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In humans, recessive loss-of-function mutations in STAT1 are associated with myco-
bacterial and viral infections, whereas gain-of-function (GOF) mutations in STAT1 are 
associated with a type of primary immunodeficiency related mainly, but not exclusively, 
to chronic mucocutaneous candidiasis (CMC). We studied and established a molecular 
diagnosis in a pediatric patient with mycobacterial infections, associated with CMC. 
The patient, daughter of a non-consanguineous mestizo Mexican family, had axillary 
adenitis secondary to BCG vaccination and was cured with resection of the abscess 
at 1-year old. At the age of 4 years, she had a supraclavicular abscess with acid-fast-
staining bacilli identified in the soft tissue and bone, with clinical signs of disseminated 
infection and a positive Gene-X-pert test, which responded to anti-mycobacterial 
drugs. Laboratory tests of the IL-12/interferon gamma (IFN-γ) circuit showed a higher 
production of IL-12p70 in the whole blood from the patient compared to healthy con-
trols, when stimulated with BCG and BCG  +  IFN-γ. The whole blood of the patient 
produced 35% less IFN-γ compared to controls assessed by ELISA and flow cytometry, 
but IL-17 producing T cells from patient were almost absent in PBMC stimulated with 
PMA plus ionomycin. Signal transduction and activator of transcription 1 (STAT1) was 
hyperphosphorylated at tyrosine 701 in response to IFN-γ and -α, as demonstrated 
by flow cytometry and Western blotting in fresh blood mononuclear cells and in 
Epstein-Barr virus lymphoblastoid cell lines (EBV-LCLs); phosphorylation of STAT1 in 
EBV-LCLs from the patient was resistant to inhibition by staurosporine but sensitive 
to ruxolitinib, a Jak phosphorylation inhibitor. Genomic DNA sequencing showed a  
de novo mutation in STAT1 in cells from the patient, absent in her parents and brother; a 
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FiGuRe 1 | (a) Inflammatory reaction in the soft clavicular tissue was composed predominantly of numerous polymorphonuclear neutrophils and groups of 
epithelioid cells, (insert), without giant cells. H&E staining, 200× magnification. (B) AFS showing the abundant density of acid-fast bacilli in the same tissue. AFS, 
400× magnification. (C) Chest X-rays showing an increase in soft tissue in the right supraclavicular region. (D) Contrast mediastinum CT showing the presence of 
multiple abscesses (lymphatic nodes with hypodense centers extending to the axillary region). There was no mediastinal invasion.
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known T385M missense mutation in the DNA-binding domain of the transcription factor 
was identified, and it is a GOF mutation. Therefore, GOF mutations in STAT1 can induce 
susceptibility not only to fungal but also to mycobacterial infections by mechanisms to 
be determined.

Keywords: signal transduction and activator of transcription 1, gain-of-function mutation, mycobacterial infection, 
tuberculosis, immunodeficiency, iL-17, interferon gamma

iNtRoDuCtioN

Our patient is a 9-year-old girl, who was born as a second child 
to young healthy non-consanguineous parents, from Oaxaca, 
Mexico, without a family history of recurrent infections. She 
received the BCG vaccine during the first month of life, and 
at the age of 1  year, she developed an axillary adenitis at the 
site of the BCG vaccination and subsequent abscess, which 
was debrided with relief of symptoms. She was admitted to 
the hospital twice with symptoms of lower airways infection 
at the age of 1 and 3 years with no microorganism determina-
tion. During the second hospitalization, acid-fast bacilli (AFB) 
were reported in a sample of gastric juice; mycobacterial 
cultures were negative, a PPD test was also negative, and she 
did not receive any specific treatment. The patient presented 
also with recurrent episodes of oral candidiasis starting at the 
age of 8  months, and she received multiple drug treatments 
without achieving its complete eradication. At four and a half 
years old, the patient had infra-clavicular swelling with rubor 
and pain; she was diagnosed with a soft tissue abscess, and she 

was treated with Ceftriaxone, Amikacin, Clarithromycin, and 
Trimethroprim/Sulfamethoxazole. However, the abscess volume 
increased reaching 10  cm ×  10  cm with undefined limits and 
skin erosion; the patient had an intermittent low-grade fever 
(38.0–38.5°C) with one peak each day for the next 3  months, 
and she received several courses of antibiotic without improve-
ment. Then, the patient was admitted to the hospital because 
general illness, including fever, and tuberculosis infection was 
suspected. After hospital admission, an excisional clavicular 
biopsy reported inflammation and abundant AFB (10 bacilli 
per field, in 20 fields) in the soft tissue (Figures  1A,B) and 
osteomyelitis (Figure  1C). Computerized axial tomography 
showed evidence of multiple infectious abscesses (Figure 1D). 
PCR analysis of material from the supraclavicular biopsy was 
positive for Mycobacterium tuberculosis complex and the Gene-
X-pert test was positive for M. tuberculosis sensitive to rifampin. 
A diagnosis of disseminated tuberculosis was made, and the 
patient received anti-mycobacterial treatment with Rifampin, 
Isoniazid, Pirazynamide, and Ethambutol at conventional doses. 
A repeat biopsy of supraclavicular abscess showed nine AFB in 
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FiGuRe 2 | (a) IL-12p70 production in diluted whole blood from the patient and controls stimulated with BCG without or with increasing doses of interferon gamma 
(IFN-γ). (B) Phospho-signal transduction and activator of transcription 1 (STAT1) levels assessed in IFN-γ stimulated mononuclear cells (selected CD14+ monocytes) 
by flow cytometry and by Western blot (WB) in Epstein-Barr virus lymphoblastoid cell lines (EBV-LCLs). (C) Control and patient EBV-LCLs were stimulated with IFN-γ 
and incubated with Staurosporine to assess p-STAT1 levels by WB. Ten micrograms of protein of either cytoplasmic or nuclear extracts for each condition were 
separated by SDS-PAGE and electrotransferred to PDVF membranes. WBs were performed with anti-p-STAT1, anti-STAT1, and anti-tubulin (anti-lamin B for nuclear 
extracts) antibodies, with stripping steps between each antibody. WB films were scanned and the strips corresponding to each molecule (p-STAT1, STAT1, tubulin, 
or lamin B) were trimmed to compose the figure; the same brightness and contrast were utilized for each strip. The scans of the original WBs are included in the 
Supplementary material.
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100 fields; with this improvement, the patient was discharged 
from the hospital on continued anti-mycobacterial treatment 
with Rifampin plus Isoniazid for18 months, with good clinical 
evolution.

