses of systemic dicloxacillin, metronida-
zole and terbinafine. In addition, the recurrent hyperkeratotic
vegetations were treated with isotretinoin 40 mg daily. Two
months after initiation of therapy, the patient’s feet had
improved significantly, but due to severe mucocutanous side
effects, the isotretinoin was discontinued. At 38 years of age,
the patient was referred with a similar clinical presentation. Due
to suspicion of a psoriasiform skin pathology, she was treated
with systemic methotrexate 15 mg weekly but failed to show
improvement. Therefore, subcutaneous TNFa blockade with
adalimumab was initiated. However, this resulted in a rapid and
severe progression of the vegetative hyperkeratosis with second-
ary infection, and had to be discontinued (figure 1B). At this
time, bacterial culture showed Pseudomonas aeruginosa and
PCR identified Trichophyton mentagrophytes in the skin. The
patient was treated with systemic ciprofloxacine and terbinafine,
after which she experienced rapid improvement and an almost
complete normalisation of the skin within 2 months (figure 1C).
Punch biopsies from 1996 and 2013 showed massive epidermal
hyperplasia with hyperkeratosis and psoriasiform hyperplasia,
supporting the diagnosis of a hyperkeratotic genodermatosis
suspected clinically (figure 2A, B). Fungae and bacteriae
appeared in the hyperkeratosis with varying intensity in both
biopsies (figure 2C). The extent of the epidermal changes and
mixed infection was well documented in a final incisional
biopsy performed in 2014. The patient is currently treated with
daily prophylactic fluconazole 200 mg combined with
cotrimoxazole 400/80 mg.
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Figure 2 Histopathological sections from punch biopsies from the feet. (A) Massive epidermal hyperplasia with hyperkeratosis and psoriasiform
hyperplasia after H&E staining and (B) Periodic-acid-Schiff staining. (C) Fungal hyphae in tissue, demonstrated by Grocott's methenamine silver

staining.

INVESTIGATIONS
At 40 years of age, the patient had an immunological evaluation
performed. She was found to have normal IgG, IgM and IgA,
thereby excluding the presence of common variable immunodefi-
ciency. In addition, IgE was within normal range, making a diag-
nosis of HIES less likely. She also had a normal distribution of
lymphocytes, including total lymphocyte count of 1200 cells/pL,
with 829% T cells, 8.9% B cells and 8.2% NK cells. Lymphocyte
proliferation assay demonstrated an overall normal response to
mitogens as measured by proliferation. In addition, a granulocyte
oxidative burst was within normal range excluding chronic
granulomatous disease. Complement activation was normal.
Since this routine immunological evaluation did not explain
the infectious phenotype, we proceeded to perform whole
exome sequencing (WES) with special attention to mutations in
genes associated with Th17 defects. We identified a rare variant
in STAT1 (NM_0073315.3) at nucleotide position 800 with a C
to T substitution (c.800C>T) resulting in amino acid substitu-
tion from alanine to valine at position 267 (A267V) (figure 3).
This variant is not reported in the ExXAC database of 60.706
exomes. This mutation has been described to represent a GOF
mutation causing increased Statl phosphorylation, decreased
Thl and Th17 responses and ultimately causing AD CMC."
No homozygous, compound heterozygous, or de novo muta-
tions were identified in any other genes with a known role in

Transcript Protein variant

variant

host immune responses, particularly not in the genes, including
STAT3, DOCKS, TYK2 and GPM3, associated with HIES. The
father of the index patient reported a similar medical history
with recurrent hyperkeratotic and tender scaly feet and had also
suffered from recurring oral, ocular and genital Candida infec-
tions. Sanger sequencing of the STAT1 gene was performed
identifying the same A267V STAT1 GOF mutation, whereas the
two healthy children of the index patient did not have the
STAT1 variant. Finally, the grandfather of the index patient had
a similar medical history but was deceased, thus precluding
further analyses (figure 3A, B).

To confirm our findings, we next evaluated Th17 function of
the index patient by performing a Th17 assay measuring intra-
cellular synthesis of IL-17 and IFNy in response to PMA/iono-
mycin by flow cytometry (figure 4). In support of the diagnosis,
we found a major reduction in percentages of cells producing
IL-17 (figure 4B) as well as IFNy (figure 4C) in patient periph-
eral blood mononuclear cells (PBMCs) compared to a healthy
control.

DISCUSSION

Important reports appearing within the past few years have
established that Th17 cytokines play an essential and non-
redundant role in protection against C. albicans at mucocuta-
neous surfaces in humans. Although the common denominator

1 c.800C;c.800T p.267V; p.267A

2 c.800C; c.800T  p.267V; p.267A
3 ¢.800C p.267V

4  c.800C p.267V

B
ND ND
1 ND
0—e"
ND 2
3 4

Figure 3 Genetics and pedigree. (A) WES was performed by TruSeq DNA sample preparation, targeting of exomes with SeqCap EZ Human Exome
Library V.3.0 (Roche), sequencing on HiSeq, paired end 2x101 bp indexed. Reads were mapped to hg19 employing BWA and GATK. Single
nucleotide polymorphisms were called employing HaplotypeCaller from the GATK package. VCF files were uploaded and analysed by Ingenuity
Variant Analysis. The identified STAT1 GOF mutation at position ¢.800C>T results in amino acid substitution at position 267 (A267V) within the
CC-domain of the STAT1 molecule. Confirmation by Sanger sequencing of the father (1), index patient (2, marked with *), son (3) and daughter (4).
(B) Pedigree showing CMC disease in the grandfather, father (1) and index patient (2). CMC, chronic mucocutaneous candidiasis;

