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Interferon (IFN)-~ is crucial for normal immune surveillance and exhibits immunomodulatory,
antimicrobial, and anticancer activity. Patients with nontuberculous mycobacteria (NTM) infection
commonly express high levels of anti-IFN-~ autoantibodies (autoAbs) and suffer from recurrent
infections due to adult-onset immunodeficiency with defects in IFN-~ immune surveillance. In this
study, we developed the methods for determination of anti-IFN-~ autoAbs and then characterized their
neutralizing activity in patients with NTM infection. A modified sandwich ELISA-based colorimetric
assay followed by immunoblot analysis detected the presence of autoAbs in three out of five serum
samples. Serum levels of IFN-~ were decreased. Synthetic peptide binding assay showed variable

. patterns of epitope recognition in patients positive for anti-IFN-~ autoAbs. Functional tests confirmed

. that patient serum blocked IFN-~-activated STAT1 activation and IRF1 transactivation. Furthermore,

. IFN-~-regulated inflammation, chemokine production and cytokine production were also blocked.

. These results provide potentially useful methods to assay anti-IFN-~ autoAbs and to characterize the
effects of neutralizing autoAbs on IFN-~ signaling and bioactivity.

Type II interferon (IFN)-~ is produced by T cells or natural killer cells in response to stimulation with antigens

and/or cytokines. IFN-~ facilitates immune surveillance and has immunomodulatory effects: (1) induction of

MHC-associated antigen presentation pathways; (2) development of Th1 responses; (3) anti-microbial activi-
© ties; (4) stimulation anticancer activities; (5) regulation of leukocyte trafficking; and (6) facilitation of inflamma-
. tion'. In the case of anti-bacterial effects, [FN-~ acts as a macrophage activator and promotes innate defense via
. receptor-mediated phagocytosis enhancing microbicidal effects"“. In general, IFN- activates NADPH-dependent
: phagocyte oxidase system (respiratory burst) through transcriptional induction of gp91?"* and p67°h** priming
- for nitric oxide production, tryptophan depletion, and up-regulation of lysosomal enzymes promoting microbe

destruction'. Immunity-regulated GTPase (IRG) proteins, known as p47 GTPases, are the key mediators of
: immune surveillance control of IFN-~ against intracellular infection of pathogens and mycobacteria in particu-
© lar>®. IFN-~y increases expression of IRG proteins to regulate the processing of pathogen-containing vacuoles,
. particularly in autophagy, stimulating immune defenses of the host cells. Without IFN-~ and/or IRG proteins,
: host cells are susceptible to mycobacterial infection.

Adult-onset immunodeficiency is currently reported in patients who show defects in IFN-~ signaling com-
monly resulting from the generation of anti-IFN-~ autoantibodies (autoAbs) and partly due to inherited muta-
tions in the IFN-~ signaling-associated factors; the syndrome appeared for the first time in 2004 in Thailand
and Taiwan’. In the following studies”"'’, the generation of anti-IFN-~ autoAbs in infections with tuberculosis,
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Figure 1. Measuring anti-IFN-~ autoAbs by colorimetric ELISA. (a) The protocol of ELISA for measuring
anti-IFN-~ autoAbs has been modified from conventional IFN-~ ELISA assay by coating with capture Ab (cAb)
and adding recombinant human IFN-~ (rhIFN-~) and tested serum followed by adding detection Ab (dAb).
(b) High production of anti-IFN-~ autoAbs in tested patient sera (P1, P2, and P4). (c) Measuring anti-IFN-~
autoAbs at various dilutions of patient serum as indicated. H1, healthy control 1. Quantitative data (optical
density, O.D.) are shown as mean = SD from three independent experiments. “p < 0.05 and *"p < 0.001,
compared with HI.

non-tuberculous mycobacteria (NTM), Cryptococcus neoformans, Penicillium marneffei, and non-typhoidal
Salmonella spp. are frequently identified, confirming that IFN-~ is a potent anti-tuberculosis, anti-bacterial and
immunomodulatory cytokine!!. This immunosuppressive disorder appear to be chronic and non-contagious
affecting mainly people aged around 50 years'’. Limited publications explored the main pathogenic processes
causing the disease. Genetic factors are partly suspected, but the disease does not appear to be inheritable.
Additionally, environmental stimuli may trigger the disease including infections and toxins’. Major epitope
region (amino acid residues 121-131 of human IFN-~) is crucial for IFN-~ receptor (IFN-+R) activation and
the epitope is highly homologous to a stretch of the Noc2 protein of Aspergillus spp. which can cross-react with
anti-IFN-~ autoAbs from the patients'2. A molecular mimicry autoimmunity model explaining generation of
anti-IFN-~ autoAbs was suggested.

