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function (LOF) leads to severe viral infections.

What is already known about this topic? Complete signal transducer and activator of transcription 1 (STAT1) loss of

What does this article add to our knowledge? Homozygous autosomal-recessive ¢.1011_1012delAG mutation causes
STAT1 LOF. We propose a pathophysiological model for the association of viral infections and hemophagocytic
lymphohistiocytosis—like hyperinflammation in complete autosomal-recessive STAT1 LOF.

How does this study impact current management guidelines? Complete STAT1 LOF can be diagnosed by defective
programmed cell death 1 ligand 1 upregulation on monocytes or C-X-C motif chemokine 10 secretion via ELISA after IFN
stimulation in vitro. Early functional diagnosis of STAT1 LOF and targeted therapy may improve patient outcomes.

BACKGROUND: Complete signal transducer and activator of
transcription 1 (STAT1) deficiency causes a rare primary
immunodeficiency that is characterized by defective IFN-
dependent gene expression leading to life-threatening viral and
mycobacterial infections early in life.
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OBJECTIVE: To characterize a novel STAT1 loss-of-function
variant leading to pathological infection susceptibility and
hyperinflammation.

METHODS: Clinical, immunologic, and genetic
characterization of a patient with severe infections and
hemophagocytic lymphohistiocytosis—like hyperinflammation
was investigated.

RESULTS: We reported a child of consanguineous parents who
presented with multiple severe viral infections that ultimately
triggered hemophagocytic lymphohistiocytosis and liver failure.
Despite intensified therapy with antivirals and cytomegalovirus-
specific donor cells, the child died after hematopoietic stem cell
transplantation because of cytomegalovirus reactivation with
acute respiratory distress syndrome. Exome sequencing revealed
a homozygous STAT1 variant (p.Val339ProfsTer18), leading to
loss of STAT1 protein expression. Upon type I and type II IFN
stimulation, immune and nonimmune cells showed defective
upregulation of IFN-stimulated genes and increased suscepti-
bility to viral infection in vitro. Increased viral infection rates
were paralleled by hyperinflammatory ex vivo cytokine responses
with increased production of TNF, IL-6, and IL-18.
CONCLUSIONS: Complete STAT1 deficiency is a
devastating disorder characterized by severe viral infections
and ensuing hyperinflammatory responses. Early diagnosis
can be made by exome sequencing and variant validation by
functional testing of STAT1-dependent programmed cell
death 1 ligand 1 surface expression on monocytes. Further-
more, high awareness for hyperinflammatory complications
and potential targeted treatment strategies such as IL-18
binding protein could be considered. Hematopoietic stem
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Abbreviations used
ALF- Acute liver failure
AR- Autosomal recessive
CMV- Cytomegalovirus
CXCLI10- C-X-C motif chemokine 10
GOF- Gain of function
HD- Healthy donor
HLH- Hemophagocytic lymphohistiocytosis
HSCT- Hematopoietic stem cell transplantation
IFNAR- IFN-0/ receptor
IFNGR- IFN-7 receptor
ISG- IFN-stimulated gene
LOF- Loss of function
PAMP- Pathogen-associated molecular pattern
PD-LI- Programmed cell death 1 ligand 1
PIC- Polyinosinic:polycytidylic acid
PRR- Pattern recognition receptor
STAT- Signal transducer and activator of transcription
VSV- Vesicular stomatitis virus
VZV- Varicella zoster virus

cell transplantation is the only definitive treatment strategy
but remains challenging. © 2020 American Academy of
Allergy, Asthma & Immunology (J Allergy Clin Immunol
Pract 2020;8:3102-11)

Key words: Primary immune deficiency; Hyperinflammation;
STATI; Hematopoietic stem cell transplantation;, Hemophago-
cytic lymphohistiocytosis;, LOF; PD-LI; CXCLI10; IL-18

INTRODUCTION

Signal transducer and activator of transcription (STAT) 1 is a
key transcription factor downstream of IFN-0/f receptor
(IFNAR) and IFN-Y receptor (IFNGR) activation."” Binding of
type I IFN (IFN-I, such as IFN-o or IFN-B), or type II IFN
(IFN-II, namely, IFN-Y), to their corresponding receptors leads
to receptor dimerization, Janus kinase activation, and phos-
phorylation of STAT1. In the case of IFNGR activation, STAT1
homodimerizes, whereas IFNAR activation induces STAT1-
STAT2-IEN regulatory factor 9 complex formation. Nuclear
translocation of these transcription factor complexes results in the
induction of IFN-stimulated genes (ISGs) leading to an effective
inflammatory and antimicrobial response.””