GOF, gain-of-function; ND, not determined; VCF, variant call files; WES, whole exome sequencing.
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Figure 4 Th17 assay. PBMCs from the index patient and an
age-matched and gender-matched control were isolated and stimulated
with PMA (50 ng/mL), ionomycin (1 ug/mL) and brefeldin A (10 wg/mL)
(PIB) for 4 h. (A) intracellular IL-17 and IFN-y were measured by flow
cytometry. The data demonstrated (B) a reduced fraction of IL-17
producing CD4+T cells in the index patient compared to control (2.21%
vs 0.55%), and (C) reduced fraction of IFN-y-producing CD4+ T cells in
the index patient compared to control (32.9% vs 18.1%). The
experiment was performed twice, each in duplicates. FITC, fluorescein
isothiocyanate; PBMCs, peripheral blood mononuclear cells.

appears to be defective IL-17 production or function in a
broader sense, the genetic and molecular pathogenesis appears
to be very diverse, and, accordingly, the infectious and auto-
immune clinical pictures are heterogeneous and highly complex.
We describe the clinical presentation of a 40-year-old woman
with severe CMC involving oral Candida infection and derm-
atophytosis with hyperkeratosis of the feet as well as a predis-
position to cutaneous abscesses. This clinical picture is in
agreement with the CMCD entity.? We identified a heterozygous
STAT1 variant previously described as a GOF mutation and
demonstrated impaired IL-17 and IFNy production in patient
PBMCs."® The patient experienced an almost complete reso-
lution of symptoms after 4 months of antifungal treatment,
thereby supporting the diagnosis.

Two groups of investigators independently established hetero-
zygous GOF mutations in STAT1 as a cause of Th17 deficiency
and AD CMC. Van de Veerdonk et al'® analysed five different
families, including 14 cases of AD CMC, and found defective
production of IFNy, IL-17 and IL-22 in response to Candida,
and identified heterozygous mutations within conserved residues
in exon 10 encoding the coiled-coil (CC) domain of STAT1.
Simultaneously, Liu et al'? identified heterozygous variations in
the STAT1 gene within the CC domain by WES. Functional ana-
lysis of the mutant alleles revealed GOF mutations by a mechan-
ism involving impaired nuclear dephosphorylation of Statl,
resulting in enhanced responses to IFNea, IFNy and IL-27, cyto-
kines that are known to be antagonistic to Th17

development.®® 3¢ These reports were further supported by
Netea and colleagues, who described a functional mechanism
whereby Statl hyperphosphorylation and defective IL-12R/
IL-23R signalling underlie diminished Th1/Th17 responses in
CMC."* Subsequently, CMC caused by GOF mutations in exon
14 of the STAT1 DNA-binding domain has been described.?”
More recently, the same group reported on two novel STAT1
GOF mutations resulting in impaired production of IL-17A and
IL-22.°% Altogether, at least 30 different amino acid changes
have been reported, of which 21 are in the CC domain and 9
are in the DNA-binding domain of STAT1.2> !0 13-15 37 39
Overall, however, the mechanisms of defective IL-17 and IL-22
production remain to be fully understood. Interestingly, the
STAT1 GOF mutation may also be directly involved in the pro-
nounced psoriasiform hyperplasia observed in this patient and
others.’ A recent study has shown that keratinocytes from psor-
iasis plaques have increased Statl phosphorylation compared to
non-lesional skin from the same patients.*’

The occurrence of severe pain and functional impairment of
hands and feet together with secondary complications, such as
squamous cell carcinoma, underscore the importance of diagno-
sis and prophylactic treatment of patients with CMC. As illu-
strated by the present case, diagnosis may be delayed but should
be made by combining the clinical presentation of severe persist-
ent or recurrent fungal infection of skin, mucous membranes
and nails, with the presence of functionally impaired Th17
responses and genetic examination by WES or other genetic
tools. Most authorities recommend antifungal prophylaxis with
itraconazole or fluconazole. In the case presented here, terbina-
fine was initially chosen, before the specific diagnosis had been
reached, to treat severe dermatophytosis, with very good results.
In addition, since Th17 deficiency may also predispose to cuta-
neous abscesses with Staphylococcus aureus, in some cases,
cotrimoxazole may be added.

This case illustrates the complex picture and spectrum of
CMC. Moreover, this report supports previous experience in
the field of WES being a useful approach in the identification of
rare genetic aetiologies in individual patients with an unusual
pathological clinical presentation. However, several aspects of
CMC remain unravelled, including a better understanding of
the precise molecular mechanism, whereby defective Th17
responses lead to a particular susceptibility to fungal infection.
Intriguingly, other mutations at specific sites in STAT1 have
been associated with other PIDs, including MSMD and herpes

Learning points

» Chronic mucocutaneous candidiasis (CMC) may present as a
complex clinical picture with a diverse genetic background.

» CMC is characterised by defective Th17 responses; these
responses are essential for antifungal immunity at mucosal
surfaces.

» Whole exome sequencing is a useful tool for the
investigation and diagnosis of primary immunodeficiency
(PIDs).

» Genetic diagnosis is valuable in order to choose the correct
treatment of PIDs, and may also have implications for
genetic testing of family members and decisions on
prophylactic treatment.

» PIDs may teach us important lessons on basic immunology
and protective immunity to different pathogens in humans.
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encephalitis, by mechanisms involving loss-of-function muta-
tions.*! ** It will be interesting in the future to learn whether
other genetic causes interfering with the generation of Th17
responses will be identified in patients with CMC. It therefore
remains relevant and important to describe the specific clinical
presentation and associated mutations in individual patients
with CMC in order to gain more insight into this intriguing
spectrum of diseases.
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