IFN-~ binds to a distinct IFN-R composed of two subunits, IFNGR1 and IFNGR2, which are associated
with Janus kinases (JAK) 1 and JAK2, respectively. Activation of JAKs results in tyrosine phosphorylation of sig-
nal transducer and activator of transcription (STAT1) 1'%. STAT1 is phosphorylated on tyrosine 701, undergoes
dimerization, translocates to the nucleus and regulates gene expression by binding to IFN-~-activated sequence
elements in the promoters of IFN-+-regulated genes. Based on studies in Thailand and Taiwan, high-titers of
anti-IFN-~ autoAb’ are present in 81% of patients with NTM (52 patients) and 96% of patients with other oppor-
tunistic infections with or without NTM (45 patients); neutralizing activity of these autoAbs was suggested as a
parameter for monitoring of disease onset and progression. Until now, detection of anti-IFN-~ autoAbs is devel-
oped”! but is not widely used in clinical studies. This study aimed to measure anti-IFN-~ autoAbs in patients
with NTM infection. We also investigated the blocking effect of anti-IFN-~ autoAbs on IFN-~ signaling path-
way, especially on STAT1-IRF transactivation and its bioactivity including inflammatory response and cytokines
production.

Results

Creating modified sandwich ELISA to measure anti-IFN-~ autoAbs in patients with NTM infec-
tion. Assay of anti-IFN-~ autoAbs is required to confirm adult-onset immunodeficiency; however, the meth-
ods are not used on a routine basis. Generation of anti-IFN-~ autoAbs can be detected by ELISA'® and Luciferase
Immunoprecipitation System’. In this study, a modified colorimetric sandwich ELISA was developed by using
a conventional and commercially available IFN-~ sandwich ELISA kit to measure anti-IFN-~ autoAbs in the
serum of patients with NTM infection. Collection and preparation of tested sera are described in Materials and
Methods. In brief, a total of five patient clinically diagnosed with recurrent opportunistic infection and NTM
patients without HIV infection were enrolled for testing the generation and the neutralizing activity of anti-
IFN-~ autoAbs. The protocol of modified sandwich ELISA is summarized in Fig. 1a and described in Materials
and Methods. In contrast to a conventional IFN-~ sandwich ELISA kit, we added recombinant human IFN-~ as
a capture antigen to measure the presence of anti-IFN-~ autoAbs. Compared with representative healthy control,
production of anti-IFN-~ autoAbs was significantly (p < 0.001) increased in 3 out of 5 serum samples of the
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Figure 2. Measuring anti-IFN-~ autoAbs by immunoblot analysis. (a) The protocol of Western blot (WB)-
based analysis for measuring anti-IFN-~ autoAbs has been modified by loading recombinant human IFN-~
(rhIFN-~) through a polyacrylamide gel for protein separation and then the protein was transferred to a PVDF
membrane. After blocking with BSA and incubating with patient serum, detection Ab (dAb) was added.

(b) Representative immunoblot showing high binding activity of anti-IFN-~ autoAbs in tested patient sera
(P1, P2, and P4). Relative density of measured proteins is also shown. Full-length blots/gels are presented in
Supplementary Figure 1.

patients including P1, P2, and P4, at 1:1000 dilution of tested sera (Fig. 1b and S1). Titration of P1 and P4 sera
showed a decrease in the levels of anti-IFN-~ autoAbs at 2°x10° dilutions, while P2 showed a decrease in the levels
of anti-IFN-~ autoAbs at 2'° x 10* dilutions (Fig. 1¢). The data indicate that a modified sandwich ELISA-based
method can be used to measure anti-IFN-~ autoAbs.

Performing immunoblotting to confirm the detection of anti-IFN-~ autoAbs. We have detected
the presence of anti-IFN-~ autoAbs in serum of patients with NTM infection by a modified sandwich ELISA. To
confirm the results, we used standard Western blotting to detect anti-IFN-~ autoAbs. Recombinant human IFN-~
protein was separated through a polyacrylamide gel and then transferred to a PVDF membrane with a minor
protocol modification as described in legend to Fig. 2a. After blocking with bovine serum albumin (BSA), the
membrane was cut and incubated with individual tested sera. Results of immunoblot were similar to the data of
modified ELISA-based assay confirming the presence of anti-IFN-+ autoAbs in P1, P2, and P4 but not in healthy
control, P3, and P5 (Fig. 2b and S2). The results illustrate application of immunoblotting for assay of anti-IFN-~y
autoAbs in the tested sera.