Several gain-of-function (GOF) as well as loss-of-function
(LOF) variants of STAT1 have been described. The most
common clinical manifestation of STAT1 GOF variants is
chronic mucocutaneous candidiasis.”® STAT1 LOF variants
increase susceptibility to viral and mycobacterial infections
because of impaired cellular responses to IFN-I and IFN-IL
STAT1 LOF variants can be classified as partial or complete
autosomal-recessive (AR) and autosomal-dominant.” The im-
munodeficiency phenotypes caused by both partial and complete
AR variants are similar; however, patients with partial AR vari-
ants experience a milder clinical course as compared with patients
with complete AR variants.” "

Complete AR STAT1 deficiency was first described in 2003,
and a total of 7 cases have been reported.”'"'* Impairment of
STAT1-dependent immune responses in these patients led to
life-threatening infections in the first months of life. Mortality
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was high and mostly attributable to viral infections. Recently,
Burns et al'* described 1 patient with complete AR STAT1
deficiency who presented with 2 episodes of hyperinflammation
during viral infections. However, the pathophysiology of this
clinical presentation was not further investigated. Allogeneic
hematopoietic stem cell transplantation (HSCT) was reported to
correct the otherwise lethal phenotype in 2 patients.'>"*

Hemophagocytic  lymphohistiocytosis (HLH) is a life-
threatening condition, characterized by a pathological activa-
tion of the immune system, with massive release of
proinflammatory cytokines such as TNF, IL-1B, IL-6, IL-18,
and IFN-y. HLH classically can be categorized into primary and
secondary forms.'” Historically, primary HLH was principally
associated with genetic defects of natural killer—and T-cell
cytotoxicity typically manifesting in early childhood, whereas
secondary HLH was considered to reflect a response to clear
triggers such as viral infection in patients without such predis-
position. In recent years, however, HLH has increasingly been
recognized in the context of inborn errors of immunity other
than cytolytic defects, often triggered by infection. Thus, exome
sequencing has revealed numerous genes related to primary im-
munodeficiencies or primary immune dysregulation to be linked
to HLH.'®

Here, we report a patient with complete STAT1 deficiency
who presented with severe viral infections and developed HLH-
like hyperinflammation and lethal acute respiratory distress
syndrome after cytomegalovirus (CMYV) reactivation after
HSCT. We confirm the pivotal role of STAT1 for IFN-I and
IFN-II signaling in primary immune and nonimmune cells. We
establish decreased MHC-I and programmed cell death 1 ligand
1 (PD-L1) surface expression on monocytes as well as decreased
C-X-C motif chemokine 10 (CXCL10) secretion after IFN-02a
and IFN-y stimulation as diagnostic tools for STAT1 deficiency.
Furthermore, we propose a pathophysiological model for the
association of viral infections and HLH-like hyperinflammation
in complete AR STAT1 LOF.

METHODS
Subjects

The patient’s legal guardians gave written informed consent ac-
cording to current ethical guidelines and the Declaration of Helsinki.
The local ethics committee at the Ludwig-Maximilians-Universitit,
Munich, approved the study (project no. 381-11).

