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Background. Mutations in genes affecting interferon-y (IFN-y) immunity have contributed to understand the role of IFN-y in
protection against intracellular pathogens. However, inborn errors in STAT4, which controls interleukin-12 (IL-12) responses, have
not yet been reported. Our objective was to determine the genetic defect in a family with a history of paracoccidioidomycosis.

Methods. Genetic analysis was performed by whole-exome sequencing and Sanger sequencing. STAT4 phosphorylation
(pSTAT4) and translocation to the nucleus, IFN-y release by patient lymphocytes, and microbicidal activity of patient monocytes/
macrophages were assessed. The effect on STAT4 function was evaluated by site-directed mutagenesis using a lymphoblastoid B cell
line (B-LCL) and U3A cells.

Results. A heterozygous missense mutation, ¢.1952 A>T (p.E651V) in STAT4 was identified in the index patient and her father.
Patient’s and father’s lymphocytes showed reduced pSTAT4, nuclear translocation, and impaired IFN-y production. Mutant B-LCL
and U3A cells also displayed reduced pSTAT4. Patient s and father ‘s peripheral blood mononuclear cells and macrophages demon-
strated impaired fungicidal activity compared with those from healthy controls that improved in the presence of recombinant human

IFN-y, but not rhIL-12.

Conclusion. Our data suggest autosomal dominant STAT4 deficiency as a novel inborn error of IL-12-dependent IFN-y immu-

nity associated with susceptibility to paracoccidioidomycosis.

Keywords. STAT4 deficiency; primary immunodeficiency; IL-12/IFN-y axis; paracoccidioidomycosis.

Interleukin-12 (IL-12)-dependent interferon-y (IFN-y)-reg-
ulated immunity plays an important role in the protection of
humans against infections caused by intracellular bacteria,
fungi, and protozoa [1]. Among others, the activation of anti-
gen-presenting cells such as monocytes/macrophages and
dendritic cells following pathogen recognition results in the
secretion of IL-12, which induces naive CD4" T lymphocyte
differentiation into IFN-y-producing T helper 1 (Thl) cells.
This process involves cell signaling molecules that lead to the
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activation of the signal transducer and activator of transcription
4 (STAT4) [2, 3]. In turn, IFN-y activates microbicidal mecha-
nisms in macrophages to eliminate the engulfed pathogen [4].
In this context, mutations in 6 genes (ISG15, IFNGRI, IFNGR2,
STAT1I, IL12B, IL12RB1, TYK2) encoding proteins that partic-
ipate directly in the IL-12/IFN-y axis [1] and in a number of
different genes that indirectly affect proteins involved in IFN-y-
dependent immunity (eg, IRF8, NEMO, CYBB, CD40L) [1, 5-7]
have been described in humans susceptible to opportunistic
infections caused by intracellular bacteria, fungi, and protozoa.
Primary immunodeficiencies (PIDs) represent a unique oppor-
tunity to study and understand human immune system responses
in natura [6]. Whereas classic PIDs, such as severe combined im-
munodeficiency, confer predisposition to a broad spectrum of
infectious diseases [6], recent reports have described nonclassic
PIDs resulting in susceptibility to a narrow spectrum of patho-
gens. This is, for instance, the case in patients with inborn errors
of IFN-y immunity [1, 8], which leads to selective predisposition
to weakly virulent mycobacteria and in some single cases [1] to
other opportunistic infections caused by different fungi such as
candidiasis [9], histoplasmosis [10], coccidioidomycosis [11,
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12], and paracoccidioidomycosis (PCM) [13]. Notably, although
the latter is an endemic Latin American disease [14], it has been
associated with only 2 well-defined PIDs: CD40 ligand (CD40L)
deficiency [5, 15], a pivotal regulatory molecule of the IL-12/
IFN-y axis [16], and IL-12 receptor p1 (IL12RP1) deficiency
[13]. PCM is caused by the fungus Paracoccidioides brasiliensis
and is characterized by granulomatous lesions manifesting in 2
clinical forms: the acute (juvenile) form presenting with dissem-
inated fungal lesions [17], and the chronic (adult) form generally
caused by reactivation of a latent endogenous focus consisting
most commonly as involvement of lungs and mucous mem-
branes of the upper airways and digestive tract [18]. Noteworthy;,
less than 1% of the individuals detected by serological testing
as infected with P brasiliensis develop the clinical disease [13].
Therefore, it is possible that a subset of infected patients have
underlying genetic factors leading to clinical manifestation of
PCM. As a first approach to tackle this issue, we studied a multi-
plex family with a history of acute PCM disease.