The expression of IFN-~, TNF-o, and IL-2 in patients with NTM infection. Expression of IFN-~
is highly related to T cell activation in response to antigen stimulation as well as inflammatory activation'-*. To
verify the effects of anti-IFN-~ autoAbs on circulating cytokines related to T cell activation such as IFN-+, TNF-q,
and IL-2, we examined the level of cytokine expression in all tested sera. A commercial sandwich IFN-~, TNF-q,
and IL-2 ELISA was used as summarized in Fig. 3a. The results show a significant decrease in the level of serum
IFN-~ (Fig. 3b) and TNF-a (Fig. 3¢) (p < 0.05) in all tested patient sera compared with healthy control. No fur-
ther difference was shown in IL-2 expression (Fig. 3d). In the sera of P1, P2, and P4, IFN-~ could not be measured
(p <0.001). According to the data, patients with NTM infection demonstrate a significant decrease in IFN-~ and
TNF-a in the tested sera.

Binding activity of synthetic IFN-~ peptide (amino acid residues 121-131) to anti-IFN-~ autoAb
in patients with NTM infection. Lin and colleagues recently found a major epitope of anti-IFN-~ auto-
Abs targeting IFN-~ at amino acid residues 121-131, a region crucial for IFN-~R activation'?. A direct ELISA
summarized in Fig. 4a was performed. Microplate was coated with synthetic IFN- peptide (amino acid residues
121-131) and tested sera were added followed by incubation with detecting Abs. The results were not consistent
with the data of sandwich ELISA (Fig. 1b) since only P4 serum showed a significantly (p < 0.001) higher binding
to anti-IFN-~ autoAbs (Fig. 4b). The data demonstrate variability in reactivity of anti-IFN-~ autoAbs with poten-
tial epitope of IFN-~.

Anti-IFN-~ autoAbs inhibit IFN-~-induced activation of STAT1/IRF-1 signaling. Previous stud-
ies”!? by using flow cytometry showed that STAT1 phosphorylation is blocked by anti-IFN-~ autoAbs. In this
study, we used Western blot analysis to check neutralizing activity of anti-IFN-~ autoAbs against IFN-~-induced
STAT1 phosphorylation and protein induction. Compared with anti-IFN-~ autoAb-negative healthy controls,
anti-IFN-~ autoAb-positive sera of NTM patients (P1, P2, and P4) effectively decreased either phosphorylation
of STAT1 at tyrosine 701 or STAT1 protein expression (Fig. 5a and S3). Fluorescent immunostaining showed
an increase in IRF-1 expression caused by IFN-~ stimulation while anti-IFN-~ autoAb-positive patient serum
P4 effectively decreased this enhancement (Fig. 5b). Further observations showed that anti-IFN-~ autoAbs
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Figure 3. Detection of IFN-~ expression by colorimetric ELISA. (a) Conventional IFN-~ detection ELISA
was performed to measure IFN-+. Quantitative data (optical density, O.D.) are shown as mean =+ SD of three
independent experiments; ns, not significant. Measuring IFN-~ (b), TNF-a (c), and IL-2 (d) expression in tested

serum; data are mean = SD of three independent experiments. “p < 0.05 and *p < 0.001, compared with H1.

blocked IFN-v-induced nuclear translocation of IRF1 (Fig. 5¢). These results illustrate the neutralizing activity of
anti-IFN-~ autoAbs against IFN-+-induced activation of STAT1/IRF-1 signaling.

Anti-IFN-~ autoAbs block nitrite and chemokine production in IFN-~-activated monocytes and
cytokine production in anti-CD3/CD28-activated T cells. IFN- induces iNOS expression to promote
nitric oxide and chemokine production triggering inflammation’ and enhancing microbicidal ability. By using
an inflammatory cell model of IFN-~-induced activation in human monocytic THP-1 cells, production of nitric
oxide and chemokines was monitored in the presence or absence of anti-IFN-~ autoAb-positive patient serum.
Compared with healthy controls, 10* dilution of patient serum significantly (p < 0.05) blocked IFN-~-induced
production of nitrite (Fig. 6a, upper) and chemokines IP-10 and MCP-1 (Fig. 6b). According to the results of
Fig. 1c, 2* x 10° dilutions were used to test its neutralizing titer against IFN-~-induced nitrite production while
patient 2 still has a higher titer of anti-IFN-~ autoAbs. Results showed that 2* x 10® dilution of patient serum 1
and 4 lost its neutralizing effect on IFN-~-induced nitrite production (Fig. 6a, middle); however, patient serum
2 still has significant (p < 0.01) blocking activity until 2!° x 10° dilution (Fig. 6a, lower). The results indicate the
neutralizing activity of anti-IFN-~ autoAbs present in patients’ serum and a higher titer of anti-IFN-v autoAbs
displays a higher neutralizing activity. Alternatively, in an anti-CD3/CD28-activated human Jurkat T cell model,
we verified the blocking effects of anti-IFN-~ autoAbs against IFN-~-regulated T cell cytokine production. ELISA
showed that anti-IFN-~ autoAb-positive patient serum significantly (p < 0.001) blocked anti-CD3/CD28-induced
production of cytokines including IFN-~ and TNF-a but had no effect on IL-2 (Fig. 6¢). These results demon-
strate the methods for testing the neutralizing activity of anti-IFN-~ autoAbs against IFN-~-induced bioactivity
in monocytes and T cells.