Exome sequencing

Exome sequencing was performed at the Dr von Hauner Chil-
dren’s Hospital Next Generation Sequencing facility.'” Genomic
DNA from whole blood was used for preparation of whole-exome
libraries using the SureSelect XT Human All Exon V64+UTR kit
(Agilent Technologies, Ratingen, Germany) and subsequently
sequenced with a NextSeq 500 platform (Illumina, San Diego, Calif)
to an average coverage depth of 90X. Bioinformatic analysis used
Burrows-Wheeler Aligner 0.7.15 (http://bio-bwa.sourceforge.net/),
Genome Analysis ToolKit 3.6 (Broad Institute, Cambridge, MA),
and Variant Effect Predictor 89 (European Bioinformatics Institute,
Hinxton, United Kingdom). Variant alleles were filtered for fre-
quency against public (eg, Genome Aggregation Database, Exome
Aggregation Consortium, and Greater Middle East) and in-house
databases. Potentially causative variants were confirmed by Sanger
sequencing.
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TABLE |. Disease course before diagnosis of complete AR STAT1 LOF

Age (mo) Disease Organism

4 Ventriculitis (VP shunt) Klebsiella pneumonia

5 Peritonitis, orchitis (VP shunt) Not tested

7 Bronchitis Enterovirus/rhinovirus

8 Bronchitis Respiratory syncytial virus

9 Keratoconjunctivitis Rothia dentocariosa, Viridans streptococci
11 Viral and bacterial bronchitis Not tested

13 VZV-like exanthema, respiratory failure, HLH VZV vaccine strain parainfluenza virus

VP, Ventriculoperitoneal.

Isolation, cultivation, and stimulation of PBMCs and
primary fibroblasts

PBMC:s were isolated from heparinized blood samples by Biocoll
(Biochrom, Berlin, Germany) density gradient centrifugation and
cultivated in RPMI-1640 medium (Sigma-Aldrich, Taufkirchen,
Germany), supplemented with 10% FCS, 2 mM L-glutamine, 100
U/L penicillin, and 0.1 mg/mL streptomycin (all Gibco, Thermo
Fisher Scientific, Karlsruhe, Germany). Primary fibroblasts were
cultivated in Dulbecco modified Eagle medium high-glucose media
(Sigma-Aldrich), supplemented with 10% FCS, 2 mM L-glutamine,
100 U/L penicillin, and 0.1 mg/mL streptomycin. Cells were
stimulated using 10,000 U/mL recombinant human IFN-02a
(Miltenyi Biotech, Bergisch Gladbach, Germany), 10,000 U/mL
recombinant human IFN-y (Peprotech Germany, Hamburg,
Germany), 200 ng/mL LPSs from Escherichia coli O55:B5 (Sigma-
Aldrich), 200 ng/mL phorbol 12-myristate 13-acetate (Sigma-
Aldrich), and/or 1 pg/mL ionomycin (Sigma-Aldrich), if not

indicated otherwise.

RNA isolation and quantitative RT-PCR

Total cellular RNA was isolated using PeqGold Total RNA Kit
(VWR International GmbH, Darmstadt, Germany). cDNA was
synthesized with the SuperSecript II reverse transcription kit (Inviv-
0Gen, Toulouse, France) using an equimolar mixture of random
hexamer primers and oligo(dT) primers.

Quantitative RT-PCR was performed on CFX Connect Real-
Time PCR Detection System (Bio-Rad, Munich, Germany) using
the Biozym Probe qPCR kit (Biozym, Hessisch Oldendorf, Ger-
many). Samples were referenced to hypoxanthine phosphoribosyl-
transferase 1 and glyceraldehyde 3-phosphate dehydrogenase.

Primers and hydrolysis probes were selected via the Roche Uni-
versal Probe Library assay design center.

Flow cytometry

Fc receptors were blocked using Human TruStain FcX (Bio-
legend, London) according to manufacturer’s recommendations.
Subsequently, samples were stained with Fixable Viability Dye
eFluor 780 (1:5.000; eBioscience, Frankfurt, Germany), Pacific
Blue, antihuman CD20 antibody (Clone 2H7), PerCP antihuman
CD3 antibody (Clone OKT3), FITC antihuman CD14 antibody
(Clone HCD14), Brilliant Violet 785 antihuman CDG69 antibody
(Clone FN50), Alexa Fluor 647 antihuman HLA-A,B,C antibody
(Clone W6/32), and phycoerythrin (PE)/Cy7 antihuman CD274
(B7-H1, PD-L1) antibody (Clone 29E.2A3) (all 1:200; Biolegend).

To identify and further analyze monocytes and/or different
lymphocyte populations, gates were set on the basis of morphology
(forward/sideward scatter properties) and lineage marker expression

(T cells: CD3" CD207; B cell: CD3~ CD20™; monocytes:
CD14").