The patient had neutropenia and lymphopenia  during infec-
tion episodes; serum IgA levels were transiently low in several 
assessments, returning to normal values after recovering from 
active infections. Values for IgG, IgM, and IgE were normal. 
The patient was diagnosed with chronic hepatitis, with high 
values of alanine-aminotransferase, aspartate-aminotransferase, 
and gamma-glutamyltranspeptidase, most likely due to anti-
mycobacterial and anti-fungal treatments, since a liver biopsy 
showed mild chronic hepatitis, without fibrosis or copper depos-
its. Additional tests for liver function were normal. Serology tests 
for viral infections (including hepatitis A, B, and C, CMV, HIV, 
and EBV) were all negatives. Tests for autoantibodies against 
DNA, cardiolipin, beta-2 glycoprotein, endomysium, and smooth 
muscle were all negatives.

We found a relatively low production of interferon gamma 
(IFN-γ) in response to BCG and BCG  +  IL-12 treatment of 
diluted whole blood in the patient compared to healthy controls 

(BCG = 891 pg/mL vs BCG + IL-12 = 5,025 pg/mL for patient, 
compared to nine healthy controls: GeoMean  ±  SEM with 
BCG = 1,369 ± 1,878 and with BCG + IL-12 = 9,579 ± 1,935 pg/mL). 
The IL-12Rβ1 expression levels on PHA-T cell blasts by flow 
cytometry were normal in the patient (data not shown). In vitro 
responses to IFN-γ showed an increased production of IL-12p70 
in the patient compared to healthy controls (Figure 2A), upon 
BCG and BCG + IFN-γ stimulation, suggesting an alteration in 
the IFN-γ receptor or downstream signaling. Membrane expres-
sion of IFN-γ receptor 1 (CD119) on patient’s CD14+ cells was 
similar to healthy controls (data not shown).

Signal transduction and activator of transcription 1 (STAT1) 
showed an increased tyrosine phosphorylation at position 701 in 
CD14+ cells in PBMCs from the patient stimulated with IFN-γ 
compared to controls, as assessed by flow cytometry (Figure 2B, 
histograms); similar STAT1 hyperphosphorylation was found 
in Epstein-Barr virus lymphoblastoid cell lines (EBV-LCLs) 
from the patient (Figure 2B, Western blot), suggesting a gain-
of-function (GOF) mutation in STAT1. Since previous studies 
demonstrated the involvement of impaired dephosphorylation 
for other GOF mutations in STAT1 (1–3), we characterized the 
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inhibition of phosphorylation by staurosporine in EVB-LCLs. 
We found resistance to staurosporine-mediated inhibition of 
phosphorylation of STAT1 in the patient than in healthy control 
(Figure 2C).

Sequencing of the STAT1 gene in PBMCs showed a muta-
tion in the DNA-binding domain (c.1154 C>T, p.T385M) only 
in the patient (absent in the parents and brother), indicating a  
de novo mutation (Figure 3A). Threonine 385 is a highly con-
served amino acid in several vertebrate species, representing a 
critical amino acid for STAT1 function; this mutation has already 
been shown to cause STAT1 GOF (4). Recently, the use of the 
Jak kinase inhibitor Ruxolitinib was demonstrated to correct 
STAT1 hyperphosphorylation and ameliorate Candida infection 
(5, 6); therefore, we tested and demonstrated inhibition of STAT1 
phosphorylation by Ruxolitinib in EBV-LCLs from our patient 
upon stimulation with IFN-α and IFN-γ (Figure 3B).

BaCKGRouND

Disseminated mycobacterial infections that occur in children 
are usually associated with primary immunodeficiency and 
are frequently related to impaired IFN-γ-dependent immune 
responses. Children affected with the Mendelian susceptibility 
to mycobacterial diseases show variable susceptibility to myco-
bacterial infections ranging from weakly virulent species, such 
as Mycobacterium bovis BCG and Mycobacterium avium, to the 
more virulent M. tuberculosis; these patients have mutations in 
genes controlling the IFN-γ production (IL12B, IL12RB1, IRF8, 
ISG15, and NEMO) or in genes involved in the response to IFN-γ 
(IFNGR1, IFNGR2, STAT1, IRF8, and CYBB) (7). These genes 
encode distinct proteins participating in the IFN-γ/IL-12 circuit, 
which is crucial for the immune response against mycobacteria 
in humans (7–10).