Discussion

Generation of anti-IFN-~ autoAbs is tightly associated with adult-onset immunodeficiency in NTM infection
For NTM, the first step in of the infection is overcoming the innate antimicrobial response provided by the
macrophages and IFN-~. In addition to the inherited mutations of IFN-~ signaling-associated factors, such as
IFN-~R and STAT1, inhibiting IFN-~ either by reducing secretion from T and NK cells or by neutralization with
anti-IFN-~ autoAbs impairs the ability of macrophages to kill intracellular mycobacteria®!!. Although detec-
tion of anti-IFN-~ autoAbs has been established, functional characterization of these anti-IFN-~ autoAbs is lim-
ited only to a routine assay of IFN-~-activation of STAT1. In the presence of anti-IFN-~ autoAbs, we found a
decrease in IFN-~ expression in peripheral blood of patients. This study provides several assays for detection and
characterization of neutralizing activity of anti-IFN-~ autoAbs. By using enough sample size and well-designed
controls, such as tuberculosis and latent tuberculosis infection, in addition to detecting anti-IFN-~ autoAbs, a
functional neutralization assay can be used for screening the pathogenic titers of anti-IFN-~ autoAbs generated
in NTM patients with adult-onset immunodeficiency. However, in patients without a positive in the detection of

7,15
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Figure 4. Measuring anti-IFN-+ (amino acid 121-131) autoAbs by colorimetric ELISA. (a) The protocol of direct
ELISA for measuring anti-IFN-~ amino acids 121-131 autoAbs has been modified by coating with synthetic
peptide (IFN-~ amino acid 121-131) and adding 10° dilution of tested serum followed by adding detection

Ab (dAb). (b) High production of anti-IFN-~ autoAbs in tested patient serum (P4). Quantitative data (optical
density, O.D.) are shown as mean = SD of three independent experiments. “*p < 0.001, compared with H1.

anti-IFN-v autoAbs, the involvement of genetic defects on IFN-~ signaling is also needed to be validated by using
genomic measurement.

In clinical practice, fast and accurate evaluation and examination of new patients are recommended for rapid
diagnosis and immediate treatment and to improve diagnosis especially in patients with infectious diseases'®. For
NTM patients, detection of anti-IFN-~ autoAbs is needed for evaluation on clinical use. ELISA has the most com-
mon technique used to detect anti-IFN-~ autoAbs since 1989 in various diseases including HIV, non-HIV oppor-
tunistic infections, Mycobacterium tuberculosis infection, NTM infection of disseminated or non-disseminated
type, and Salmonella infection''. Radioimmunoassay (RIA) has been used as well, but it is no longer a common
procedure. In this study, we developed a modified sandwich ELISA to measure anti-IFN-~ autoAbs. We modified
the method by adding recombinant human IFN-~ protein before incubation with the tested serum. Number of
our observations is limited to make a conclusion for evaluating the sensitivity of the method regarding sample
size is rare as well as due to a few control groups; however, specificity of ELISA-based detection was confirmed
by conventional Western blot analysis. Ideally, commercial kit ELISA should facilitate the process. On the other
hand, Western blotting remains cheaper but more laborious process due to various buffer solutions and their
recipes and susceptibility to human error as well as troubleshooting electrical stability'’.

The study has demonstrated that a potential epitope target of IFN-~ (amino acids 121-131) can inter-
act with anti-IFN-~ autoAbs'2 Since this region plays a crucial role in IFN-+R activation, it is speculated to
account for neutralizing activity of anti-IFN-~ autoAbs against IFN-~-induced signaling and bioactivity. Amino
acid sequence of this epitope is highly homologous to a stretch in the Noc2 protein of Aspergillus spp. which
cross-reacted with autoAbs from the patients. Rats immunized with Aspergillus Noc2 developed Abs that reacted
with human IFN-v in that study. A molecular mimicry-based autoimmunity was hypothesized to be an important
facilitator of immunopathogenesis of adult-onset immunodeficiency. By using direct ELISA, we assayed binding
activity of the identified target epitope to anti-IFN-~ autoAbs, and the results showed variable patterns among the
patients. Thoroughly, the use of different source of recombinant IFN-~ and the variants of the binding epitopes
needs further validation in the near future.

