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The Role of Interferon-γ in Autoimmune Polyendocrine 
Syndrome Type 1

A full list of authors and affiliations appears at the end of the article.

Abstract

BACKGROUND—Autoimmune polyendocrine syndrome type 1 (APS-1) is a life-threatening, 

autosomal recessive syndrome caused by autoimmune regulator (AIRE) deficiency. In APS-1, 

self-reactive T cells escape thymic negative selection, infiltrate organs, and drive autoimmune 

injury. The effector mechanisms governing T-cell–mediated damage in APS-1 remain poorly 

understood.

METHODS—We examined whether APS-1 could be classified as a disease mediated by 

interferon-γ. We first assessed patients with APS-1 who were participating in a prospective natural 

history study and evaluated mRNA and protein expression in blood and tissues. We then examined 

the pathogenic role of interferon-γ using Aire−/−Ifng−/− mice and Aire−/− mice treated with the 

Janus kinase (JAK) inhibitor ruxolitinib. On the basis of our findings, we used ruxolitinib to 

treat five patients with APS-1 and assessed clinical, immunologic, histologic, transcriptional, and 

autoantibody responses.

RESULTS—Patients with APS-1 had enhanced interferon-γ responses in blood and in all 

examined autoimmunity-affected tissues. Aire−/− mice had selectively increased interferon-γ 
production by T cells and enhanced interferon-γ, phosphorylated signal transducer and activator 

of transcription 1 (pSTAT1), and CXCL9 signals in multiple organs. Ifng ablation or ruxolitinib-

induced JAK–STAT blockade in Aire−/− mice normalized interferon-γ responses and averted 

T-cell infiltration and damage in organs. Ruxolitinib treatment of five patients with APS-1 led to 

decreased levels of T-cell–derived interferon-γ, normalized interferon-γ and CXCL9 levels, and 

remission of alopecia, oral candidiasis, nail dystrophy, gastritis, enteritis, arthritis, Sjögren’s-like 

syndrome, urticaria, and thyroiditis. No serious adverse effects from ruxolitinib were identified in 

these patients.

CONCLUSIONS—Our findings indicate that APS-1, which is caused by AIRE deficiency, is 

characterized by excessive, multiorgan interferon-γ–mediated responses. JAK inhibition with 
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ruxolitinib in five patients showed promising results. (Funded by the National Institute of Allergy 

and Infectious Diseases and others.)

AUTOIMMUNE POLYENDOCRINE SYNdrome type 1 (APS-1), also known as autoimmune 

polyendocrinopathy, candidiasis, and ectodermal dystrophy (APECED), is an autosomal 

recessive multiorgan syndrome caused by loss-of-function variants in AIRE, the gene 

encoding autoimmune regulator.1–3 APS-1 manifests in childhood with a characteristic 

triad of chronic mucocutaneous candidiasis, adrenal insufficiency, and hypoparathyroidism, 

alongside numerous other endocrine and nonendocrine diseases.4–7 Mortality can exceed 

30% despite supportive care.8 Although progress has been made in the treatment of certain 

tissue-specific autoimmune manifestations,9 no therapy targets the multiorgan nature of 

APS-1.

AIRE drives the thymic expression of tissue-restricted antigens that facilitate the negative 

selection of self-reactive T cells and central tolerance.3,10 In AIRE deficiency, self-reactive 

T cells escape to the periphery, infiltrate organs, and drive autoimmune damage.10–14 We 

performed exploratory studies involving patients with APS-1 and used Aire−/− mice to study 

mechanisms of T-cell–mediated tissue injury and to test therapeutic strategies. On the basis 

of these findings, which suggested that APS-1 is an interferon-γ–mediated disease, we used 

ruxolitinib, a Food and Drug Administration (FDA)–approved Janus kinase (JAK) 1 and 2 

inhibitor,15–17 to treat five patients with APS-1. These observations provide new insights 

into the mechanism and pathophysiological basis of APS-1 and uncover important targets 

for therapeutic intervention.