Engagement of IFN-γ by its receptor in macrophages activates 
JAK1 and JAK2 intracellular kinases, which auto- and trans-
phosphorylate themselves. They phosphorylate tyrosine (Y) 
440 on the IFN-γ receptor 1 creating docking sites for STAT1 
coupling, which in turn is phosphorylated at Tyrosine 701 
(pY701) by the same JAKs. Once STAT1 is phosphorylated, 
it forms homodimers in the cytoplasm; these homodimers are 
called GAFs or Gamma-activated factors, which translocate to 
the nucleus where they bind to specific DNA sequences called 
GASs or Gamma-activated sequences. GAFs are responsible for 
IFN-γ-dependent gene induction, enabling the macrophage to 
perform intracellular killing of phagocytized microbes (10, 11). 
STAT1 also forms heterodimers with STAT2 upon IFN-α or IFN-
β activation mediated by their respective receptors; these STAT1/
STAT2 heterodimers bind to IRF9 to form the mature transcrip-
tion factor ISGF3, which binds to the specific DNA sequence 
ISRE and induces transcription of genes that participate in the 
antiviral immune response (12).

Mutations in STAT1 in humans have previously been identi-
fied. Recessive loss-of-function (LOF) mutations in STAT1 cause 
reduced signaling involving the STAT1 transcription factor, 
affecting immunity to intracellular pathogens primarily, like 
mycobacteria and viral infections due to impaired IFN-γ and 
IFN-α signaling, respectively (13). Dominant LOF mutations 

in STAT1 impair its phosphorylation or DNA-binding activity 
and are associated with mycobacterial disease due to a specific 
impairment in IFN-γ signaling (14). In contrast, GOF mutations 
in STAT1 cause an increased phosphorylation of Y701 of STAT1 
and a reduced production of IL-17 by T cells from affected per-
sons; these mutations have been found in patients with fungal 
diseases, primarily caused by Candida spp. as well as by other 
fungal diseases such as Coccidioidomicosis and Histoplasmosis 
(1, 15, 16). Chronic mucocutaneous candidiasis (CMC) occurs 
with persistent or recurrent infections with Candida spp. in the 
skin, nails, oral, or genital mucosa; approximately half of all cases 
studied and genetically characterized worldwide are due to GOF 
STAT1 mutations, and the other half are due to mutations in 
other genes that impair the IL-17-mediated immune response, 
such as STAT3, IL17RA, IL17F, IL17RA, IL17RC, ACT1, RORC, 
IL12RB1, AIRE, and CARD9 (17–23).

In 2016, an international multicenter study (24) examined 
274 patients with GOF mutations in STAT1; while 268 patients 
had CMC only 17 patients had mycobacterial infections (6% of 
the studied patients). This is paradoxical and unexplained, as 
LOF mutations in STAT1 are well-known causes of mycobacte-
rial disease (25).

DisCussioN

We identified a GOF mutation in STAT1 in our patient with 
confirmed M. tuberculosis disseminated infection and CMC. The 
mutation found in the patient increased the phosphorylation of 
Y701 in the STAT1 protein, which was proved to be resistant to 
Staurosporine, but sensitive to Ruxolitinib, which has previously 
been used against CMC in two clinically distinct patients (5, 6). 
This suggests an alternative treatment for infections in this type 
of patient; however, its effects in the elimination of mycobacterial 
infections remain to be determined.

Chronic mucocutaneous candidiasis is the most frequent 
infection associated to STAT1 GOF mutations (1, 16), although 
patients have also bacterial and viral infections (24). Interestingly, 
Sampaio et al. (16) identified a patient with the mutation T385M 
(the same found in our patient) and a sporadic infection with 
Mycobacterium fortuitum, indicating that there is also susceptibil-
ity to Mycobacterial infection with the STAT1 GOF mutation. The 
mycobacterial infections found in 17 out of 268 patients with het-
erozygous STAT1 GOF mutations recently reported by Toubiana 
et al. demonstrate the susceptibility to these infections (24).

In the patient reported here, BCG vaccination caused an 
initial mycobacterial infection during her first year of life and 
debridement of the axillar abscess relieved infection symptoms. 
Although AFB were found in gastric juices from patient at 3 years 
old, isolation of mycobacteria was unsuccessful. Later, the infec-
tion in the clavicule showed AFB in the bone and soft tissue and 
the Gene-X-pert-positive result demonstrated an M. tuberculosis 
infection, with clinical symptoms of dissemination (see Figure 1). 
Thus, clinical phenotype and laboratory testing indicated that 
the patient had a bona fide disseminated mycobacterial infection. 
Recently, Baris et al. (26) observed a pulmonary M. tuberculosis 
infection in a patient with the same T385M GOF mutation in 
STAT1, while Kataoka et  al. (27) identified a patient with an 
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FiGuRe 3 | (a) The T385M mutation was found to be as a de novo mutation in the patient (DNA sequences and familial tree). The T385M mutation in the 
DNA-binding domain is shown in yellow in a signal transduction and activator of transcription 1 (STAT1)/DNA model; other gain-of-function mutations associated 
with fungal infections are shown in green (DNA-binding domain) and white (C–C-domain), and p-Tyrosine 701 is labeled with blue. (B) Inhibition of interferon-induced 
STAT1 phosphorilation in EBV-LCL by Ruxolitinib in a healthy control and in the patient, as demonstrated by intracellular flow cytometry (upper panel) and Western 
blot (lower panel).
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R274G STAT1 GOF mutation and disseminated M. tuberculosis 
infection albeit with negative Quantiferon and tuberculin skin 
tests. Similarly, PPD testing was negative in our patient at 3 and 
6  years old, despite her mycobacterial infections, indicating a 
defective T-cell response.