MATERIALS AND METHODS

Family History

The index case is a 30-year-old Brazilian woman, born to noncon-
sanguineous parents (Figure 1A). She received routine Bacillus
Calmette-Guérin vaccination at infancy, but developed no ad-
verse reaction. At 20 years of age, she presented with a 5-month
history of epigastric pain associated with nausea, vomiting, and
a 6-kg weight loss. Physical examination revealed bilateral lymph
node enlargements in the submandibular and inguinal chains.
Histopathological examination of duodenal micronodules and
fibrinous gastrointestinal lesions revealed typical intracellular P
brasiliensis yeast forms. Specific serum antibody to PCM antigen,
determined by immunodiffusion, was highly positive at a 1:256 di-
lution. The patient was treated with trimethoprim-sulfamethoxa-
zole for 3 years with improvement of the clinical manifestations and
up to the time of writing, she had no further symptoms. Laboratory
studies conducted during treatment of acute PCM revealed normal
serum immunoglobulin levels and blood cell counts. Moreover, no
alteration in lymphocyte subsets was observed (Table 1).

Family history revealed that a paternal uncle died in early
infancy due to infection of unknown etiology, and that the
patient’s father, currently 76 years of age, had PCM disease
when he was 20 years old. He had a history of weight loss
and papular and ulcerative skin lesions in the face and on the
scalp causing hair loss, which are symptoms typical for cu-
taneous manifestation of PCM. He was referred to a tertiary
clinic for treatment; however, no further histological studies
or laboratorial characterization are available from that time.
The study was approved by the local ethical review board
according to the Brazilian Ministry of Health (Resolution
96/196) and the Helsinki Convention, and written informed
consents were obtained from the patient, her parents, and
healthy controls.

Next Generation and Sanger Sequencing

Genomic DNA was extracted from ethylenediaminetetraacetic
acid (EDTA) blood using the Wizard Genomic DNA
Purification Kit (Promega, Madison, WI) according to man-
ufacturer’s instructions. Whole exome sequencing (WES) was
performed as previously described [19]. Briefly, variant calls
were made with GATK Unified Genotyper. All calls with a read
coverage <10 x and a Phred-scaled single nucleotide polymor-
phism (SNP) quality of < 30 were removed from considera-
tion [20]. Potential impact of nonsynonymous variations was
evaluated using common conservation status and prediction
programs (SIFT, MutationTaster, CADD Score). The identified
variations were confirmed by Sanger sequencing using specific
primers (available upon request), annotated according to the
Ensembl gene annotation system [21], and checked for family
segregation according to the phenotype.

STATA4 Phosphorylation in Lymphocytes

Tyrosine phosphorylation of STAT4 was analyzed in T lym-
phocytes from peripheral blood mononuclear cells (PBMCs)
as previously described [22]. In brief, preactivated PBMCs
(8 pg/mL phytohemagglutinin [PHA] for 3 days) were stim-
ulated with 10 ng/mL recombinant human IL-12 (rhIL-12)
(Peprotech, Rocky Hill, NJ) for 30 minutes and stained with
anti-CD3 antibody. The cells were fixed, permeabilized, and
stained with anti-pY693 STAT4 antibody (BD Biosciences) for
analysis by flow cytometry. In parallel, a second aliquot of cells
was transferred to 13-mm round glass cover slips and visual-
ized by a Zeiss LSM 780 Multiphoton microscope with a 1.30 oil
DIC M27 objective (Carl Zeiss, Jena, Germany) after staining
the nuclei with Hoechst 33342.