METHODS

STUDY SAMPLE

We conducted an institutional review board (IRB)–approved, prospective, observational, 

natural history study involving a cohort of 110 adult and pediatric patients with APS-1 

from a National Institutes of Health (NIH)–sponsored international umbrella study of 

fungal infections (ClinicalTrials.gov number, NCT01386437; see the protocol and the 

Supplementary Appendix, available with the full text of this article at NEJM.org). All 

patients provided written informed consent before participating in the study. Our study 

cohort was largely representative of patients with APS-1 (Table S10 in the Supplementary 

Appendix). Our study also included assessments of wild-type and Aire−/− animals.

No commercial entity played a role in the study design or execution. The authors vouch for 

the accuracy and completeness of the data and the fidelity of the study to the protocol.

EXPLORATORY SEROLOGIC AND HISTOLOGIC STUDIES IN PATIENTS 

WITH APS-1

We conducted transcriptional analyses of peripheral-blood mononuclear cells (PBMCs) and 

enzyme-linked immunosorbent assay, autoantibody, and proteomic analyses of serum from 

adults and children in our cohort of patients with APS-1. Selected patients underwent 

clinically indicated diagnostic procedures, and leftover tissue-biopsy materials were used 
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for histologic, immunohistochemical, in situ hybridization, and RNA-sequencing analyses 

aimed at evaluating interferon-γ responses. All the patients who underwent procedures 

were included in our analysis (Tables S1 through S3). Data for comparative analyses were 

obtained from healthy adult donors enrolled in IRB-approved research studies in which 

blood and tissues were harvested. Sampling constraints made matching of patient and 

healthy donor samples infeasible for most comparisons.

HYPOTHESIS-DRIVEN STUDIES IN MICE AND RATS

To corroborate the interferon-γ responses found in patients with APS-1, we performed 

immunologic evaluations of wild-type and Aire−/− mice and in situ hybridization evaluations 

of wild-type and Aire−/− rats. Ifng ablation and ruxolitinib treatment of Aire−/− mice 

were used in clinical, histologic, and immunologic evaluations to test the hypothesis that 

enhanced interferon-γ responses drive the autoimmune damage of AIRE deficiency.

PILOT OBSERVATIONAL INTERVENTIONAL STUDY OF RUXOLITINIB IN 

PATIENTS WITH APS-1

Five patients with APS-1 and severe autoimmunity received ruxolitinib, which was supplied 

by the NIH Clinical Center Pharmacy. These patients underwent clinical, histologic, flow-

cytometric, and RNA-sequencing evaluations.

STATISTICAL ANALYSIS

No samples were excluded from the analyses, which were performed with the use of a two-

tailed unpaired t-test or a two-tailed Mann–Whitney test. Mean and median differences with 

95% confidence intervals were obtained for parametric and nonparametric tests, respectively. 

Although some end-point assessments included adjustment for multiple comparisons by 

means of an analysis of variance test with Bonferroni’s or Tukey’s correction (Table S4), no 

overall adjustment was made for the more than two dozen end points assessed. Therefore, no 

conclusions about statistical significance may be drawn. These are all exploratory analyses 

from which causal inferences cannot be made. The Supplementary Appendix provides 

details of the experimental and statistical methods.

RESULTS

EXACERBATED INTERFERON-γ–MEDIATED RESPONSES IN PATIENTS WITH APS-1

A survey of 180 proteins involved in immunity and inflammation in serum from 35 patients 

with APS-1 and 40 healthy donors identified 58 differentially expressed proteins, including 

several interferon-γ–regulated molecules that were enriched in patients with APS-1 (Fig. 

1A and 1B). We used gene-set enrichment analysis18 and found “the interferon-γ response” 

among the top-three enriched “hallmark” pathways curated within the Molecular Signatures 

Database19 (Fig. 1C).

We also found increased levels of interferon-γ and interferon-γ–inducible CXCL9 and 

CXCL10 in serum from patients (Fig. 1D). Expression of 15 interferon-γ–regulated genes 
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(Table S5), as determined with the use of NanoString,20 was enhanced in patient PBMCs, 

with associated increased expression of 11 nuclear factor κB–regulated genes (Fig. 1E 

and Fig. S1), a finding consistent with interferon-γ–induced cell priming.21 In contrast, 

expression of 28 type 1 interferon–regulated genes was unchanged. Increased interferon-γ, 

phosphorylated signal transducer and activator of transcription 1 (pSTAT1), CXCL9, and 

CXCL10 were also found in bronchoalveolar lavage fluid from patients (Fig. S2).