The mechanism underlying STAT1 GOF mutations and 
susceptibility to mycobacterial infection is not well understood, 
but cytokine production is altered in leukocytes. Sampaio et al. 
(16) found increased production of IL-12 as well as chemokines 
CXCL9 and CXCL10 in response to IFN-γ in patients with STAT1 
GOF mutations. Similarly, we found an increased production of 
IL-12 (shown) and CXCL10 (not shown) in whole blood from the 
patient stimulated with BCG compared to healthy controls. IFN-γ  
is thought to be an essential cytokine necessary to control of 
mycobacterial infections. However, we found by ELISA only 35% 
less IFN-γ production in whole blood from the patient stimu-
lated with BCG compared to healthy controls; by flow cytometry, 
we observed diminished IFN-γ producing T  cells in PBMCs 
from the patient compared to control (29 vs 42%) but almost 
absent in IL-17A-producing T cells in the patient compared to 
control (0.2 vs 1.6%), upon PMA + ionomycin stimulation. Liu 
et al. (1) found a diminished (albeit not significant) percentage 
of IFN-γ-producing cells in patients with STAT1 GOF mutations 
compared to healthy controls and significant lower proportion 
of IL-17-producing T cells (by flow cytometry) similar to other 
authors (2, 16, 28). Therefore, consistently, there is a significant 
reduction in IL-17 production but only partial IFN-γ reduction 
in patients with STAT1 GOF mutations. In a murine model of 
lung infection with BCG, IL-17-deficient mice showed impaired 
Th1-IFN-γ production and defective granuloma formation 
compared to wild-type mice (29), suggesting a protective role 
of IL-17 in vivo. However, human patients lacking the IL-17A 
receptor do not suffer from mycobacterial infections (20), 
whereas patients with mutations in RORC lack the Th1* subset 
able to produce both IFN-γ and IL-17 (patients do not produce 
IL-17 A and IL-17 F) and suffer from both Mycobacterium and 
Candida infections (23). Mycobacteria induce both Th1 and Th17 
responses. T cells from children vaccinated with BCG stimulated 
in vitro with PPD produce high amounts of both IFN-γ and IL-17 
compared to non-vaccinated children [reviewed in Ref. (30)]. 
Interestingly, IL-17 production is reduced in patients with active 
tuberculosis and its production increases when tuberculosis 
symptoms are ameliorated after drug treatment, to levels found 
in healthy controls (31–33), suggesting that IL-17 may partici-
pate for the control of mycobacterial infections. Nevertheless, the 
role of Th17 cells in immune responses against tuberculosis is 
controversial because there appears to be distinct roles in latent 
and active human infections, while in animal models, its effect 
can be beneficial or detrimental (34). Other studies suggest that 
a high production of Type I IFNs and IL-10 are detrimental dur-
ing active tuberculosis, inhibiting the protective effects of IFN-γ 
(35–37). IFN-α has demonstrated beneficial effects as adjuvant 
during pharmacological treatment of tuberculosis in humans, 
but paradoxically hepatitis treatment with IFN-α reactivates 
latent tuberculosis (34). In contrast, Uzel and Holland (38) found 
a diminished production of IL-10 in response to PHA in PBMC 
from three patients with STAT1 GOF mutations compared 

to healthy controls, suggesting that an increased production 
of IL-10 may not occur in patients with these mutations. The 
pathway of type I IFNs production and the consequent activated 
genes has not been studied in patients with STAT1 GOF muta-
tions and mycobacterial infections and need to be addressed in 
further studies.

CoNCLuDiNG ReMaRKs

We described here a patient with a bona fide M. tuberculosis 
disseminated infection, related to a GOF mutation in STAT1, a 
genetic change associated primarily with CMC. GOF mutations 
in STAT1 affect IL-17 production, and IFN-γ to a lesser extent. 
More research is required to investigate the mechanisms associ-
ated with IFN-γ and IL-17 cytokine production, distinct types 
of STAT1 mutations, and the resulting susceptibility to different 
infections.

MateRiaLs aND MetHoDs

Laboratory tests to identify the Candidate 
Gene Causing the immunodeficiency
Several previously published tests (39) were performed to study 
the function of elements of the IFN-γ/IL-12 circuit. IFN-γ pro-
duction and function of IL-12 receptor were tested stimulating 
diluted whole blood with BCG or BCG + IL-12. IFN-γ levels were 
determined in 48 h supernatants by in-house sandwich ELISA. 
IL-12 receptor expression was determined by flow cytometry on 
3-day PHA-T blasts.

IL-12p70 levels were assessed by ELISA (DuoSet reagents; 
R&D) in 48  h supernatants of diluted whole blood stimulated 
with BCG or BCG+ 50, 100, 500, and 1,000  IU of rh-IFN-γ 
(R&D Minneapolis, MN, USA). IFN-γ receptor 1 expression on 
CD14+ cells was assessed in fresh monocytes by flow cytometry 
with anti-CD119-PE (E-Biosciences—Thermo Fisher Scientific, 
Waltham, MA, USA). All the tests were run with samples from 
the patient, parents, and volunteer healthy controls.

