Ruxolitinib reverses dysregulated T helper cell
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responses and controls autoimmunity caused by a
novel signal transducer and activator of
transcription 1 (STAT1) gain-of-function mutation
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Background: Gain-of-function (GOF) mutations in the human
signal transducer and activator of transcription 1 (STATI)
manifest in immunodeficiency and autoimmunity with impaired
Ty17 cell differentiation and exaggerated responsiveness to type
I and II interferons. Allogeneic bone marrow transplantation
has been attempted in severely affected patients, but outcomes
have been poor.

Objective: We sought to define the effect of increased STAT1
activity on T helper cell polarization and to investigate the
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therapeutic potential of ruxolitinib in treating autoimmunity
secondary to STATI GOF mutations.

Methods: We used in vitro polarization assays, as well as
phenotypic and functional analysis of STATI-mutated patient
cells.

Results: We report a child with a novel mutation in the linker
domain of STAT1 who had life-threatening autoimmune
cytopenias and chronic mucocutaneous candidiasis. Naive
lymphocytes from the affected patient displayed increased Tyl
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and follicular T helper cell and suppressed Ty17 cell responses.
The mutation augmented cytokine-induced STAT1
phosphorylation without affecting dephosphorylation

kinetics. Treatment with the Janus kinase 1/2 inhibitor ruxolitinib
reduced hyperresponsiveness to type I and II interferons,
normalized Ty1 and follicular T helper cell responses, improved
Ty17 differentiation, cured mucocutaneous candidiasis, and
maintained remission of immune-mediated cytopenias.
Conclusions: Autoimmunity and infection caused by STAT1
GOF mutations are the result of dysregulated T helper cell
responses. Janus kinase inhibitor therapy could represent an
effective targeted treatment for long-term disease control in
severely affected patients for whom hematopoietic stem cell
transplantation is not available. (J Allergy Clin Immunol
2017;139:1629-40.)

Key words: STAT1 gain of function, IFN-vy, ruxolitinib, autoimmu-
nity, Tyl cell, Tyl7 cell, follicular T helper cell, T helper cell
polarization

Signal transducer and activator of transcription 1 (STAT1) is a
member of the STAT family of transcription factors which play a
key role in the cellular response to interferons and is a central
component in many other signaling pathways, including in-
terleukins, growth factors, and hormones. In response to extra-
cellular receptor stimulation, Janus kinase (JAK) activation leads
to phosphorylation of cytoplasmic STAT1, followed by homo-
dimerization or heterodimerization with other phosphorylated
STAT family members. The dimers translocate into the nucleus
and bind designated promoter elements to activate transcription
of their respective target genes.' ™

STAT1 is the target of both loss-of-function and gain-of-
function (GOF) mutations. Whereas the former are associated
with susceptibility to mycobacterial and/or viral infections, the
latter give rise to a mixed phenotype of autoimmunity, mucocu-
taneous candidiasis, and invasive fungal infections related to
augmented Ty;1 and diminished Ty17 cell responses.”” STATI
GOF mutations prompt a signal-induced increase in levels of
phosphorylated STAT1  (phospho-STAT) and amplified
transcription of interferon-responsive genes, which lead to
autoimmunity.”*'® Delayed dephosphorylation with ensuing
accumulation of phospho-STAT1 in the nucleus has been
proposed as a mechanistic basis in most reported
L0115 How increased STAT activity compromises Tyy17
immunity to result in chronic mucocutaneous candidiasis and
other invasive fungal and viral infections is less well
understood.'*!%17 Excessive production of interferons, IL-27,
and programmed death (PD) 1 ligand can directly impair
Tyl7 cell differentiation.'®'? Alternatively, predominance of
STAT1 signaling over STAT3 signaling might deviate the
response to IL-6, IL-21, and IL-23 away from STAT3, which
normally mediates Tyy17 cell development.''®

The clinical management of patients with STAT I GOF mutations
remains challenging.”’** In particular, controlling autoimmunity
is difficult because conventional immunosuppression adds to the
already increased risk of infections. Therapy-refractory or life-
threatening disease is considered a noncanonical indication for
allogeneic hematopoietic stem cell transplantation; however, the
immune phenotype of STAT! GOF mutations amplifies the
transplant-related risk for uncontrolled infections and graft-
versus-host disease, contributing further to the poor prognosis.”’**
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Abbreviations used
ATG: Anti-thymocyte globulin
BSA: Body surface area
GOF: Gain of function
1Cs0: Half-maximal inhibitory concentration
ICOS: Inducible costimulator
JAK: Janus kinase
PD: Programmed death
STAT: Signal transducer and activator of transcription
Tcl: Cytotoxic T type 1
Tgu: Follicular T helper

Liu et al** were the first to provide proof of principle that JAK

inhibitors can successfully treat STAT1-mediated hyperrespon-
siveness to interferons in patients with vascular and pulmonary
syndrome caused by mutations in TMEM173, which encodes
the stimulator of interferon genes. Higgins et al'” reported hair
regrowth in a patient with alopecia areata secondary to a STAT!
GOF mutation after treatment with ruxolitinib. Most recently,
Mébssner et al”” observed improvement of chronic mucocutaneous
candidiasis with ruxolitinib and a reactive increase in IL-17A/F
levels.

Here we describe the immunophenotypic analysis of a patient
with life-threatening autoimmune cytopenias and a novel GOF
mutation in the linker domain of STAT/. Importantly, in addition
to increasing Tyl and suppressing Ty17 cell differentiation, the
augmented STAT1 activity dysregulated follicular T helper
(Tgn) cell responses. This finding was corroborated in a
different patient with known STATI 1385M GOF mutation in the
DNA-binding domain who presented solely with chronic muco-
cutaneous candidiasis and opportunistic infections but without
clinical evidence of autoimmunity.'****” Long-term treatment
with the JAK inhibitor ruxolitinib decreased the increased
STAT1 phosphorylation, reversed the dysregulated Ty1 and Tgy
cell development, improved the previously impaired Tyl7
response, and enabled effective control of the autoimmune cyto-
penias. This is the first report demonstrating mechanistic evidence
that pharmacologic manipulation of the JAK-STAT pathway in
patients with STAT! GOF mutations leads to reversal of the im-
mune dysregulation phenotype and provides proof of principle
that JAK inhibitors are not only effective in treating active
autoimmune disease and immunodeficiency secondary to
hyperresponsiveness of STAT1 but also in reversing the aberrant
priming of naive cells, thereby maintaining long-term disease
control and sustained remission.

METHODS
Patients and healthy subjects

All study participants were recruited after obtaining written informed
consent approved by the Boston Children’s Hospital Institutional Review
Board.

Pharmacotherapy

The IL-1 receptor antagonist anakinra (Kineret; Sobi, Stockholm, Sweden)
was administered intravenously twice daily at a dose of 100 mg.

Four infusions with equine anti-thymocyte globulin (ATG; Atgam; Pfizer,
New York, NY) were administered intravenously at a dose of 40 mg/kg body
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