We performed immunohistochemical and in situ hybridization–based detection of interferon-

γ, pSTAT1, and CXCL9 to examine interferon-γ responses in 97 tissue samples from 40 

patients, among whom 10 autoimmune manifestations were present: pneumonitis, hepatitis, 

gastritis, enteritis, colitis, nephritis, Sjögren’s-like syndrome, chronic mucocutaneous 

candidiasis, APECED rash, and alopecia. All tissues had profound T-cell infiltration and 

interferon-γ, pSTAT1, and CXCL9 signals, which were undetectable in healthy donor 

tissues without inflammation (Fig. 2 and Figs. S3 and S4). Increased expression of 

interferon-γ–response and interleukin-17–response genes was found in the oral mucosa of 

patients with acute candidiasis (Fig. S5). Thus, we concluded that patients with APS-1 have 

exacerbated interferon-γ–mediated responses across multiple autoimmunity-affected tissues.

USE OF ANIMAL MODELS OF APS-1 TO DETERMINE INTERFERON-γ–

MEDIATED DISEASE MECHANISM

We next examined whether type 1 responses were enhanced in the APS-1 animal models. 

We found increased CD4+ and CD8+ T-cell accumulation in Aire−/− mouse tissues (Fig. 

S6A).10,12 Production of interferon-γ by CD4+ and CD8+ T cells was increased (Figs. 

S6B, S6C, and S7A), whereas production of type 2 and type 17 cytokines by T cells 

was unaffected (Fig. S8). Interferon-γ levels were also increased in Aire−/− mouse serum 

and tissues, whereas levels of type 2 and type 17 cytokines were not (Figs. S7B, S9A, 

and S10). Moreover, we found increased levels of pSTAT1, CXCL9, and CXCL10 in 

Aire−/− mouse and rat serum and tissues (Figs. S7C through S7E, S9B through S9D, and 

S11). Therefore, Aire deficiency was associated with selectively enhanced, T-cell–derived, 

interferon-γ–mediated responses in multiple tissues.

We generated Aire−/−Ifng−/− mice and found they had 80% survival, as compared with 

universal mortality among Aire−/− mice (Fig. 3A and Fig. S7F); these findings indicated that 

interferon-γ may be a primary driver of lethal autoimmunity in AIRE deficiency, although 

other factors are also likely to contribute. Aire−/−Ifng−/− mice were healthy-appearing and 

had less lymphocytic infiltration and multiorgan damage than untreated mice, as assessed 

by gross pathological and histologic examination (Video 1, Fig. 3A and Figs. S7G and S12 

through S14).

Because interferon-γ acts through activation of JAK1 and JAK2, we reasoned that 

pharmacologic inhibition of JAK1 and JAK2 with ruxolitinib, which received FDA approval 

in 2011 and has a long-established safety and efficacy profile,15–17 may abrogate excessive 

interferon-γ–mediated responses and ameliorate multiorgan autoimmunity. Ruxolitinib 

treatment — starting at 3 weeks of age, when Aire−/− mice already show signs of 

autoimmunity (Fig. S15) — decreased CD4+ and CD8+ T-cell accumulation and interferon-
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γ production by T cells, whereas production of type 2 and type 17 cytokines was unaffected 

(Figs. S7H, S16, and S17). Concordantly, ruxolitinib normalized levels of interferon-γ, 

pSTAT1, CXCL9, and CXCL10 in Aire−/− mouse serum and tissues (Figs. S7I through S7L 

and S18).

Ruxolitinib-treated Aire−/− mice were healthy-appearing and had 100% survival, as well 

as decreased lymphocytic inflammation and multiorgan damage (Video 2, Fig. 3B, and 

Figs. S7M, S7N, and S19 through S21). Ruxolitinib also protected Aire−/− mice from oral 

candidiasis (Fig. S7O and S7P). Thus, interferon-γ excess may mediate the multiorgan 

damage of Aire deficiency, and the fact that ruxolitinib rescued Aire−/− mice from lethal 

autoimmunity suggested a potential mechanism-based therapeutic intervention for patients.