To analyze cytokine expression by flow cytometry, stimulation in
the last 24 hours was performed in the presence of 0.5 mg/mL
brefeldin A (Biolegend). Cells were stained for surface markers as
described earlier, fixed and permeabilized using BD Cytofix/Cyto-
perm fixation and permeabilization solution (BD Biosciences, Hei-
delberg, Germany), followed by staining with PE or BV421
antihuman TNF antibody (Clone MAb11; 1:100; Biolegend), Alexa
Fluor 647 antihuman IL-1B antibody (Clone JKI1B-1; 1:50;
Biolegend), PE/Dazzle 594 antihuman IL-6 antibody (Clone MQ2-
13A5; 1:100; Biolegend), human IL-18/IL-1F4 propeptide
PE-conjugated antibody (Clone 74801; 1:100; R&D Systems, Bio-
Techne, Minneapolis, Minn), or PE/Cy7 antihuman IFN-Y anti-
body (Clone 4S.B3; 1:100; Biolegend).

Samples were analyzed on an LSR Fortessa flow cytometer (BD
Biosciences).

Biochemical assays

PBMCs (1 x 10° PBMCs per condition) were stimulated with
10,000 U/mL recombinant human IFN-6.2a (Miltenyi Biotech) for
30 minutes or left unstimulated. Cells were lysed by resuspending
pelleted cells in lysis buffer containing 50 mM Tris-HCI (pH 7.8),
137 mM NaCl, 0.5 mM EDTA, 1 mM sodium orthovanadate, 10%
(wlv) glycerol, 1% (w/v) NP40 supplemented with a protease in-
hibitor cocktail (P8340; Sigma-Aldrich), followed by 10 minutes of
incubation on ice. Insoluble material was pelleted at 16,000g for 10
minutes at 4°C. Protein (35 [Ig) of each sample was separated by
10% denaturing SDS-PAGE followed by Western blotting on a
polyvinylidene difluoride membrane using the TransBlot Turbo
(Bio-Rad). STAT1 was detected using polyclonal Statl antibody
9172 (Cell Signaling Technologies, Leiden, The Netherlands), and
B-actin was detected using P-actin antibody (C4) sc-47778 (Santa
Cruz Biotechnology, Dallas, Texas).

ELISA

Cytokine levels were measured by ELISA according to manu-
facturer’s recommendations. The following kits were used: CXCL10
(IP-10): Human IP-10 ELISA Set; TNF: Human TNF ELISA Set;
IL-6: Human IL-6 ELISA Set; IL-18: Human IL-1f ELISA Set (all
BD Biosciences); and IFN-y: DuoSet Human IFN-y (R&D
Systems).

Infection with vesicular stomatitis virus-M51R

PBMC:s were infected with vesicular stomatitis virus-M51R-green
fluorescent protein (VSV-M51R-GFP)."® A day (24 hours) after
infection, cell-free supernatant was harvested, UV-irradiated, and
subjected to ELISA as described earlier.
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TABLE Il. HLH diagnostic criteria fulfilled by the complete AR STAT1 LOF patient (according to HLH-2004"5"9)

Criterion Found in patient?

Fever Yes

Splenomegaly No

Bicytopenia Yes: hemoglobin, 5.9 g/dL (normal, 10.7-13.4 g/dL), platelets, 8 G/L (normal, 195-464 G/L)
Hypertriglyceridemia or hypofibrinogenemia Yes: fibrinogen <70 mg/dL (normal, 160-400 mg/dL)

Hemophagocytosis Yes: HLH cells in bone marrow

Elevated ferritin Yes: 22,935 ng/mL (normal, 12-510 ng/mL)

Low/absent NK-cell activity No

Elevated soluble CD25 (sIL-2RA) Yes: 15,718 kU/L (normal, 156-623 kU/L)

NK, Natural killer.

Statistical analysis

For comparison of 2 independent variables, the Student # test was
performed after transformation of data sets using the natural loga-
rithm to obtain normal distribution. For multiple comparisons 1-
way or 2-way ANOVA followed by the Tukey multiple compari-
son test were performed. A P value of less than .05 was considered
statistically significant. If not indicated otherwise, data are repre-
sented as mean and SD. Single data points correspond to individual
results of independently conducted experiments.