Site-Directed Mutagenesis Studies

To limit the number of blood draws and collections due to in-
stitutional ethical rules, we extended the analysis of the defects
observed in T cells to site-directed mutagenesis studies. We used
a lymphoblastoid B cell line (B-LCL), and the plasmid pLZRS-
IRES-ACD271, containing STAT4-wildtype (WT), STAT4-
E651V, and STAT4-Y693W/S721T that were transfected into
retroviral-producing Phoenix A cells and retrovirus collected
when all of the cells were positive for CD271, as previously
described [23]. We choose Y693W/S721T as a mutant control
because the phosphorylation of tyrosine 693 and serine 721 are
essential for STAT4 function [3, 24]. B-LCL cells were trans-
duced with the retrovirus described above and stimulated with
several concentrations of IFN-a (10 to 100000 U/mL). Because
B-LCL cells express only the ILI2RB1 subunit of the IL12R (ie,
a nonfunctional IL12R) and U3A cells (used in a second cell
model described below) lack the IL-12 receptor, IFN-a, which is
a stronger inducer of STAT4 phosphorylation [25], was used in-
stead of IL-12. After stimulation, phosphorylation of STAT4 and
STAT1 (used as control to show that the results obtained are not
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Figure 1. Heterozygous variation in STAT4in two family members with PCM disease. A, Family pedigree. Filled symbols represent individuals with history of severe infec-
tious disease. Paracoccidioidomycosis was diagnosed in the index case (indicated with a black arrow) and her father. B, Chromatograms of genomic DNA bearing the wild-
type STAT4 sequence from a healthy control and patient’s mother, and the g.119147A>T (c.1952 A>T) STAT4 variant identified in the index patient and her father. C, Multiple
sequence alignment of STAT4 indicating the conserved amino acid E651 (highlighted). D, Crystal structure of STAT4 showing a mutated—wild-type dimer with affected amino
acid change E651V in the SH2 domain, which might disturb specific hydrogen bonding (enlarged wild-type—mutant dimer in upper quadrant versus wild-type—wild-type dimer
with intact hydrogen bonding in lower quadrant). Method of in silico analysis are described in Supplementary Material.

due to differences in overall IFN-a response) was evaluated by =~ STAT4 (Cell Signaling Technology, Danvers, MA). We also
flow cytometry using antibodies against pSTAT4 and pSTAT1 assessed if the mutations indicated above affect STAT4 protein
(BD Biosciences) and by western blot using rabbit antihuman  expression in HEK293T cells. For this, HEK293T cells were
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Table1. Lymphocyte Subsets

Normal
Patient Sample® Control Sample Range?
Cell population % Cells/pL % Cells/pL %
lymphocytes
T Lymphocytes 74 7278 53 5395 43-76
CDh4 8Y 3811 30 3080 23-48
CD8 20 1964 20 2005 14-33
B Lymphocytes 10 1027 9 810 4.3-23.1
CD4*T lymphocytes
CD45RA 24 1746 41 2183 21-57
CD45R0O 32 2348 26 14M 38-60
CD8* T lymphocytes
CD45RA 16 1183 24 1288 45-77
CD45R0O 23 1697 15 786 16-49
CD19* B lymphocytes
CD27+ 46 473 55 458 4.6-49.1
NK cells
CD56*CD16* 10 977 21- 1948 5.0-27.0

Mayo Medical Laboratories, Unit Code 88800.
bPerformed after completion of paracoccidioidomycosis treatment.

transfected with 10 pg of pCMV6 plasmid (OriGene, Beijing,
China) containing WT, E651V, or Y693W/S721T STAT4 and
total STAT4 expression was assessed by western blot (rabbit
anti-STAT4, Cell Signaling Technology). Furthermore, expres-
sion of STAT4 mRNA in transduced B-LCL and HEK293T
cells was analyzed by RT-qPCR using Hs01028017_m1 probe
(Applied Biosystems, Foster City, CA).