RUXOLITINIB AND MULTIORGAN AUTOIMMUNITY IN PATIENTS WITH 

APS-1

On the basis of these matching findings indicating hyperactivated interferon-γ responses 

in APS-1 patients and in animals, we used ruxolitinib, which is FDA-approved for several 

autoimmune and neoplastic disorders, to treat five patients with severe autoimmunity (Table 

S6).

Patient 1

Patient 1 was a 37-year-old woman from the United States who had alopecia (Fig. 4A and 

Fig. S22A and S22B), sicca symptoms (Fig. S22C), and autoimmune enteritis–associated 

severe constipation with rectal prolapse; the patient was taking 14 linaclotide pills (72 

μg each) per week in order to have a bowel movement (Fig. S22D). Endoscopy revealed 

atrophic gastritis (Fig. S23), T-cell inflammation, and increased interferon-γ, pSTAT1, and 

CXCL9 levels in the stomach and duodenum (Fig. S24).

Treatment with ruxolitinib was initiated at a dose of 5 mg twice daily, and within 2 weeks, 

laxative use decreased and constipation abated (Fig. S25). At 1 month, the ruxolitinib 

dose was increased to 10 mg twice daily, and linaclotide use was reduced further. One 

month later, the ruxolitinib dose was increased to 20 mg twice daily, and within 2 weeks, 

scalp and eyebrow hair began growing, with eventual complete scalp, eyelash, and eyebrow 

hair regrowth over 10 weeks (Fig. 4A and Fig. S22A and S22B). The sicca symptoms 

abated, salivary flow normalized (Fig. S22C), linaclotide use further decreased (Fig. S22D), 

bowel movements normalized, and arthritis symptoms and nail dystrophy decreased. One 

month later, mild exertional dyspnea developed. Evaluation revealed anemia (hemoglobin 

level, 8 mg per deciliter), possibly from ruxolitinib-induced erythropoiesis inhibition, 

and normoxemia (oxygen saturation [SpO2], 98%), and induced sputum was polymerase 

chain reaction–positive and direct fluorescent antibody–negative for Pneumocystis jirovecii. 
Treatment with ruxolitinib was paused, atovaquone prophylaxis was initiated, and red cells 

were transfused, after which the hemoglobin level returned to baseline (approximately 10 

mg per deciliter); ruxolitinib treatment was restarted at 15 mg twice daily without further 

adverse effects. Serum interferon-γ and CXCL9 levels and T-cell–derived interferon-γ 
production decreased (Fig. 4A and Fig. S22E through S22G). Alopecia, enteritis, Sjögren’s-
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like syndrome, nail dystrophy, and arthritis remained in remission without toxic effects. 

One year after the initiation of ruxolitinib treatment, endoscopy showed resolution of 

atrophic gastritis (Fig. S23) with decreased gastric and duodenal lymphocytic infiltration 

and decreased interferon-γ, pSTAT1, and CXCL9 signals (Fig. S24). Remission was 

associated with unaltered cytokine-targeted or organ-specific autoantibodies and a decrease 

in percentages of CD8+ T cells within peripheral blood (Fig. S26 and Tables S7 and S8).

Patient 2

Patient 2 was a 45-year-old man from the United States who had end-stage renal disease 

and autoimmune enteritis–associated diarrhea, fat malabsorption, and bowel movements that 

contained undigested food (Fig. S22H through S22K). He could not gain weight (Fig. S22L 

and S22M). He had recurrent oral candidiasis, with three episodes per year treated with 

fluconazole (Fig. S22N). Endoscopy revealed severe atrophic gastritis, T-cell infiltration, and 

increased gastric and duodenal levels of interferon-γ, pSTAT1, and CXCL9 (Fig. 4B and 

Figs. S22O, S22P, and S27).