RESULTS
Complete AR STAT1 LOF segregates with the
immunodeficiency and HLH-like hyperinflammation
phenotype

We report on a male infant who was born to healthy
consanguineous parents of West African descent. He first came
to our attention at age 4 months, when returning from a visit in
Guinea, where he had been treated for meningoencephalitis
because of fever and generalized seizures without an identified
infectious agent. He presented at our emergency department
with persisting neurological impairment and recurrent seizures.
He showed sinus venous thrombosis and occlusive hydrocepha-
lus with increased intracranial pressure, which required anti-
coagulation and external ventricular drainage. He recovered from
the putative infection; however, severe motor and sensory
neurological deficits persisted. In the course of the next 5
months, the patient suffered repeated infections, mostly viral in
origin (Table I).

At age 13 months, he presented with fever, respiratory failure,
and generalized varicella zoster virus (VZV)-like rash 1 month
after VZV vaccination. Both VZV vaccine strain and para-
influenza virus were detected by PCR of vesicular fluid and
tracheal secretions, respectively. During this illness he manifested
hyperinflammation, fulfilling 6 of 8 HLH criteria (Table II)
together with acute liver failure (ALF) (aspartate transaminase,
2863 U/L [normal, <55]; alanine transaminase, 918 U/L
[normal, <59], international normalized ratio, 1.6 [normal, 0.8-
1.2]). Extensive immunologic phenotyping including natural
killer—cell degranulation and perforin expression did not reveal
abnormalities. Suspecting an inborn error of immunity none-
theless, we performed exome sequencing and found a homozy-
gous novel STAT1 frameshift variant (c.1011_1012delAG,
p.Val339ProfsTer18) (Figure 1, A-C). The parents were both
heterozygous carriers as determined by Sanger sequencing
(Figure 1, B). A sibling’s genotype was not determined because
she did not show any signs or symptoms at age 5 years.

Because the variant implied a frameshift with an early stop
codon in the DNA-binding domain (Figure 1, C), we tested
whether it affected STAT1 protein expression. We performed
STAT1 immunoblotting from PBMCs of the patient, healthy
donors (HDs), and the patient’s mother with and without pre-
vious stimulation with IFN-02a using a polyclonal STAT1
antibody to detect putative truncated forms of the protein.
Endogenous STAT1 expression was detectable in HD and
mother PBMC:s to a comparable level in both untreated and IFN-
o.2a—treated conditions. In contrast, patient PBMCs showed
complete absence of STAT1 protein, full-length or truncated, in
both experimental conditions (Figure 1, D). These results indicate
that the homozygous STAT1 p.Val339ProfsTer18 variant leads
to complete loss of STAT1 protein expression.

Defective ISG induction and activating surface
marker expression in STAT1 LOF monocytes, T
cells, and B cells

To understand the functional consequence of STAT1
p-Val339ProfsTer18 loss of protein expression in [IFN-I and IFN-
II signaling, we stimulated patient’s, mother’s, and HDs’ PBMCs
with recombinant human IFN-2a and IFN-Y and analyzed the
induction of ISGs by quantitative RT-PCR, ELISA, and flow
cytometry. Transcriptional induction of ISGI5 and interferon
induced protein with tetratricopeptide repeats 2 by IFN-Y was
blunted in the patient’s PBMCs compared with HD and mother
PBMC:s (Figure 2, A). Analysis of CXCL10 showed potent in-
duction in HD and mother PBMC:s in response to both IFN-02a
and IFN-Y treatment, whereas production by patient PBMCs
remained at background level (Figure 2, B). Induction of MHC-I
and PD-L1 surface expression on monocytes in response to IFN-y
treatment was also absent on patient monocytes in contrast to HD
and mother monocytes (Figure 2, C). Interestingly, MHC-I in-
duction on monocytes by IFN-6.2a appeared partially independent
of STAT1. However, IFN-0.2a—-treated patient T and B cells
displayed markedly reduced induction of CDG69, an early activation
marker and well-known ISG in lymphocytes (Figure 2, D).