Inasecond cell model STAT4 nonexpressing U3A cells were cul-
tured in Dulbecco's Modified Eagle Medium (DMEM) with 10%
fetal bovine serum and 1 x GlutaGro medium to 80% confluence
and transfected with WT, mutant (E651V) STAT4, or both (WT
and E651V STAT4) plasmids with directly fused green fluorescent
protein (GFP) at the C-terminus. In brief, cells were suspended
in 100 pL of E2 buffer containing 7.5 pug of STAT4 plasmids. Each
100 uL cell mixture was electroporated for two 26-ms pulses at
a voltage setting of 1225 using Invitrogen’s Neon Transfection
System in 100 uL neon tips. Transfected cells were incubated for
36 hours to allow for maximum STAT4 expression. Transfected
cells were mobilized, suspended in 50 pL of media, and stimulated
with different concentrations of IFN-a (0 to 5000 U/mL). After 20
minutes in the presence of IFN-a, the cells were fixed in 4% para-
formaldehyde, stained with anti-pSTAT4 (p.Y693) antibody (BD
Bioscience) and analyzed using an LSR II flow cytometer.

Evaluation of IFN-y Production

Intracellular IFN-y production by patient’s and father’s lym-
phocytes was assessed as previously described [16]. Moreover,
extracellular IFN-y release was evaluated in the supernatants
of PHA-preactivated PBMCs (0.2 x 10° in 200 pL Roswell Park
Memorial Institute medium [RPMI]) stimulated or not with
IL-12 (10 ng/mL) for 48 hours at 37°C. The IFN-y concentration

was analyzed by enzyme-linked immunosorbent assay (ELISA)
according to the manufacturer’s instructions (Becton Dickinson,
Mountain View, CA).

Fungicidal Activity

The ability of PBMCs and monocyte-derived macrophages (MDMs,
generated as previously described [26]) alone or cocultured with
autologous lymphocytes (MDM/lymphocyte ratio of 1:10) to kill
P brasiliensis (Pb18) was determined by counting colony form-
ing units (CFU), as previously reported [26, 27]. Briefly, PBMCs
or MDMs alone or cocultured with lymphocytes were challenged
with P brasiliensis (ratio of 1:20 fungus/PBMCs and 1:2 fungus/
MDMs) for 48 hours at 37°C in a humidified 5% CO, atmosphere.
Moreover, when indicated, the cultures were simultaneously acti-
vated or not with rhIL-12 (10 ng/mL) or thIFN-y (20 ng/mL). CFU
were counted on day 6 and P brasiliensis survival determined in
relation to P brasiliensis growth on plates from untreated PBMCs
from healthy control subjects.

Statistical Analysis

Data were analyzed using GraphPad Prism 5 statistical software
(GraphPad Software, San Diego, CA). Results are expressed as
mean with standard error of the mean of 3 individual experi-
ments, if not indicated differently. Significance difference was
determined using Mann-Whitney test when P < .05.

RESULTS

Heterozygous p.E651V Mutation in STAT4 of Subjects With PCM
Considering the complexity and number of genes involved in the
immune response against pathogens and the history of nonclassi-
cal PID represented by members of the family studied here, we car-
ried out WES of the index case in order to identify candidate genes
predisposing to PCM. WES revealed a total of 229 relevant vari-
ants (eg, nonsense, insertion, deletion, frameshift, etc), which were
not found in 1000 Genome Project (www.genome.gov), dbSNP
(www.ncbinlm.nih.gov/SNP/), Exome Aggregation Consortium
(http://exac.broadinstitute.org), Exome Variant Server (http://
evs.gs.washington.edu/EVS/), or Genome Aggregation Database
(http://gnomad.broadinstitute.org/about). Among these 229
genes, we selected variations in 4 genes possibly associated with
antifungal immune responses: JAK3, ILI3RA, TRAIB and STAT4.
However, only the variant g.119147A>T (c.1952 A>T), which
causes a single amino acid change altering glutamic acid (Glu/E)
to valine (Val/V) at position 651 (p.E651V) in STAT4, was also pre-
sent in the patient’s father and not present in the healthy mother
as confirmed by Sanger sequencing (Figure 1B) and in accordance
with an assumed autosomal dominant inheritance. The variant
¢.1952 A>T (p.E651V) was not present in the exome data of 609
healthy Brazilian controls (in-house database).