Detection of stat1 and phospho-stat1 
by Western Blotting
Epstein-Barr virus lymphoblastoid cell lines were maintained in 
RPMI 1640 supplemented with 10% FBS and antibiotics at 37°C 
and 5% CO2. One day before the experiment, the cells (EBV-
LCLs or PBMCs in some experiments) were starved in RPMI 
with 1% of FBS; the next day, 5 × 106 cells for each condition 
were washed and placed in 2  mL tubes in serum-free RPMI 
media and incubated for 2 h at 37°C and 5% CO2. Cells were 
then stimulated with 100 or 1,000 IU IFN-γ or 25,000 IU IFN-α 
for 30 min. For the experiments with the protein-kinase inhibi-
tor staurosporine, the cells were incubated in RPMI with 2.5% 
FBS with 1,000 IU IFN-γ for 30 min, then 1 µM of staurosporine 
was added for 15, 30, and 60  min. After treatments, 1  mL of 
cold PBS was added to each tube, cells were centrifugated at 
17,000 × g for 1 min at 4°C and cytoplasmic and nuclear extracts 
were obtained using a membrane lysis buffer (10 mM HEPES, 
pH 7.9, 10  mM KCl, 0.1  mM EDTA, 0.1  mM EGTA, 0.05% 
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NP-40, 25 mM NaF, 1 mM Na3VO4, 1 mM PMSF) and nuclear 
lysis buffer (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 
1 mM EGTA, 25% glycerol, 1 mM PMSF, 25 mM NaF, 1 mM 
Na3VO4). Proteins were subjected to SDS-PAGE and transferred 
to a polyvinylidene difluoride membrane (Millipore, Merck, 
Billerica, MA, USA). Immunoblotting was performed with 
anti-phospho-STAT1 Y701 (Cell Signaling), anti-STAT1, and 
anti-lamin B (Santa Cruz, Dallas, TX, USA) and detected with 
horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG 
(Thermo Scientific). SuperSignal (Thermo Fisher) was used as 
chemical substrate for HRP.

Detection of phospho-stat1  
by Flow Cytometry
Phosphorylation of STAT1 after IFN-γ stimulation was assessed 
in fresh PBMC from tested subjects, by flow cytometry (40). 
Briefly, 1 × 106 PBMCs were first membrane-labeled with anti-
CD14-FITC (Becton Dickinson, BD, San Jose, CA), washed, 
stimulated with 1,000 IU of recombinant human IFN-γ or with 
50,000  IU of IFN-α (R&D) for 20  min at 37°C in serum-free 
RPMI. Phosphorylation was stopped by adding 0.5  mL of 4% 
paraformaldehyde in PBS for 10  min. Permeabilization was 
performed with 1  mL of 90% methanol  +  10% FACSPerm II 
solution (BD) for 30  min, and intracellular labeling was made 
with anti-p-STAT1–PE antibody (BD) for 30 min at 4°C. Cells 
were washed and resuspended in PBS-1% paraformaldehyde for 
FACS analysis in a BD FACScalibur flow cytometer.

inhibition of stat1 phosphorylation  
by Ruxolitinib
Ruxolitinib inhibits JAK1 and JAK2 phosphorylation and, conse-
quently, STAT1 phosphorylation (41). We tested in vitro the effect 
of Ruxolitinib on STAT1 phosphorylation upon IFN-α and γ  
stimulation. The day before the experiments, EBV-LCLs from the 
patient and healthy controls were placed in culture in RPMI-2.5% 
FBS; the next day, cells were washed, placed in 15  mL Falcon 
tubes at 5 × 106 cells in serum-free RPMI, and were incubated 
for 2 h at 37°C and 5% CO2. Then, cells in tubes were placed in a 
water bath at 37°C and were incubated with 1 µM of Ruxolitinib 
(Invivo gen, San Diego, CA, USA) for 5 min and then immediately 
were stimulated with 1,000  IU of human recombinant IFN-γ 
or 25,000 IU IFN-α for 20 min. p-STAT1 was then detected by 
Western blot and flow cytometry.

etHiCs stateMeNt

This study was performed in accordance with the recommen-
dations of the committee of ethics in research of the Instituto 
Nacional de Ciencias Médicas y Nutrición Salvador Zubiran 
(INCMNSZ). All participants and parents of the patient gave 
written informed consent in accordance with the Declaration of 
Helsinki. These studies were approved by the Institutional Review 
Board of INCMNSZ, protocol code BQO-751-12-16-1.

autHoR CoNtRiButioNs

SPS designed the experiments, performed flow cytometry experi-
ments and wrote the paper. JLLF provided medical care to the 
patient, contributed to medical figures and wrote the clinical 
description of the case. YG performed the experiments (flow 
cytometry and sequencing) and collaborated on writing of the 
paper. LMR and MLVA maintained cell cultures, performed 
ELISA and Western blot experiments, contributed to figures and 
participated in manuscript writing. SSP provided the pathology 
reports and contribute to the pathology figures. MNF and SME 
provided medical attention to the patient and contributed to the 
paper writing. JLC, AP and SBD collaborated in the design of the 
studies, sequencing to determine the mutation and participated 
in writing the paper MT coordinated the work, edited the manu-
script and wrote the paper.

aCKNoWLeDGMeNts

We thank the patient and her family, as well as the healthy volun-
teers for their participation in the studies.

FuNDiNG

This research was funded by the Mexican Agency for Science 
and Technology, Consejo Nacional de Ciencia y Tecnología, 
CONACYT, grant number 182817.

suppLeMeNtaRY MateRiaL

The Supplementary Material for this article can be found online at 
http://www.frontiersin.org/article/10.3389/fimmu.2017.01651/
full#supplementary-material.