Overall, these results demonstrate that STAT1 p.Val339-
ProfsTer18 compromises cellular responses to IFN-I and IFN-II
and that IFN-02a—and IFN-Y—induced MHC-I and PD-L1
surface expression on monocytes or secretion of CXCL10
might be used to screen for STAT1 LOF.

Defective control of VSV in STAT1 LOF monocytes
and fibroblasts is associated with increased

proinflammatory cytokine production
To study the effect of complete AR STAT1 LOF on viral
susceptibility, we exposed patient and control cells to a GFP-
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FIGURE 1. AR STAT1 Val339ProfsTer18 variant leads to complete STAT1 deficiency. (A) Pedigree of the patient’s family. Double line
indicates consanguinity, filled shape indicates affected, and the diagonal line crossing the solid black square indicates deceased indi-
vidual. Genotype of the healthy sibling is not known. (B) Electropherograms of father (F), mother (M), and patient (P) STAT1 wt/mut and
mut/mut alleles. (C) Schematic representation of the STAT 1 protein domains and the localization of the p.Val339ProfsTer18 variant within
the DNA-binding domain. (D) Immunoblot analysis of HD, patient (P), and mother (M) PBMCs untreated or treated with IFN-a.2a for 30
minutes. Arrow indicates expected height of STAT1 Val339ProfsTer18 variant. Representative result of 2 independent experiments.
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FIGURE 2. Defective ISG induction and activating surface marker expression in STAT 1-deficient monocytes, T cells, and B cells. (A)
Induction of /SG75 and /FIT2 measured by quantitative RT-PCR 6 hours after stimulation with IFN-a.2a or IFN-y. (B) ELISA for CXCL10 in
cell-free supernatant 24 hours after stimulation. (C, D) Flow cytometric analysis of PBMCs 24 hours after stimulation as indicated. /FIT2,
Interferon induced protein with tetratricopeptide repeats 2. *P < .05, **P < .01, ***P <.001, ****P < .0001.

tagged vesicular stomatitis virus variant carrying a mutation in  prevented infection of control monocytes completely but did
the M-protein leading to high IFN-I induction (VSV-M51R-  not influence viral infection of patient monocytes (Figure 3,
GFP).'® Nearly 40% of patient monocytes were infected after ~ A). The infection rate of patient fibroblasts was nearly
30 hours compared with less than 5% of controls as indi-  60% compared with less than 2% in control fibroblasts
cated by GFP positivity (Figure 3, A). IFN-02a priming (Figure 3, A).
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prestimulation with 1000 U/mL IFN-a.2a overnight. (B, C) Intracellular cytokine staining of patient or HD monocytes 30 hours after
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PBMCs 30 hours after stimulation as indicated in Figure 3 (4). Mean and SD of technical replicates of 1 result of 2 independent ex-
periments. (E) Intracellular cytokine staining of patient or HD lymphocytes 30 hours after infection with VSV-M51R-GFP, stimulation with
LPS or PIC. (F) ELISA for IL-6 or IP-10 of cell-free supernatant of patient or HD fibroblasts stimulated with VSV-M51R-GFP (MOI: 1), PIC (1
pug/mL), or LPS (200 ng/mL) for 24 hours. PMA, Phorbol 12-myristate 13-acetate. *P < .05, **P <.01, ***P <.001.
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Next, we turned to the pathophysiological connection be-
tween HLH-like hyperinflammation and complete AR STAT1
LOEF. HLH is driven by the overproduction of proinflammatory
cytokines such as TNF, IL-1f, IL-6, IL-18, and IFN-y.”**'
Hence, we studied the expression of these cytokines upon viral
or pathogen-associated molecular pattern (PAMP) stimulation.
Intracellular cytokine staining for TNF in monocytes showed no
difference in the response to LPS or the double-stranded RNA
analog polyinosinic:polycytidylic acid (PIC), whereas the TNF
response to VSV-M51R-GFP was highly augmented (Figure 3,
B). Likewise, there was excessive production of IL-6 and pro—IL-
18 by patient monocytes compared with control monocytes in
response to VSV-M51R-GFP infection (Figure 3, C). Of note,
pro—IL-1P was not induced by VSV infection. Interestingly, IL-
6 and pro—IL-18 induction in patient monocytes was also
stronger in response to LPS, when compared with control
monocytes. ELISA of cell-free supernatant for TNF could
confirm these findings, whereas induction of the antiviral effector
chemokine CXCL10 was absent in the cells of the patient
(Figure 3, D). Because IFN-Y is generally considered an
important cytokine in HLH, with certain STAT1-independent
effects, we assessed IFN-yY production. However, no induction
could be observed under the experimental conditions chosen
(Figure 3, E).