Conservation analysis demonstrated that the p.E651V muta-
tion, located within the STAT4 SH2 binding domain, affects a
residue that is conserved among different species (Figure 1C).
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Mutation Taster and SIFT Score analysis indicated this alter-
ation as deleterious and the CADD Score for this variation is
reported to be 24.2, which is way above the mutation signifi-
cance cutoff (MSC) for this gene of 3.3 [28]. Gene damage index
(GDI) prediction revealed a score of 36.38 (GDI Phred score of
1.09081) for STAT4, which correlates to a medium damage pre-
diction for this gene in the general population [29]. Additional
in silico investigation using a STAT4 3D structural construct
showed that the p.E651V mutation may affect STAT4 phospho-
rylation and binding to the cytoplasmic domain of the IL-12R
as well as STAT4 dimerization due to disturbed SH2 interaction
through hydrogen bonding between mutant and WT monomers
(Figure 1D).

Defective STAT4 Phosphorylation in Patient’s Cells and in Cells
Expressing the Mutant Allele

Successful STAT4 signaling requires phosphorylation of STAT4
(pSTAT4) on tyrosine 693 and seronine S721, which triggers
STAT4 dimerization and translocation to the nucleus where
it induces transcription of IFNG [3]. IL-12 activation induced
normal STAT4 phosphorylation in the patient’s mother and
healthy control CD3" T cells, while CD3* T cells from the
patient and her father had reduced phosphorylation of STAT4
(Figure 2A). Confocal microscopy analysis confirmed the
impaired IL-12-induced STAT4 phosphorylation, and revealed
markedly reduced pSTAT4 translocation to the nucleus in CD3*
T cells from the patient and her father (Figure 2B) compared
with cells from healthy controls. Furthermore, the patient’s
PHA-preactivated CD3* T cells showed normal IL-12Rp1
and IL-12RP2 expression in comparison to lymphocytes from
healthy controls, suggesting that impaired pSTAT4 was not due
to the absence of IL-12R (Supplementary Figure 1).

In agreement with the primary cell studies, B-LCL cells trans-
duced with the STAT4-E651V mutant displayed reduced pSTAT4
in response to IFN-a in a dose-dependent manner when com-
pared with B-LCL cells transduced with WT STAT4 (Figure 3A).
Normal IFN-a-induced pSTAT1 in transduced B-LCL cells con-
firmed the specificity of STAT4 defects (Figure 3B). In parallel
to normal expression of total STAT4, reduced IFN-a-induced
pSTAT4 was also observed in B-LCL cells transduced with the
mutant constructs, as shown by western blot analysis (Figure 3C),
while IFN-a-induced pSTAT1 protein expression was normal in
the same set of cells (Figure 3D). Normal protein expression of
total STAT4-p.E651V in HEK293T cells (Figure 3E) and normal
mRNA levels in both HEK293T and B-LCL cells when compared
to WT STAT4 (Figure 3F), suggest that the E651V mutation does
not affect STAT4 transcriptional activity.

Furthermore, U3A cells that received homozygous (E651V/
E651V) or heterozygous (WT/E651V) constructs showed
reduced pSTAT4 in response to IFN-a in a dose-dependent
manner when compared with those receiving WT STAT4
(Figure 4A). Notably, heterozygous constructs impaired

the IFN-a-induced pSTAT4 stronger than the homozygous
(Figure 4A and B). Although these data require further investi-
gation, our finding is in agreement with a previous report show-
ing that, because the assembly of nonphosphorylated STAT4
dimers occurs before receptor-driven pSTAT4, STAT4 mutant
homodimers have more affinity to form intramolecular rear-
rangement compared to mutant heterodimers. Therefore, STAT4
heterozygous mutations cause a stronger impairment in pSTAT4
than homozygous [30]. Taken together, our data suggest a domi-
nant negative effect of the E651V mutant allele that underlies an
autosomal dominant phenotype in heterozygous cells.