ReFeReNCes

1. Liu L, Okada S, Kong XF, Kreins AY, Cypowyj S, Abhyankar A, et  al. Gain- 
of-function human STAT1 mutations impair IL-17 immunity and underlie 
chronic mucocutaneous candidiasis. J Exp Med (2011) 208(8):1635–48. 
doi:10.1084/jem.20110958 

2. Takezaki S, Yamada M, Kato M, Park MJ, Maruyama K, Yamazaki Y, et  al. 
Chronic mucocutaneous candidiasis caused by a gain-of-function mutation 
in the STAT1 DNA-binding domain. J Immunol (2012) 189(3):1521–6. 
doi:10.4049/jimmunol.1200926 

3. Yamazaki Y, Yamada M, Kawai T, Morio T, Onodera M, Ueki M, et  al. Two  
novel gain-of-function mutations of STAT1 responsible for chronic mucocu-
taneous candidiasis disease: impaired production of IL-17A and IL-22, and 
the presence of anti-IL-17F autoantibody. J Immunol (2014) 193(10):4880–7. 
doi:10.4049/jimmunol.1401467 

4. Kagawa R, Fujiki R, Tsumura M, Sakata S, Nishimura S, Itan Y, et  al. 
Alanine-scanning mutagenesis of human signal transducer and activator of 
transcription 1 to estimate loss- or gain-of-function variants. J Allergy Clin 
Immunol (2017) 140(1):232–41. doi:10.1016/j.jaci.2016.09.035 

5. Higgins E, Al Shehri T, McAleer MA, Conlon N, Feighery C, Lilic D, et al. 
Use of ruxolitinib to successfully treat chronic mucocutaneous candidiasis 
caused by gain-of-function signal transducer and activator of transcription 1 
(STAT1) mutation. J Allergy Clin Immunol (2015) 135(2):551–3. doi:10.1016/ 
j.jaci.2014.12.1867 

6. Mossner R, Diering N, Bader O, Forkel S, Overbeck T, Gross U, et  al. 
Ruxolitinib induces interleukin 17 and ameliorates chronic mucocutaneous 
candidiasis caused by STAT1 gain-of-function mutation. Clin Infect Dis (2016) 
62(7):951–3. doi:10.1093/cid/ciw020 

7. Bustamante J, Boisson-Dupuis S, Abel L, Casanova JL. Mendelian suscep-
tibility to mycobacterial disease: genetic, immunological, and clinical  

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/article/10.3389/fimmu.2017.01651/full#supplementary-material
http://www.frontiersin.org/article/10.3389/fimmu.2017.01651/full#supplementary-material
https://doi.org/10.1084/jem.20110958
https://doi.org/10.4049/jimmunol.1200926
https://doi.org/10.4049/jimmunol.1401467
https://doi.org/10.1016/j.jaci.2016.09.035
https://doi.org/10.1016/
j.jaci.2014.12.1867
https://doi.org/10.1016/
j.jaci.2014.12.1867
https://doi.org/10.1093/cid/ciw020


8

Pedraza-Sánchez et al. Mycobacterial Disease and STAT1-GOF

Frontiers in Immunology | www.frontiersin.org December 2017 | Volume 8 | Article 1651

features of inborn errors of IFN-gamma immunity. Semin Immunol (2014) 
26(6):454–70. doi:10.1016/j.smim.2014.09.008 

8. Casanova JL, Abel L. Genetic dissection of immunity to mycobacteria: the 
human model. Annu Rev Immunol (2002) 20:581–620. doi:10.1146/annurev.
immunol.20.081501.125851 

9. Filipe-Santos O, Bustamante J, Chapgier A, Vogt G, de Beaucoudrey L, 
Feinberg J, et  al. Inborn errors of IL-12/23- and IFN-gamma-mediated 
immunity: molecular, cellular, and clinical features. Semin Immunol (2006) 
18(6):347–61. doi:10.1016/j.smim.2006.07.010 

10. Rosenzweig SD, Holland SM. Defects in the interferon-gamma and inter-
leukin-12 pathways. Immunol Rev (2005) 203:38–47. doi:10.1111/j.0105- 
2896.2005.00227.x 

11. Heim MH. The Jak-STAT pathway: cytokine signalling from the receptor 
to the nucleus. J Recept Signal Transduct Res (1999) 19(1–4):75–120. 
doi:10.3109/10799899909036638 

12. Platanias LC. Mechanisms of type-I- and type-II-interferon-mediated sig-
nalling. Nat Rev Immunol (2005) 5(5):375–86. doi:10.1038/nri1604 

13. Dupuis S, Jouanguy E, Al-Hajjar S, Fieschi C, Al-Mohsen IZ, Al-Jumaah S, 
et  al. Impaired response to interferon-alpha/beta and lethal viral disease in 
human STAT1 deficiency. Nat Genet (2003) 33(3):388–91. doi:10.1038/ng1097 

14. Dupuis S, Dargemont C, Fieschi C, Thomassin N, Rosenzweig S, Harris J, et al. 
Impairment of mycobacterial but not viral immunity by a germline human 
STAT1 mutation. Science (2001) 293(5528):300–3. doi:10.1126/science.1061154 

15. van de Veerdonk FL, Plantinga TS, Hoischen A, Smeekens SP, Joosten LA, 
Gilissen C, et  al. STAT1 mutations in autosomal dominant chronic muco-
cutaneous candidiasis. N Engl J Med (2011) 365(1):54–61. doi:10.1056/
NEJMoa1100102 

16. Sampaio EP, Hsu AP, Pechacek J, Bax HI, Dias DL, Paulson ML, et al. Signal 
transducer and activator of transcription 1 (STAT1) gain-of-function muta-
tions and disseminated coccidioidomycosis and histoplasmosis. J Allergy Clin 
Immunol (2013) 131(6):1624–34. doi:10.1016/j.jaci.2013.01.052 

17. Puel A, Cypowyj S, Marodi L, Abel L, Picard C, Casanova JL. Inborn 
errors of human IL-17 immunity underlie chronic mucocutaneous candi-
diasis. Curr Opin Allergy Clin Immunol (2012) 12(6):616–22. doi:10.1097/
ACI.0b013e328358cc0b 

18. Smeekens SP, van de Veerdonk FL, Kullberg BJ, Netea MG. Genetic 
susceptibility to Candida infections. EMBO Mol Med (2013) 5(6):805–13.  
doi:10.1002/emmm.201201678 