Genes involved in antimicrobial activity are specifically induced by STAT1/IRF1-mediated transactivation. In
this study, we demonstrated that anti-IFN-~ autoAbs in adult-onset immunodeficiency patient serum can block
STAT1/IRF1 activation. Its downstream targets and effects, including iNOS/NO biosynthesis and production of
chemokines MCP-1 and IP-10, are blocked by anti-IFN-v Abs in activated monocytes. Furthermore, in activated
T cells, secreted IFN-~ plays immunomodulatory effects on T cell cytokine production. We also showed that
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Figure 5. Anti-IFN-~ autoAbs impair IFN-+-induced STAT1 phosphorylation/expression and IRF1
expression/nuclear translocation. (a) Representative Western blotting shows blockade of IFN-~ (10 ng/ml)-
induced STAT1 phosphorylation at Tyr701 (pY STAT1) and STAT1 protein expression by 10° dilution of
anti-IFN-~ autoAbs-contain patient sera (P1, P2, and P4) in human monocytic THP-1 cells incubated for 6 h.
Relative ratio of measured proteins (pY STAT1/STAT1) are also shown. H, healthy control. Full-length blots/gels
are presented in Supplementary Figure 2. Inmunostaining followed by fluorescence microscopic observation
was used to determine IRF1 expression (b) and nuclear translocation (c) in the indicated cells stimulated with
IFN-~ (10 ng/ml) for 6 h with or without tested serum. Data are shown as a representative image.

anti-IFN-~ autoAbs inhibit cytokine production including IFN-~ and TNF-« during T cell activation. As similar
with a decrease in serum levels of IFN-v and TNF-« expression in patients, the blockade effects of anti-IFN-~ Abs
are possibly not only on IFN-~ neutralization but also on T cell-derived TNF-a production. These results indicate
that generation of anti-IFN-~ autoAbs in patients with adult-onset immunodeficiency has immunosuppressive
effects in innate and adaptive immunity and may block antibacterial effects in NTM infection.

For the demonstration of the pathogenic anti-IFN-v autoAbs involved in patients with adult-onset immuno-
deficiency, several tests should be addressed by detecting (1) the titer of anti-IFN-~ autoAbs recognizing the tar-
get epitope(s), (2) the neutralizing/blocking effects on IFN-~ signaling and bioactivities, and (3) the involvement
of genetic mutations on IFN-~ signaling pathways. In conclusion, our study illustrates variability in patterns of
antibody-antigen reactivity among the tested cases demonstrated by a modified sandwich ELISA-based colori-
metric assays and Western blot analysis. We also developed several methods for characterization of the neutral-
izing activity. Monitoring the neutralizing and/or pathogenic titers of anti-IFN-~ autoAbs may be important for
diagnosis and prognosis of disease progression and for verification of efficacy of immune therapy. In this study,
the downstream signals and bioactivities of IFN-~ were selectively evaluated. In the presence of neutralizing
anti-IFN-~ autoAbs, IFN-~-induced immunomodulation, antimicrobial, and anticancer activities are therefore
speculated to be blocked. This issue needs a comprehensive study methodology by using genomic and proteomic
approaches. Further studies need to investigate the role of anti-IFN-~ autoAbs that affect biological function of
IFN-~ such as its antimicrobial activity.

Methods

Ethics statement. Human study of this project was performed according to guidelines established by the
Taipei Medical University (TMU)-Joint Institutional Review Board (TMU-JIRB. An informed consent from all
participants as approved by TMU-JIRB was obtained.

Serum. As approved by TMU-JIRB (N201804015), five patients individually admitted to the Division
of Infectious Diseases at Taipei Medical University affiliated Hospitals were enrolled in the study with clini-
cal diagnosis including disseminated infections with opportunistic pathogens and NTM infections, such
as Mycobacterium kansasii and Mycobacterium abscessus, and the patients were HIV-negative accord-
ing to the criteria of adult-onset immunodeficiency (https://rarediseases.info.nih.gov/diseases/11992/
adult-onset-immunodeficiency-with-anti-interferon-gamma-autoantibodies). For each patient, basic
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Figure 6. Anti-IFN-~ autoAbs block nitrite and chemokine production in monocytes and cytokine production
during T cell activation. (a) Griess reaction showed the blockade of IFN-~ (10 ng/ml)-induced nitrite
production by the indicated dilution of anti-IFN-~ autoAbs-contain patient sera (P1, P2, and P4), in human
monocytic THP-1 cells incubated for 24 h. (b) ELISA showed the blockade of IFN-~ (10 ng/ml)-induced
chemokine (IP-10 and MCP-1) production by 10° dilution of anti-IFN-~ autoAbs-contain patient sera (P1, P2,
and P4), in human monocytic THP-1 cells incubated for 24 h. (¢) Data on IFN-~, IL-2, and TNF-« production
in anti-CD3/CD28 (0.5 pg/ml)-stimulated human Jurkat T cells incubated for 24 h. H, healthy control. The
quantitative data are shown as mean & SD of three independent experiments. “p < 0.01 and *"p < 0.001,
compared with untreated. *p < 0.05, *p < 0.01, and **p < 0.001, compared with H1.