Treatment with ruxolitinib was initiated at a dose of 5 mg three times per week after 

hemodialysis; within 4 weeks, diarrhea had abated (Fig. S25). At 1 month, the ruxolitinib 

dose was increased to 10 mg three times per week. Diarrhea and undigested food–containing 

bowel movements resolved. Although the patient decided to discontinue levothyroxine 

treatment at month 2, levels of thyroid-stimulating hormone remained normal while he was 

receiving ruxolitinib (Fig. S22Q). His eyelashes regrew. At 7 months, the ruxolitinib dose 

was increased to 15 mg three times per week. Serum levels of interferon-γ and CXCL9 

normalized, T-cell–derived interferon-γ production decreased (Fig. 4B and Fig. S22R 

through S22T), his weight increased (Fig. S22L and S22M), and facial hair grew, which 

allowed the patient to shave for the first time in his life. At 1 year, his bowel movements 

remained normal, and fecal fat levels had normalized (Fig. S22H through S22K). No oral 

candidiasis developed during the year in which he was receiving ruxolitinib (Fig. S22N); 

candidiasis remission was associated with decreased interferon-γ response gene expression 

in the oral mucosa without accompanying increased expression of interleukin-17 genes or a 

decline in T helper 17 cytokine–targeted or other autoantibodies (Figs. S26, S28, and S29 

and Table S9). Endoscopy showed resolution of atrophic gastritis with reduced gastric and 

intestinal T-cell infiltration and interferon-γ pathway signals (Fig. 4B and Figs. S22O, S22P, 

and S27).

Patient 3

Patient 3 was a 12-year-old boy from Spain who had alopecia (Fig. 5A and Fig. S30A 

and S30B) and autoimmune enteritis–associated diarrhea, urgency, abdominal pain, bowel 

movements containing undigested food, nocturnal diarrhea, iron-deficiency anemia, and 

malnutrition (Fig. 5A and Figs. S30C through S30F and S31). His condition had not 

improved during previous trials of tacrolimus, sirolimus, and rituximab.

Treatment with ruxolitinib was initiated at a dose of 5 mg twice daily, and the patient 

had a mild decrease in diarrhea (Fig. S25). At 3 months, the dose of ruxolitinib was 

increased to 10 mg twice daily, and within 3 weeks, diarrhea abated. Within 2 months 
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after the dose increase, the number and consistency of bowel movements normalized 

(Fig. S30C and S30D). Episodes of nocturnal diarrhea, undigested food–containing bowel 

movements, and associated abdominal pain and urgency resolved, and the fecal calprotectin 

level decreased; in addition, the hemoglobin level and transferrin saturation increased, and 

iron supplementation was discontinued (Fig. S31). His weight and height increased (Fig. 

5A and Figs. S30E, S30F, and S32). At 9 months, his nail dystrophy abated (Fig. S33) and 

his scalp (Fig. 5A and Fig. S30A and S30B), eyelash, and eyebrow hair began growing, 

with eventual near-complete hair regrowth over 3 months. At 1 year after the initiation 

of ruxolitinib treatment, he remained in remission with continuously improving scalp hair 

regrowth and no toxic effects.

Patient 4

Patient 4 was a 15-year-old girl from Finland who had autoimmune enteritis–

associated diarrhea with abdominal pain, iron-deficiency anemia treated with parenteral 

iron supplementation, metabolic acidosis necessitating bicarbonate administration, and 

malnutrition treated with partial parenteral nutrition (Fig. 5B and Fig. S30G through S30L). 

She had delayed puberty and growth retardation. Endoscopy showed gastric and duodenal 

T-cell inflammation; increased levels of interferon-γ, pSTAT1, and CXCL9; and an absence 

of Paneth and enteroendocrine cells (Figs. S30M, S30N, S34, and S35).22,23

Treatment with ruxolitinib was initiated at a dose of 5 mg twice daily, and within 2 weeks 

diarrhea began decreasing (Fig. S25). At 6 weeks, the number and consistency of bowel 

movements further improved and nocturnal diarrhea resolved. The dose of ruxolitinib was 

increased to 7.5 mg alternating with 5 mg, and within a few days bowel function further 

improved, with resolution of diarrhea and metabolic acidosis, discontinuation of bicarbonate 

supplementation, and eventual resolution of abdominal pain (Fig. 5B and Fig. S30G 

through S30I). Two months after the initiation of ruxolitinib treatment, the patient reached 

puberty, and at 4 months, vitamin E supplementation and partial parenteral nutrition were 

discontinued. Her anemia abated without the need for iron infusions (Fig. S30J). Her weight 

increased (Fig. 5B and Fig. S30K and S30L). Her exocrine pancreatic insufficiency abated, 

as evidenced by reductions in the dose of pancrelipase and increases in the vitamin E and 

fecal elastase 1 levels (Fig. S36). At 9 months, endoscopy showed decreased lymphocytic 

infiltration and decreased interferon-γ pathway signals with Paneth and enteroendocrine cell 

restoration (Figs. S30M, S30N, S34, and S35). At 1 year after the initiation of ruxolitinib 

treatment, the patient remained in remission without toxic effects.