To extend these findings to nonimmune cells, we compared
IL-6 and CXCL10 expression upon VSV-M51R-GFP infection
as well as LPS or PIC stimulation in patient and HD fibroblasts
(Figure 3, F). In line with our previous findings, CXCL10 in-
duction by VSV-M51R-GFP, LPS or PIC was lower in the pa-
tienc’s fibroblasts, whereas IL-6 production after VSV-M51R-
GFP infection was augmented as compared with control cells.
Of note, the IL-6 response toward PAMPs such as PIC or LPS
was not significantly altered in fibroblasts.

These results show that complete AR STAT1 LOF increases
both susceptibility to viral infection and the ensuing production
of proinflammatory cytokines such as IL-6, TNF, and IL-18.
Furthermore, the proinflammatory response to PAMP stimula-
tion per se seems to be pathologically altered in absence of
STAT]1, leading to overproduction of certain cytokines.

In conclusion, we propose that complete AR STAT1 LOF
leads to reduced induction of antiviral defense genes through
IFN-I and IFN-II upon viral infection. In turn, viral replication
is increased drastically, leading to the accumulation of viral
PAMPs, which may be sensed by pattern recognition receptors
(PRRs) leading to excess production of proinflammatory cyto-
kines that result in HLH-like hyperinflammation.

Therapeutic approach and clinical outcome of the
complete AR STAT1 LOF patient

To protect him against viral and opportunistic infections, the
patient received prophylactic immunoglobulin substitution,
cotrimoxazole, and azithromycin and was isolated at home
without further relevant infections for up to 4 months. Because
HSCT has been reported to have achieved long-term survival in
1 case of complete AR STAT1 deficiency,” we performed
allogeneic HSCT using stem cells from his HLA-matched father.
The conditioning regimen consisted of fludarabine (40 mg/mz/
d on days —7 to —4), busulfan (4.8 mg/kg/d on days —7 to —3;
targeted area under the curve, 81,245 ng*h/mL), antithymocyte
globulin (Grafalon; 15 mg/kg/d on days —4 to —2), and ritux-
imab (375 mg/m*/d on day —1). Neutrophil engraftment was
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observed on day +14. Chimerism on day +18 was 90% to 95%
donor origin. On day 425, the patient developed CMV reac-
tivation as assessed by PCR in peripheral blood. Subsequently,
treatment with ganciclovir intravenously was started but viral
copy number continued to increase. The patient developed
dyspnea and signs of interstitial pneumonia on chest x-ray,
requiring respiratory support from day +37 onward. Intensifi-
cation of antiviral therapy with anti-CMV immunoglobulin,
foscarnet, and adoptive transfer of paternal CMV-specific T cells
(day +47) did not lead to viral clearance. Suspecting a substantial
lung inflammatory component, we additionally treated with
prednisolone followed by the Janus kinase inhibitor ruxolitinib.
Despite this therapy, the patient progressed to lethal respiratory
failure on day +64 after HSCT, likely because of CMV
pneumonitis.

DISCUSSION

In this study, we describe a patient with a novel STAT1
variant leading to complete AR STAT1 LOF. We confirm
STAT1 LOF to be a severe genetic disorder leading to life-
limiting viral infections, as was observed in all 7 patients re-
ported to date."""'* Furthermore, we substantiate the clinical
finding of HLH-like hyperinflammation associated with viral
infection previously reported in another child with STATI
LOE."* Of note, our patient developed ALF in the context of
hyperinflammation, as described in a single patient by Chapgier
et al."? Therefore, STAT1 LOF can be associated not only with
infection susceptibility toward viral and mycobacterial infections
but also with hyperinflammation causing an HLH-like pheno-
type and ALF. Elevated IL-18 has been found in X-linked in-
hibitor of apoptosis deficiency—associated HLH, and IL-18
binding protein deficiency has been described as an inborn error
of immunity leading to fulminant viral hepatitis.””** Tt is
therefore tempting to speculate that the increased production of
IL-18 observed in our study is one of the driving proin-
flammatory cytokines of HLH and ALF in complete AR STAT1
LOF. Given the future availability of recombinant IL-18 binding
protein in phase III clinical trials to treat HLH, this observation
is of particular clinical interest.