demographic data, medical history, physical examination data, and subsequent progress were recorded on a
standard data form. Five healthy individuals were also enrolled to collect blood samples as controls. Serum was
separated and prepared by using a conventional method as described elsewhere (https://www.thermofisher.com/
tw/zt/home/references/protocols/cell-and-tissue-analysis/elisa-protocol/elisa-sample-preparation-protocols/
plasma-and-serum-preparation.html) and serum samples were stored at —80 °C until use.

Reagents and Abs. The recombinant human cytokine IFN-~ was purchased from PeproTech (Rocky Hill,
NJ). Other reagents used in this study were obtained from Sigma-Aldrich (St Louis, MO). Synthetic IFN-~ peptide
(amino acid residue 121-131) was obtained from Kelowna International Scientific (Taipei, Taiwan) as reported
previously'?. No drug treatments used in this study caused cell cytotoxicity. The antibodies used included those
generated in rabbits and directed against human STAT1 Tyr701, STAT1, and IFN regulatory factor (IRF) 1
(Cell Signaling Technology, Beverly, MA); a mouse mAbD specific for 3-actin (Sigma-Aldrich); and polyclonal
anti-rabbit Atg8 (LC3) I/IT (MBL international). Alexa Fluor 488- and horseradish peroxidase (HRP)-conjugated

SCIENTIFIC REPORTS |

(2019) 9:5682 | https://doi.org/10.1038/541598-019-41952-1 7


https://doi.org/10.1038/s41598-019-41952-1
https://www.thermofisher.com/tw/zt/home/references/protocols/cell-and-tissue-analysis/elisa-protocol/elisa-sample-preparation-protocols/plasma-and-serum-preparation.html
https://www.thermofisher.com/tw/zt/home/references/protocols/cell-and-tissue-analysis/elisa-protocol/elisa-sample-preparation-protocols/plasma-and-serum-preparation.html
https://www.thermofisher.com/tw/zt/home/references/protocols/cell-and-tissue-analysis/elisa-protocol/elisa-sample-preparation-protocols/plasma-and-serum-preparation.html

www.nature.com/scientificreports/

goat anti-rabbit and anti-human IgG were obtained from Chemicon International (Temecula, CA) and Jackson
ImmunoResearch laboratories, Inc, (West Grove, PA).

Cell culture. Human monocytic THP-1 cells (ATCC, TIB-202) and human Jurkat T cells (ATCC, TIB-152)
were grown and maintenance on 10 cm plate in RPMI Medium 1640 (RPMI; Invitrogen Life Technologies,
Rockville, MD), with L-glutamine and supplemented with 10% heat-inactivated fetal bovine serum (FBS;
Invitrogen Life Technologies), 50 units of penicillin, and 50 mg/ml of streptomycin. All of cells were maintained
in a humidified atmosphere with 5% CO, and 95% air.

Modified ELISA. Sandwich and direct ELISA-based approaches were used to detect anti-IFN-~ autoAbs
and Abs against synthetic peptide in the study. For anti-IFN-~ autoAb detection, a commercial human IFN-~
sandwich ELISA kit (R&D Systems, Minneapolis, MN) was modified according to the manufacturer instructions.
In brief, we coated microwells with capture Abs against IFN-~, blocked the wells with 0.5% bovine serum albu-
min (BSA) in PBS Tween 20 buffer, added recombinant human IFN-~ and tested sera, and then developed with
HRP-conjugated detecting Abs against human IgG. For assay of Abs against synthetic peptide, we coated the wells
with peptide and blocked with BSA. We added tested serum and then developed the signal with HRP-conjugated
detection Abs against human IgG. Relative optical density (O.D.) is shown.