19. Boisson B, Wang C, Pedergnana V, Wu L, Cypowyj S, Rybojad M, et  al.  
An ACT1 mutation selectively abolishes interleukin-17 responses in humans 
with chronic mucocutaneous candidiasis. Immunity (2013) 39(4):676–86. 
doi:10.1016/j.immuni.2013.09.002 

20. Levy R, Okada S, Beziat V, Moriya K, Liu C, Chai LY, et al. Genetic, immu-
nological, and clinical features of patients with bacterial and fungal infections 
due to inherited IL-17RA deficiency. Proc Natl Acad Sci U S A (2016) 
113(51):E8277–85. doi:10.1073/pnas.1618300114 

21. Ling Y, Cypowyj S, Aytekin C, Galicchio M, Camcioglu Y, Nepesov S, et al. 
Inherited IL-17RC deficiency in patients with chronic mucocutaneous candi-
diasis. J Exp Med (2015) 212(5):619–31. doi:10.1084/jem.20141065 

22. Puel A, Cypowyj S, Bustamante J, Wright JF, Liu L, Lim HK, et al. Chronic 
mucocutaneous candidiasis in humans with inborn errors of interleukin-17 
immunity. Science (2011) 332(6025):65–8. doi:10.1126/science.1200439 

23. Okada S, Markle JG, Deenick EK, Mele F, Averbuch D, Lagos M, et  al. 
Immunodeficiencies. Impairment of immunity to Candida and Mycobacte­
rium in humans with bi-allelic RORC mutations. Science (2015) 349(6248): 
606–13. doi:10.1126/science.aaa4282 

24. Toubiana J, Okada S, Hiller J, Oleastro M, Lagos Gomez M, Aldave Becerra JC, 
et al. Heterozygous STAT1 gain-of-function mutations underlie an unexpect-
edly broad clinical phenotype. Blood (2016) 127(25):3154–64. doi:10.1182/
blood-2015-11-679902 

25. Boisson-Dupuis S, Kong XF, Okada S, Cypowyj S, Puel A, Abel L, et  al. 
Inborn errors of human STAT1: allelic heterogeneity governs the diversity 
of immunological and infectious phenotypes. Curr Opin Immunol (2012) 
24(4):364–78. doi:10.1016/j.coi.2012.04.011 

26. Baris S, Alroqi F, Kiykim A, Karakoc-Aydiner E, Ogulur I, Ozen A, et  al. 
Severe early-onset combined immunodeficiency due to heterozygous gain- 
of-function mutations in STAT1. J Clin Immunol (2016) 36(7):641–8. 
doi:10.1007/s10875-016-0312-3 

27. Kataoka S, Muramatsu H, Okuno Y, Hayashi Y, Mizoguchi Y, Tsumura M, 
et  al. Extrapulmonary tuberculosis mimicking Mendelian susceptibility to 

mycobacterial disease in a patient with signal transducer and activator of 
transcription 1 (STAT1) gain-of-function mutation. J Allergy Clin Immunol 
(2016) 137(2):619–22.e1. doi:10.1016/j.jaci.2015.06.028 

28. Romberg N, Morbach H, Lawrence MG, Kim S, Kang I, Holland SM, et al. 
Gain-of-function STAT1 mutations are associated with PD-L1 overexpression 
and a defect in B-cell survival. J Allergy Clin Immunol (2013) 131(6):1691–3. 
doi:10.1016/j.jaci.2013.01.004 

29. Umemura M, Yahagi A, Hamada S, Begum MD, Watanabe H, Kawakami K, 
et  al. IL-17-mediated regulation of innate and acquired immune response 
against pulmonary Mycobacterium bovis bacille Calmette-Guerin infection. 
J Immunol (2007) 178(6):3786–96. doi:10.4049/jimmunol.178.6.3786 

30. Li Q, Li J, Tian J, Zhu B, Zhang Y, Yang K, et al. IL-17 and IFN-gamma pro-
duction in peripheral blood following BCG vaccination and Mycobacterium 
tuberculosis infection in human. Eur Rev Med Pharmacol Sci (2012) 
16(14):2029–36. 

31. Bandaru A, Devalraju KP, Paidipally P, Dhiman R, Venkatasubramanian S, 
Barnes PF, et al. Phosphorylated STAT3 and PD-1 regulate IL-17 production 
and IL-23 receptor expression in Mycobacterium tuberculosis infection.  
Eur J Immunol (2014) 44(7):2013–24. doi:10.1002/eji.201343680 

32. Kumar NP, Anuradha R, Suresh R, Ganesh R, Shankar J, Kumaraswami V, 
et  al. Suppressed type 1, type 2, and type 17 cytokine responses in active 
tuberculosis in children. Clin Vaccine Immunol (2011) 18(11):1856–64. 
doi:10.1128/CVI.05366-11 

33. Nunnari G, Pinzone MR, Vancheri C, Palermo F, Cacopardo B. Interferon-
gamma and interleukin-17 production from PPD-stimulated PBMCss of 
patients with pulmonary tuberculosis. Clin Invest Med (2013) 36(2):E64–71. 
doi:10.25011/cim.v36i2.19568 

34. Mourik BC, Lubberts E, de Steenwinkel JEM, Ottenhoff THM, Leenen PJM. 
Interactions between type 1 interferons and the Th17 response in tuberculosis: 
lessons learned from autoimmune diseases. Front Immunol (2017) 8:294. 
doi:10.3389/fimmu.2017.00294 