Lymphocytes Carrying the p.E651V Mutation Produce Significantly Less
IFN-y Following IL-12 Stimulation

Because pSTAT4 was defective in T cells from the patient and her
father, we evaluated IL-12-induced IFN-y production by preac-
tivated PBMCs. We observed reduced intracellular (Figure 5A)
and secreted (Figure 5B) IFN-y levels when studying CD4" T
cells from the patient and her father after activation with rhIL-
12 in comparison to healthy controls. In contrast, compared
with healthy control cells, patient’s and father’s CD3* T cells
produced normal levels of intracellular IFN-y when stimu-
lated with phorbol 12-myristate 13-acetate (PMA)/ionomycin.
Notably, although both individuals with the p.E651V STAT4
mutation present lower levels of IFN-y positivity compared to
controls, IFN-y-expressing cells were slightly more frequent in
the patient when compared to her father, while the IFN-y secre-
tion by father’s PBMCs was higher than in the index patient.
We considered this slightly differences as experimental artifacts.

Impaired P brasiliensis Fungicidal Activity by PBMCs and MDMs From
STAT4-Deficient Individuals

We asked whether PBMCs and MDMs from STAT4-deficient
individuals cocultured with autologous lymphocytes are able to
kill P brasiliensis. Both PBMCs (Figure 6A) and MDMs/T cell
coculture (Figure 6B) from the patient and her father displayed
reduced fungicidal activity when challenged with P brasiliensis
compared to healthy controls. In agreement with the defects in
STAT4 phosphorylation and nuclear translocation, exogenous
rhIL-12 failed to increase their impaired fungicidal activity
against P brasiliensis in comparison to PBMCs or MDMs from
healthy controls (Figure 6A and B). Furthermore, we observed
that MDMs alone also present impaired fungicidal activity
(Figure 6C), thus confirming that macrophages require IFN-y
to develop normally [31]. In this latter experiment, exogenous
IFN-y enhanced fungicidal activity of macrophages from the
control and the STAT4-deficient individuals, albeit fungicidal
activity was still lower by MDMs from the latter.

DISCUSSION

Here, we report a family with a daughter and father who de-
veloped symptomatic PCM and identified a heterozygous
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Figure 2. Defective phosphorylation and nuclear translocation of STAT4. A, CD3* T lymphocytes, preactivated with phytohemagglutinin (PHA) for 3 days to induce inter-
leukin-12R (IL-12R) expression on the cell surface, from the index patient, her parents, and a healthy control were analyzed for phosphorylation of STAT4 by flow cytometry
after stimulation with rhiL-12. Histograms showing phosphorylated STAT4 levels in nonstimulated (dashed lines) and stimulated (filled grey area) cell samples representing 1
of 3 independent experiments. B, Confocal microscopy of PHA-preactivated lymphocytes revealing phosphorylated STAT4 levels (second row from left) in the cytoplasm and
pSTAT4 translocation to the nucleus after stimulation with rhiL-12. The panel shows 1 representative cell of various cells analyzed in 2 independent experiments.

amino acid change (p.E651V) in STAT4 that causes a domi-
nant negative effect on STAT4 phosphorylation, thus impairing

characterized by recurrent and severe infections, which often re-
sult in increased clinical complications with aging, the patients

IL-12-induced IFN-y immunity. Notably, while classic PIDs are with nonclassic PIDs show susceptibility to a narrow spectrum
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Figure 3. Defective STAT4 phosphorylation in B-LCL and HEK293 T cells. A, Phosphorylation of STAT4 was assessed by flow cytometry by stimulating B-LCL cells with a
gradient of interferon (IFN)-a and measuring the mean fluorescence intensity (MFI) that was normalized by the values of the nonstimulated (ns). B, Phosphorylation of STAT1
showing that the results in (A) are not due to differences in overall IFN-a response. C, B-LCL cells were stimulated with 100000 U/mL of IFN-a. and phosphorylation of STAT4
assessed by western blot. D, The same cell lysates from (C) were analyzed in a separate gel and phosphorylation of STAT1 assessed showing equal response to IFN-ct in all
conditions. £, Overexpression of WT, E651V, or Y693W/S721T STAT4 in HEK293T cells showing that none of the variants impair the expression of the protein. £, Real-time
quantitative polymerase chain reaction (RT-gPCR) data for STAT4 in transfected HEK293T from (£) and in B-LCL nontransduced (NT), transduced with a retrovirus generated
with an empty vector (EV), or with WT, E651V, and Y693W/S721T conditions showing similar mRNA expression levels. N = 2 for all experiments. Abbreviations: NT, nontrans-
fected; EV, empty vector; WT, wild type; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