Immunoblotting. Immunoblotting procedures are described elsewhere!®. Briefly, recombinant human
IFN-~ or total lysates were separated using SDS-polyacrylamide gel electrophoresis and then transferred to a pol-
yvinylidene difluoride membrane (Millipore Corporation, Billerica, MA). After blocking with 5% BSA, cut blots
were developed with one thousand dilution of tested serum and the indicated primary Abs. Finally, the blots were
hybridized with HRP-conjugated goat anti-human or anti-rabbit IgG and developed using an ECL western blot
detection kit (Millipore Corporation). The relative signal intensity of the proteins was quantified using Image]
software (version 1.410; W. Rasband, National Institutes of Health, Bethesda, MD, USA).

Immunostaining. Cells were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100, and
washed twice with ice-cold PBS. Cells were stained with Abs against pY-STAT1 and STAT1 followed by a stain-
ing of Alexa 488-conjugated goat anti-human IgG. Cells were visualized under a fluorescent microscope (BX51;
Olympus, Tokyo, Japan).

Monocyte and T cell activation. For THP-1 cell activation, recombinant human IFN-v (10 ng/ml) was
used to stimulate monocytes according to our previous studies'. For Jurkat T cell activation, the procedures are
described elsewhere?. We used anti-CD3 precoated 24-well culture plate (0.5 ug/well) and anti-CD28 was added
to the culture medium (0.5 pg/ml). Cells (10%/ml) were co-incubated with diluted tested serum (1:1,000) and
incubated at 37°C in 5% CO, at 100% humidity for 24 h. The supernatants were harvested for cytokine detection.

Cytokine/chemokine detection. The concentration of IP-10, MCP-1, IFN-~, IL-2, and TNF-« in
cell-conditioned culture medium and serum are determined using ELISA kits (RD System) according to the
manufacturer instruction.

Griess reaction. The production of nitric oxide (NO) was assessed as accumulation of nitrite (NO?") in the
medium using a colorimetric reaction with Griess reagent according to our previous procedures®.

Statistical analysis. Values are expressed in mean = standard deviation (SD). Groups are compared by using
Student’s two-tailed unpaired t test or one way ANOVA analysis followed by Dunnet post hoch test, as appro-
priate. These analyses are performed by using GraphPad Prism 4 software (GraphPad Software, La Jolla, CA).
Statistical significance is set at p < 0.05.

References

1. Schroder, K., Hertzog, P. ]., Ravasi, T. & Hume, D. A. Interferon-gamma: an overview of signals, mechanisms and functions. J Leukoc
Biol 75, 163-189 (2004).

2. Billiau, A. & Matthys, P. Interferon-gamma: a historical perspective. Cytokine Growth Factor Rev 20, 97-113 (2009).

3. Boehm, U,, Klamp, T., Groot, M. & Howard, J. C. Cellular responses to interferon-gamma. Annu Rev Immunol 15, 749-795 (1997).

4. Virelizier, J. L. & Arenzana-Seisdedos, F. Immunological functions of macrophages and their regulation by interferons. Med Biol 63,
149-159 (1985).

5. Taylor, G. A., Feng, C. G. & Sher, A. Control of IFN-gamma-mediated host resistance to intracellular pathogens by immunity-related
GTPases (p47 GTPases). Microbes Infect 9, 1644-1651 (2007).

6. Taylor, G. A., Feng, C. G. & Sher, A. p47 GTPases: regulators of immunity to intracellular pathogens. Nat Rev Immunol 4, 100-109
(2004).

7. Browne, S. K. et al. Adult-onset immunodeficiency in Thailand and Taiwan. N Engl ] Med 367, 725-734 (2012).

8. Chan, J. F. et al. Reactive and infective dermatoses associated with adult-onset immunodeficiency due to anti-interferon-gamma
autoantibody: Sweet’s syndrome and beyond. Dermatology 226, 157-166 (2013).

9. Lee, W. L. et al. Patients with inhibitory and neutralizing auto-antibodies to interferon-gamma resemble the sporadic adult-onset
phenotype of Mendelian Susceptibility to Mycobacterial Disease (MSMD) lacking Bacille Calmette-Guerin (BCG)-induced
diseases. Immunobiology 218, 762-771 (2013).

10. Wongkulab, P, Wipasa, J., Chaiwarith, R. & Supparatpinyo, K. Autoantibody to interferon-gamma associated with adult-onset
immunodeficiency in non-HIV individuals in Northern Thailand. PLoS One 8, 76371 (2013).

11. Flynn, J. L. et al. An essential role for interferon gamma in resistance to Mycobacterium tuberculosis infection. ] Exp Med 178,
2249-2254 (1993).

12. Lin, C. H. et al. Identification of a major epitope by anti-interferon-gamma autoantibodies in patients with mycobacterial disease.
Nat Med 22, 994-1001 (2016).