Patient 5

Patient 5 was an 11-year-old girl from Bosnia and Herzegovina who had severe autoimmune 

enteritis–associated constipation and abdominal pain and distention. She took multiple 

laxatives and enemas to facilitate a bowel movement, which culminated in numerous 

hospitalizations, totaling 23 days over a period of 6 months (Fig. S30O through S30R). This 

adversely affected her school attendance, recorded on 40% of open school days (Fig. S30S). 

She was malnourished (Fig. 5C and Fig. S30T and S30U) and had anti-histamine-refractory 

urticaria and recurrent oral candidiasis, with an average of three episodes per year treated 

with fluconazole. Endoscopy revealed gastric and duodenal T-cell infiltration, increased 
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interferon-γ pathway signals, and reduced presence of enteroendocrine cells (Figs. S37 and 

S38).

Ruxolitinib was initiated at a dose of 5 mg twice daily, and within 1 month, her use 

of laxatives decreased, stool consistency improved, constipation abated, and abdominal 

pain and distention resolved (Fig. S25). By 3 months, her bowel function had further 

improved and her use of laxatives and enemas had further decreased. At that time, the 

dose of ruxolitinib was increased to 10 mg twice daily. Over the next 3 months, the 

serum interferon-γ and CXCL10 levels diminished, bowel function normalized, laxatives 

and enemas were discontinued, and weight increased (Fig. 5C and Figs. S30O through 

S30Q, S30T through S30V, and S39). Since starting ruxolitinib treatment, she had not 

been hospitalized for constipation and was able to attend school normally (Fig. S30R and 

S30S). Although an isolated episode of oral candidiasis occurred at the onset of the 5-mg 

twice-daily ruxolitinib administration, no subsequent episodes occurred. Urticaria symptoms 

ceased, and antihistamines were stopped (Fig. S39). At 8 months after the initiation of 

ruxolitinib treatment, the patient remained in remission without toxic effects.

Discussion

We identified excessive interferon-γ production by AIRE-deficient T cells as a critical 

pathogenic mechanism underlying autoimmune multiorgan injury and observed therapeutic 

benefits of JAK inhibition in both mouse models and patients with APS-1. These 

findings support APS-1 as an “interferon-gammopathy” and provide new insights into the 

pathogenesis and treatment of autoimmunity caused by impaired central tolerance. These are 

new potential targets for therapeutic intervention that need to be studied further in clinical 

trials.

T-cell depletion and adoptive transfer experiments have shown that AIRE-deficient 

T cells are necessary and sufficient to promote autoimmune injury.10–14 We found 

exacerbated interferon-γ–mediated responses in blood and multiple tissues of patients 

with APS-1.6 Similarly, we found selectively increased interferon-γ production by AIRE-

deficient T cells and enhanced interferon-γ responses in Aire−/− mice.11,12,24,25 This 

interferon-γ excess appeared to underlie the multiorgan damage of Aire deficiency in 

mice, as indicated by the fact that Ifng ablation or ruxolitinib-mediated JAK–STAT 

inhibition downstream of interferon-γ–interferon-γ receptor engagement reduced interferon-

γ production, interferon-γ–mediated responses, T-cell infiltration, and tissue damage and 

averted lethal autoimmunity in Aire−/− mice.