of etiologic agents, and often clinical improvement with age or
may even develop only a single episode of an infection with
good clinical outcome [32, 33]. For instance, patients with
mutations in TLR3, TBKI1, TRAF3, TRIE IRF3, or UNC93B1
are susceptible to herpes simplex encephalitis [8], and genetic
defects in proteins of the IFN-y pathway result in Mendelian
susceptibility to mycobacterial disease [1]. In the latter cat-
egory, infections are mainly caused by atypical mycobacteria,
but a considerable proportion of patients may also suffer from

infections caused by Salmonella spp. [1] and sporadic cases of se-
vere infections caused by other intracellular bacteria, fungi, and
parasites, such as Listeria monocytogenis [34], Klebsiella [35],
Leishmania [36], Toxoplasma gondii [37], Histoplasma capsula-
tum [10], Coccidioides [11, 12], and P brasiliensis [13] have also
been reported. Particularly, PIDs such as IL-12p40, IL-12Rp1,
IL-1 receptor-associated 4 (IRAK-4), UNC93B1, and Toll-like
receptor 3 (TLR3) deficiencies have been reported to predis-
pose patients to a single episode of infections with generally
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Figure 4. Defective STAT4 phosphorylation in U3A cells. A, U3A cells transfected
with wild-type (WT)-STAT4, WT/EG51V STAT4, and E651V/E651V STAT4 mutant
were stimulated with different concentrations of interferon (IFN)-o. for 20 min-
utes and phosphorylated STAT4 (pSTAT4) measured by flow cytometry. Data are
shown as mean fluorescence intensity (MFI) of pSTAT4 normalized to the MFI of
total amount of STAT4 (GFP-STAT4) in the cell. One of 3 independent experiments
is shown. B, Box blots showing mean and standard deviation of the ratio of MFI
pSTAT4 normalized to MFI of total STAT4 from similarly transfected U3A cells acti-
vated with 1000 U/mL IFN-a.. N = 4 for WT-WT, and E651V/EB51V; n = 3 for WT/
E651 construct.

a favorable outcome and without relapse in most cases [38].
In accordance, the index patient and her father developed only a
single, although severe, episode of PCM disease with no further
infections with age and both are well without administration
of prophylactic treatment. In the case of patients with inborn
errors of the IL-12 signaling pathways that secondarily affect
IFN-production, alternative mechanism could justify the im-
provement of clinical manifestations with aging because other
in vivo inducers of IFN-y or other effector cytokines that can
compensate for the absence of IFN-y, such as IFN-a, which also

signals through STAT1 and activates downstream effector genes
similar to IFN-y [39, 40].

So far, a specific genetic diagnosis was assigned to only 2
patients who had developed PCM disease: one with defective
IL12RP1 [13] and another with CD40L deficiency [5], which are
both essential molecules for IFN-y production. Several genetic
defects involving IFN-y-mediated immunity have been described
[1]. The family described here displays autosomal dominant
STAT4 deficiency associated with susceptibility to PCM disease.
Another unique heterozygous mutation (c.1337C>T, p.T446I)
in STAT4 was recently reported by Aavikko et al to be associated
with susceptibility to classic Kaposi sarcoma caused by human
herpesvirus 8 [41]. Interestingly, one affected heterozygous family
member also developed mycobacterial disease, but no investiga-
tion was performed in order to characterize the impact of p.T4461
mutation in STAT4 function. Both, our data and those reported
by Aavikko et al resemble the clinical phenotypes observed in
Stat4 and IL-12p40 knockout mice, which are highly susceptible
to intracellular pathogens [25] including P brasiliensis [42].