35. McNab FW, Ewbank J, Howes A, Moreira-Teixeira L, Martirosyan A,  
Ghilardi N, et al. Type I IFN induces IL-10 production in an IL-27-independent 
manner and blocks responsiveness to IFN-gamma for production of IL-12 
and bacterial killing in Mycobacterium tuberculosis-infected macrophages. 
J Immunol (2014) 193(7):3600–12. doi:10.4049/jimmunol.1401088 

36. Ottenhoff TH, Dass RH, Yang N, Zhang MM, Wong HE, Sahiratmadja E, 
et al. Genome-wide expression profiling identifies type 1 interferon response 
pathways in active tuberculosis. PLoS One (2012) 7(9):e45839. doi:10.1371/
journal.pone.0045839 

37. Teles RM, Graeber TG, Krutzik SR, Montoya D, Schenk M, Lee DJ, et  al. 
Type I interferon suppresses type II interferon-triggered human anti-myco-
bacterial responses. Science (2013) 339(6126):1448–53. doi:10.1126/science. 
1233665 

38. Uzel G, Holland SM. White blood cell defects: molecular discoveries and  
clinical management. Curr Allergy Asthma Rep (2002) 2(5):385–91. 
doi:10.1007/s11882-002-0071-5 

39. Caragol I, Raspall M, Fieschi C, Feinberg J, Larrosa MN, Hernandez M, et al. 
Clinical tuberculosis in 2 of 3 siblings with interleukin-12 receptor beta1 
deficiency. Clin Infect Dis (2003) 37(2):302–6. doi:10.1086/375587 

40. Krutzik PO, Nolan GP. Intracellular phospho-protein staining techniques  
for flow cytometry: monitoring single cell signaling events. Cytometry  
A (2003) 55(2):61–70. doi:10.1002/cyto.a.10072 

41. Harrison C, Kiladjian JJ, Al-Ali HK, Gisslinger H, Waltzman R, Stalbovskaya V,  
et al. JAK inhibition with ruxolitinib versus best available therapy for myelo-
fibrosis. N Engl J Med (2012) 366(9):787–98. doi:10.1056/NEJMoa1110556 

Conflict of Interest Statement: The authors declare that the research was  
conducted in the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Copyright © 2017 Pedraza­Sánchez, Lezana­Fernández, Gonzalez, Martínez­Robles, 
Ventura­Ayala, Sadowinski­Pine, Nava­Frías, Moreno­Espinosa, Casanova, Puel, 
Boisson­Dupuis and Torres. This is an open­access article distributed under the 
terms of the Creative Commons Attribution License (CC BY). The use, distribution or 
reproduction in other forums is permitted, provided the original author(s) or licensor 
are credited and that the original publication in this journal is cited, in accordance 
with accepted academic practice. No use, distribution or reproduction is permitted 
which does not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.smim.2014.09.008
https://doi.org/10.1146/annurev.immunol.20.081501.125851
https://doi.org/10.1146/annurev.immunol.20.081501.125851
https://doi.org/10.1016/j.smim.2006.07.010
https://doi.org/10.1111/j.0105-
2896.2005.00227.x
https://doi.org/10.1111/j.0105-
2896.2005.00227.x
https://doi.org/10.3109/10799899909036638
https://doi.org/10.1038/nri1604
https://doi.org/10.1038/ng1097
https://doi.org/10.1126/science.1061154
https://doi.org/10.1056/NEJMoa1100102
https://doi.org/10.1056/NEJMoa1100102
https://doi.org/10.1016/j.jaci.2013.01.052
https://doi.org/10.1097/ACI.0b013e328358cc0b
https://doi.org/10.1097/ACI.0b013e328358cc0b
https://doi.org/10.1002/emmm.201201678
https://doi.org/10.1016/j.immuni.2013.09.002
https://doi.org/10.1073/pnas.1618300114
https://doi.org/10.1084/jem.20141065
https://doi.org/10.1126/science.1200439
https://doi.org/10.1126/science.aaa4282
https://doi.org/10.1182/blood-2015-11-679902
https://doi.org/10.1182/blood-2015-11-679902
https://doi.org/10.1016/j.coi.2012.04.011
https://doi.org/10.1007/s10875-016-0312-3
https://doi.org/10.1016/j.jaci.2015.06.028
https://doi.org/10.1016/j.jaci.2013.01.004
https://doi.org/10.4049/jimmunol.178.6.3786
https://doi.org/10.1002/eji.201343680
https://doi.org/10.1128/CVI.05366-11
https://doi.org/10.25011/cim.v36i2.19568
https://doi.org/10.3389/fimmu.2017.00294
https://doi.org/10.4049/jimmunol.1401088
https://doi.org/10.1371/journal.pone.0045839
https://doi.org/10.1371/journal.pone.0045839
https://doi.org/10.1126/science.1233665
https://doi.org/10.1126/science.1233665
https://doi.org/10.1007/s11882-002-0071-5
https://doi.org/10.1086/375587
https://doi.org/10.1002/cyto.a.10072
https://doi.org/10.1056/NEJMoa1110556
http://creativecommons.org/licenses/by/4.0/

	Disseminated Tuberculosis and Chronic Mucocutaneous Candidiasis in a Patient with a Gain-of-Function Mutation in Signal Transduction and Activator of Transcription 1
	Introduction
	Background
	Discussion
	Concluding Remarks
	Materials and Methods
	Laboratory Tests to Identify the Candidate Gene Causing the Immunodeficiency
	Detection of STAT1 and Phospho-STAT1 by Western Blotting
	Detection of Phospho-STAT1 
by Flow Cytometry
	Inhibition of STAT1 Phosphorylation 
by Ruxolitinib

	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