On the basis of this biologic evidence from patients with APS-1 and the APS-1 animal 

model, we used ruxolitinib, which is FDA-approved for myelofibrosis, polycythemia vera, 

vitiligo, and graft-versus-host disease; we chose this drug because of its long-standing 

clinical experience, relative to that of other JAK or interferon-γ inhibitors, and its 

remarkable efficacy in Aire−/− mice. Long-term ruxolitinib treatment was associated with 

remission of conditions such as alopecia, oral candidiasis, nail dystrophy, gastritis, enteritis, 

arthritis, Sjögren’s-like syndrome, urticaria, and thyroiditis. Of note was the remission 

of severe enteritis with malabsorption, malnutrition, acidosis, anemia, or delayed puberty 

Oikonomou et al. Page 8

N Engl J Med. Author manuscript; available in PMC 2024 November 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(or a combination of these conditions) in three children; remission of oral candidiasis, 

which expands our previous observations11; and remission of gastritis, Sjögren’s syndrome, 

and thyroiditis, which are autoimmune disorders for which effective immunomodulatory 

treatments have not been well established. Whether JAK inhibitors may have a role in 

these disorders beyond APS-1 merits exploration, in light of their expanding indications in 

rheumatologic, gastrointestinal, dermatologic, and atopic conditions.

Ruxolitinib abrogated excessive interferon-γ–mediated responses by inhibiting T-

cell–derived interferon-γ production and blocking downstream interferon-γ–mediated 

signals26,27; it also reduced T-cell infiltration without overtly altering autoantibodies. Future 

studies should examine the potential contribution of other JAK-dependent type 1 immune 

effectors beyond interferon-γ in these responses (e.g., interleukin-2, interleukin-12, and 

tumor necrosis factor α)12,28 and determine the efficacy of ruxolitinib relative to other 

JAK1 and JAK2 inhibitors (e.g., tofacitinib or baricitinib), JAK1-selective inhibitors, and 

the recently approved interferon-γ–targeted emapalumab in APS-1. Remission in all five 

patients with APS-1 was achieved with ruxolitinib doses that were substantially lower 

than the maximal FDA-approved dose of 25 mg twice daily, which may suggest a wider 

therapeutic index in APS-1 and may help to avoid toxic effects.

Our study has limitations, including the imperfect matching of healthy donors to patients 

with APS-1 and the small number of ruxolitinib-treated patients. Treatment in a clinical trial 

is needed to further clarify the efficacy and long-term safety of ruxolitinib in patients with 

APS-1 as well as the dose to be used in these patients.

Our study suggests that excessive interferon-γ–mediated responses have a pathogenic role in 

APS-1 and provides the foundation for therapies that affect interferon-γ–mediated disease.
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Figure 1 (facing page). Interferon-γ–Mediated Responses in Blood from Patients with APS-1.
Panels A through C show proximity extension assay–based surveys of 180 proteins, 

performed with serum from 35 patients with autoimmune polyendocrine syndrome type 

1 (APS-1) and 40 healthy donors. Panel A is a heat map showing expression of each of 

the 58 differentially expressed proteins (DEPs) in each person. Red and blue indicate high 

and low expression, respectively; expression (expressed as the z score) ranges from −4 to 

4. Panel B is a volcano plot comparing the serum proteins detected in patients with APS-1 

as compared with healthy donors. Red data points are DEPs — that is, proteins with a log2 
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ratio of expression (patients:healthy donors) of greater than 0.4 or less than −0.4 (i.e., falling 

outside the area of the graph delineated by the two gray vertical lines) at a false discovery 

rate (FDR) of less than 0.05 (i.e., falling above the gray horizontal line). Select interferon-γ–

regulated genes are labeled. Panel C shows the top five enriched Molecular Signatures 

Database “hallmark” gene sets in DEPs from Panel A. Colors indicate the –log10 FDR value, 

and the size of the data point indicates the gene count. The x axis shows the factor by 

which expression was higher in patients (e.g., 30 indicates 30 times as high in patients as 

in healthy donors). NF-κB denotes nuclear factor κB, and TNF-α tumor necrosis factor α. 