Both IFNAR and IFNGR signaling depend heavily on
STAT1' and accordingly we found a broad defect in ISG
upregulation in response to IFN-I and IFN-II stimulation.
Although surface expression of PD-L1 was defective after stim-
ulation with IFN-ot and IFN-y, MHC-I expression seemed to be
upregulated despite STAT1 deficiency in response to IFN-a.
This implies STAT1-independent IFN signaling, potentially
mediated by STAT2-IEN regulatory factor 9 complexes as pre-
viously observed for other ISGs.””*® Further studies are needed
to determine the exact STAT1-dependent regulation in human
immune and nonimmune cells.

As expected, viral infection of STAT1-deficient monocytes
and fibroblasts resulted in higher infection rates and failure to
induce ISGs such as CXCL10. However, virally infected patient
cells produced increased amounts of the proinflammatory cyto-
kines TNF, IL-6, and IL-18, typically induced upon sensing of
viral nucleic acids by PRRs such as cGAS/STING, the RIG-
I—like receprors, and Toll-like and NOD-like receptors.””*"
Thus, in the context of STAT1 deficiency, higher viral replica-
tion likely leads to increased amounts of ligands stimulating
PRRs. However, at least for IL-1P, IL-6, and IL-18, the cytokine
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response toward the PAMPs LPS and PIC was also increased in
patient PBMCs, implying the loss of ill-defined STAT1-
dependent negative feedback. This may constitute an addi-
tional explanation for the observed hyperinflammatory HLH-
and ALF-like phenotype in STAT1 LOF. However, such re-
sponses might be cell type—dependent and further investigation
is needed to generally characterize cytokine responses in STAT1
deficiency. Thus, we could confirm a central, nonredundant role
for STAT1 in antiviral defense in primary human immune and
nonimmune cells. Furthermore, we could link STAT1 deficiency
to the pathophysiological overproduction of proinflammatory
cytokines as seen in HLH and ALF upon viral infection.

Two STAT1 LOF patients were transplanted successfully and
1 had reported long-term survival and full immune reconstitu-
tion.'”'*** The STAT1 LOF patient described here reached
donor chimerism of 90% to 95% on day 418, but succumbed to
CMV-associated acute respiratory distress syndrome on day +64
after HSCT despite therapy with antiviral drugs and CMV-
specific donor T cells. A similar course was described in
another patient with lethal EBV infection and multiorgan failure
upon transplantation.'” On a balance of risks, however, HSCT
should be the treatment of choice and might be accompanied by
targeted anti-inflammatory interventions. However, the persis-
tence of STAT1 deficiency in the nonimmune cell compartment
likely confers an ongoing elevated risk of viral infection for
transplanted patients. This would be in line with observations in
mice that absence of IFN-I and IFN-III signaling in the stromal
compartment leads to higher susceptibility and mortality upon
influenza infection.””

CONCLUSIONS

Despite our progress in understanding the mechanisms of
STAT1 LOF, its consequences remain devastating. Generally, it
is diagnosed only with a delay, after severe viral and mycobac-
terial infections have occurred. However, as in severe combined
immunodeficiency, the infectious burden acquired critically has
an impact on the outcome of HSCT.”" Therefore, even higher
awareness toward STAT1 deficiency and related disorders is
needed to facilitate early genetic testing and biochemical evalu-
ation of STAT1 variants of unknown significance. Here, we
propose determination of the IFN-02a—and IFN-y—induced
PD-L1 surface expression on monocytes as well as CXCL10
secretion as a simple and robust test to analyze the functionality
of the STAT1 signaling pathway.
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