13. Platanias, L. C. Mechanisms of type-I- and type-II-interferon-mediated signalling. Nat Rev Immunol 5, 375-386 (2005).

SCIENTIFICREPORTS| (2019) 9:5682 | https://doi.org/10.1038/s41598-019-41952-1 8


https://doi.org/10.1038/s41598-019-41952-1

www.nature.com/scientificreports/

14. Rattanathammethee, K. et al. Dot enzyme-linked immunosorbent assay strip as a screening tool for detection of autoantibody to
interferon gamma in sera of suspected cases of adult-onset immunodeficiency. J Clin Lab Anal 32, €22460 (2018).

15. Madariaga, L. et al. R, Detection of anti-interferon-gamma autoantibodies in subjects infected by Mycobacterium tuberculosis. Int.
J. Tuber. Lung Dis 1, 62-68 (1998).

16. Angela, M. et al. Better Tests, Better Care: Improved Diagnosticsfor Infectious Diseases. clin.invest.dis 57(Suppl 3), S139-5170
(2013).

17. Yang, T. Ma. P.-C. Western Blot: Technique, Theory, and Trouble Shooting. N Am ] Med Sci 9, 429-434 (2012).

18. Lin, C. E et al. IFN-gamma synergizes with LPS to induce nitric oxide biosynthesis through glycogen synthase kinase-3-inhibited
IL-10. J Cell Biochem 105, 746-755 (2008).

19. Wang, Y. C. et al. Helicobacter pylori infection activates Src homology-2 domain-containing phosphatase 2 to suppress IFN-gamma
signaling. ] Immunol 193, 4149-4158 (2014).

20. Trickett, A. & Kwan, Y. L. T cell stimulation and expansion using anti-CD3/CD28 beads. J Immunol Methods 275, 251-255 (2003).

Acknowledgements

We gatefully acknowledge financial support from the Ministry of Research, Technology and Higher Education
of Republic Indonesia (3273/E4.4K/2014) for D.I.K. We also thank the Core Facility Center of Taipei Medical
University (TMU) for providing the technical supports. This study is supported by grants from the Ministry of
Science and Technology (MOST102-2628-B-038-011-MY3 and 107-2320-B-038-063), Taipei, Taiwan.

Author Contributions

D.LK, Y.-T.W,, C.-L.C. and P.-C.T. conducted the experiments; D.I.K., Y.-C.L., Y.-J.L., C.-L.C. and C.-E.L.
designed the experiments; Y.-C.L. and Y.-].L. provided materials; D.L.K. and C.-EL. wrote the paper; and all
authors read and approved the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-41952-1.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:5682 | https://doi.org/10.1038/s41598-019-41952-1 9


https://doi.org/10.1038/s41598-019-41952-1
https://doi.org/10.1038/s41598-019-41952-1
http://creativecommons.org/licenses/by/4.0/

	Functional neutralization of anti-IFN-γ autoantibody in patients with nontuberculous mycobacteria infection

	Results

	Creating modified sandwich ELISA to measure anti-IFN-γ autoAbs in patients with NTM infection. 
	Performing immunoblotting to confirm the detection of anti-IFN-γ autoAbs. 
	The expression of IFN-γ, TNF-α, and IL-2 in patients with NTM infection. 
	Binding activity of synthetic IFN-γ peptide (amino acid residues 121–131) to anti-IFN-γ autoAb in patients with NTM infecti ...
	Anti-IFN-γ autoAbs inhibit IFN-γ-induced activation of STAT1/IRF-1 signaling. 
	Anti-IFN-γ autoAbs block nitrite and chemokine production in IFN-γ-activated monocytes and cytokine production in anti-CD3/ ...

	Discussion

	Methods

	Ethics statement. 
	Serum. 
	Reagents and Abs. 
	Cell culture. 
	Modified ELISA. 
	Immunoblotting. 
	Immunostaining. 
	Monocyte and T cell activation. 
	Cytokine/chemokine detection. 
	Griess reaction. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Measuring anti-IFN-γ autoAbs by colorimetric ELISA.
	Figure 2 Measuring anti-IFN-γ autoAbs by immunoblot analysis.
	Figure 3 Detection of IFN-γ expression by colorimetric ELISA.
	Figure 4 Measuring anti-IFN-γ (amino acid 121–131) autoAbs by colorimetric ELISA.
	Figure 5 Anti-IFN-γ autoAbs impair IFN-γ-induced STAT1 phosphorylation/expression and IRF1 expression/nuclear translocation.
	Figure 6 Anti-IFN-γ autoAbs block nitrite and chemokine production in monocytes and cytokine production during T cell activation.