Panel D shows levels of interferon-γ and interferon-γ–inducible chemokines CXCL9 and 

CXCL10 in the serum of 28 to 86 patients with APS-1 and 20 to 47 healthy donors. Panel 

E shows expression of 15 interferon-γ–regulated genes in peripheral-blood mononuclear 

cells (PBMCs) of 20 patients with APS-1 and 8 healthy donors, measured by NanoString 

and expressed as z scores. Long horizontal bars indicate the means, and I bars indicate the 

standard errors. The numbers above each graph are median differences and 95% confidence 

intervals derived from the Mann–Whitney test. The confidence intervals were not adjusted 

for multiplicity and should not be used in place of hypothesis testing.
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Figure 2 (facing page). . T-Cell Infiltration and Interferon-γ Pathway Signals in Multiple 
Autoimmunity-Affected Tissues of Patients with APS-1.
Panel A shows representative images of hematoxylin and eosin (H–E) staining, 

immunohistochemical staining with CD4 (brown) and CD8 (red), interferon-γ in situ 

hybridization staining, phosphorylated signal transducer and activator of transcription 

1 (pSTAT1) immunohistochemical staining, and in situ hybridization staining for the 

interferon-γ–inducible chemokine CXCL9 in endobronchial biopsy tissue of a patient with 

APS-1 with autoimmune pneumonitis, liver tissue of a patient with APS-1 with autoimmune 

hepatitis, stomach tissue of a patient with APS-1 with autoimmune gastritis, and ileal tissue 
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of a patient with APS-1 with autoimmune enteritis. Scale bars in Panel A are as follows: 20 

μm for interferon-γ images of lung, liver, and stomach and for the pSTAT1 image of liver; 

50 μm for the H–E image of lung, CD4 and CD8 images of lung and liver, interferon-γ 
image of ileum, pSTAT1 image of lung, and CXCL9 images of lung and liver; 100 μm for 

H–E images of liver and ileum, CD4 and CD8 images of ileum, pSTAT1 images of stomach 

and ileum, and CXCL9 image of ileum; and 200 μm for H–E, CD4 and CD8, and CXCL9 

images of stomach. Panel B shows representative images of in situ hybridization staining 

for interferon-γ and CXCL9 in stomach, duodenal, and ileal tissues of healthy donors. Scale 

bars in Panel B indicate 100 μm. In both panels, insets show magnified images of the area 

delineated by white rectangles.
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Figure 3. Survival and Organ Damage among Aire−/−Ifng−/− and Aire−/− Mice with or without 
Ruxolitinib Treatment.
The graph in Panel A shows survival among Aire−/− and Aire−/−Ifng−/− mice (20 per group). 

Representative hematoxylin and eosin–stained lung sections and pathology scores of the 

indicated tissues in 10-week-old Aire−/− and Aire−/−Ifng−/− mice (27 to 31 per group) are 

also shown; higher pathology scores indicate more severe pathologic changes. The graph 

in Panel B shows survival among 8 untreated (control) and 26 ruxolitinib-treated Aire−/− 

mice. Representative hematoxylin and eosin–stained lung sections and pathology scores of 

the indicated tissues in 10-week-old Aire−/− control and ruxolitinib-treated mice (8 to 10 

per group) are also shown. The scale bars in both panels indicate 1 mm. In both panels, 

the hazard ratios and 95% confidence intervals in the Kaplan–Meier curves were derived 

from the Mantel–Haenszel test, the T bars in the bar graphs indicate the standard errors, and 

the numbers above each bar in the bar graphs are median differences and 95% confidence 

intervals derived from the Mann–Whitney test. Confidence intervals were not adjusted for 

multiplicity and should not be used in place of hypothesis testing.
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Figure 4. Ruxolitinib-Induced Remission of Autoimmune Manifestations in Patients 1 and 2.
Panel A shows photographs of hair on the scalp of Patient 1 before and after ruxolitinib 

treatment. The graph shows serum levels of interferon-γ before and after treatment. Panel 

B shows the macroscopic appearance of gastric mucosa during endoscopy in Patient 2. The 

graph shows serum levels of interferon-γ before and after treatment.
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Figure 5. Ruxolitinib-Induced Remission of Autoimmune Manifestations in Patients 3, 4, and 5.
Panel A shows photographs of hair on the scalp of Patient 3 before and after ruxolitinib 

treatment. The graph shows the patient’s change in weight after treatment. Panel B shows 

graphs of the number of bowel movements per day and body weight before and after 

treatment in Patient 4. Panel C shows graphs of body weight and serum levels of interferon-

γ before and after treatment in Patient 5.
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