Here we provide evidences that the heterozygous p.E651V
mutation compromises STAT4 function. However, the contri-
bution of STAT4 deficiency to the pathogenesis of PCM disease
will only be provided by further evidence such as additional
families with STAT4 deficiency who develop PCM. Notably,
in South America the availability of laboratories performing
genetic analysis of patients with unusual infectious diseases is
still limited and molecular genetic defects in patients with PCM
disease are rarely identified [15]. Interestingly, the importance
of the IL-12/IFN-y circuit for the protection against mycobac-
teria diseases is well known [1], and tuberculosis has frequently
been observed in coinfection with PCM [43-46], suggesting
that these two infectious diseases may have common immu-
nopathological mechanisms. Thus, additional investigations
exploring possible molecular genetic defects underlying PCM
disease in Latin American countries may lead to new therapeu-
tic opportunities for patients with PCM.

The interaction between T cells and monocytes/macrophages
mediated by the IL-12/IFN-y axis plays a pivotal role in host
defense against intracellular bacteria, fungi, and parasites by
activating microbicidal activity of monocytes/macrophages
[4], which are key players during P brasiliensis infection. While
IFN-y enhances macrophage microbicidal activity [47-49], its
effects are not limited to mature phagocytes [50] as confirmed
by defects of microbicidal mechanisms of macrophages from
patients with inherited IFN-yR1 or IFN-yR2 deficiencies [31].
Accordingly, we could show that, PBMCs and MDMs alone or
cocultured with lymphocytes from our index patient and from
her father had decreased fungicidal activity against P brasilien-
sis when compared to healthy controls. As expected from de-
fective STAT4 phosphorylation and reduced IFN-y production,
only IFN-y but not rhIL-12 was able to increase the patient’s
and her father’s PBMCs and MDMs fungicidal activity, while
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Figure 5.

Impaired secretion of interferon-y (IFN-y) by patient PBMCs in response to interleukin-12 (IL-12). A, Contour plots of phytohemagglutinin (PHA)-preactivated

PBMCs from patient and father showing normal IFN-y production in response to phorbol 12-myristate 13-acetate (PMA) plus ionomycin, whereas there was reduced intracel-
lular IFN-y concentration in response to rhiL-12 when compared to a healthy control. The cells were stimulated with PMA plus ionomycin or rhiL-12 for 12 hours. Contour plots
represent 1 of 2 individual experiments. B, Impaired IFN-y release by PHA-preactivated PBMCs from the index patient and her father when compared to 11 healthy controls.
Cells were stimulated with rhiL-12 for 48 hours. Standard deviation of 2 experiments performed with PBMCs from the patient and her father is shown.

the fungicidal activity of healthy control cells could be increased
significantly by both reagents.

In conclusion, our data suggest that autosomal dominant
STAT4 deficiency represents a novel defect of IL-12-dependent
IFN-y immunity and that it is associated in this kindred with
susceptibility to PCM disease. This raises the possibility that

patients with symptomatic PCM and other related fungal infec-
tions suffer from this or related inborn errors. Therefore, search-
ing for defects in the IL-12/IFN-y axis, including mutations in
STAT4, should be considered for these patients. The identifica-
tion of additional patients with alterations in the STAT4 gene
are needed to define the clinical spectrum of STAT4 deficiency
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Figure 6. The reduced fungicidal activity against Paracoccidioides brasiliensis by
peripheral blood mononuclear cells (PBMCs) and monocyte-derived macrophages
(MDMs) from the patient and the father is not improved by recombinant human
interleukin-12 (rhIL-12). The fungicidal activity was assessed by counting colony
forming units (CFU) from recovering internalized fungi. The fungicidal activity was
determined in relation to the CFU number on culture plates from healthy control
subjects studied on the same day, which was considered as 100%. Each dot rep-
resents the mean of triplicates from independent experiments. Standard deviation
of the 3 independent experiments performed is shown: (4) PBMCs, (B) cocultures of
MDMs with lymphocytes, and (C) MDMs alone were challenged with P brasiliensis
for 48 hours in the presence or absence of rhiL-12 or interferon-y (IFN-y).

and to clarify the immunopathological mechanisms associated
with this PID.
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