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Almost all patients with autoimmune polyendocrine syndrome type 1 (APS-1) have neutralizing antibodies

AIRE against type 1 interferons (IFN), important mediators of antiviral defense. Recently, neutralizing anti-IFN anti-
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bodies were shown to be a risk factor of severe COVID-19. Here we show in a cohort of 44 patients with APS-1
that higher titers of neutralizing anti-IFNa4 antibodies are associated with a higher and earlier incidence of VZV
reactivation (herpes zoster). The patients also present with uncommonly severe clinical sequelae of herpetic
infections. APS-1 patients had decreased humoral immune responses to varicella zoster virus, but cellular re-
sponses were comparable to healthy controls. These results suggest that blocking the type I interferon pathway in

patients with APS-1 patients leads to a clinically significant immune deficiency, and susceptibility to herpesvi-
ruses should be taken into account when treating patients with APS-1.

1. Introduction

Almost all patients with the rare inherited autoimmune polyendo-
crine syndrome type 1 (APS-1), caused by bi-allelic mutations in the
AIRE gene, develop high levels of neutralizing antibodies against type I
interferons (IFN), often before any clinical symptoms of autoimmunity
[1]. The antibodies have been shown to decrease in vitro the expression
of interferon-regulated genes [2]. Recently the anti-IFN antibodies in
patients with APS-1 were linked to a markedly increased risk of severe
COVID-19 pneumonia [3]. In a child with APS-1 severe COVID-19 dis-
ease was successfully treated with plasmapheresis, removing the
neutralizing anti-IFN from circulation [4]. It has also been suggested
that patients with anti-IFN-omega antibodies may have a reduced risk of
diabetes [5]. Another family of autoantibodies common in patients with
APS-1, neutralizing anti-interleukin-17 and -22 antibodies, has been
linked to susceptibility to C. albicans infections, one of the hallmarks of
APS-1 [7,8].

Type I interferons are important early mediators of antiviral immu-
nity and have also been shown to contribute to the control of latent
herpesvirus infections, especially those caused by alphaherpesvirinae
herpes simplex virus (HSV) and varicella zoster virus (VZV). Inborn
errors in type-I IFN signaling lead to susceptibility to viral infections
including fatal HSV encephalitis in a child with IFNAR1 deficiency
[9-11]. IFNa has also been used to treat herpes infections [12]. More-
over, in clinical trials of sifalimumab, a monoclonal anti-IFNa antibody,
and of anifrolumab, a monoclonal anti-IFN« receptor antibody, 5.9%
and 7.4%, respectively, of systemic lupus erythematosus patients
receiving the treatment experienced herpes zoster due to VZV reac-
tivation [13,14]. In APS-1, only two case reports of severe herpes in-
fections have been published [15,16].

We show that patients with APS-1 are susceptible to a severe clinical
course of herpesvirus infections. The patients in our cohort had VZV
reactivation already in childhood and adolescence and this was espe-
cially common in patients with high titers of anti-IFN antibodies.

Abbreviations: APS-1, autoimmune polyendocrine syndrome type 1; IFN, interferon; HSV, herpes simplex virus; VZV, varicella zoster virus.
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2. Materials and methods
2.1. Subjects

Patients were identified from the large Finnish cohort of over 90
patients with APS-1 [15]. All living patients (n = 65) with a confirmed
diagnosis of APS-1 were invited to participate in the study, 44 (68%) of
them consented. The APS-1 diagnosis had been confirmed genetically,
by identification of biallelic mutations in AIRE, in all participating pa-
tients. The recruitment of the patients has been previously described
[17]. The mean age of the 44 patients was 38 years (11-70) and 27
(61%) were women. Blood samples were obtained from 40 patients. The
control group for laboratory tests consisted of 46 healthy volunteers
with a mean age of 38 years (21-69); 29 (63%) of them were women.
The incidence and severity of VZV infections was compared with 80 age-
and gender-matched healthy control subjects who were recruited for a
study on bone health in patients with APS-1 [17]. Their mean age was 40
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(7-73) and 46 (58%) were females.

An ethical approval was obtained from the Research Ethics Com-
mittee of the Hospital District of Helsinki and Uusimaa. All study par-
ticipants or their guardians (for subjects aged <18 years) gave an
informed written consent. The study was performed according to the
principles of Declaration of Helsinki.

2.2. Clinical data and blood samples

Clinical details were collected from hospital records, through patient
interviews, and with a questionnaire including questions about medical
history, infections, medications, and other relevant parameters. All pa-
tients were clinically examined by a medical doctor (S.L.). Fasting blood
samples were collected in the morning between 7 and 10 am after an
8-12-h fast and before morning medications. Sera were isolated with
standard protocol and stored at —80 °C until analyses.

Table I
Clinical characteristics of APS-1 patients.
Patient  Anti-IFNa4 VZV-IgG VZV  VZV HSV  Unusual Unusual primary Hospitalized®  Elispot ~ AIRE Age
(o)) (EIU) reactivation HSV* vzv© genotype group*
1 294 110 + + + HMZ 50-59
2 195 69 + + + HMZ 50-59
3 143 80 + + + + HMZ 30-39
4 141 64 + + + HMZ 30-39
5 129 51 + + + HTZ 20-29
6 122 37 + + HMZ 30-39
7 113 86 + + HTZ 30-39
8 112 33 + + HMZ 30-39
9 109 71 + + HMZ >60
10 107 100 + HTZ 10-19
11 103 68 + HMZ 20-29
12 95 69 + + + + + HMZ 30-39
13 95 80 + + HMZ 30-39
14 94 72 + + + HMZ 40-49
15 94 51 + HMZ <10
16 94 72 + + HMZ 20-29
17 93 45 + + + HMZ 40-49
18 92 77 + + HTZ 10-19
19 91 51 + + + + + + HMZ 40-49
20 91 85 + + + + HMZ 40-49
21 91 47 + + HMZ >60
22 88 78 + HMZ >60
23 88 82 + + + + HTZ 20-29
24 88 70 + + HMZ 40-49
25 87 69 + + + HMZ 40-49
26 87 84 + HMZ 20-29
27 87 71 + + HMZ 40-49
28 85 + HMZ 10-19
29 84 95 + + + + + HMZ 50-59
30 84 72 + + HMZ 40-49
31 83 15 # HTZ 10-19
32 83 64 + + HMZ 50-59
33 81 + + HTZ 50-59
34 75 58 + HMZ 40-49
35 73 99 + + HMZ 30-39
36 66 86 + + HMZ >60
37 61 99 + + HTZ 50-59
38 53 72 + + HTZ 50-59
39 50 81 + + HMZ 50-59
40 47 + + HMZ 10-19
41 44 56 + + + HMZ 30-39
42 41 105 + HMZ 30-39
43 35 + + HTZ 10-19
44 6 79 + HMZ 10-19

IFN, interferon, VZV, varicella zoster virus, HSV, herpes simplex virus, HMZ, homozygous for the variant ¢.769C > T in AIRE, HMZ, compound heterozygous for the

variant ¢.769C > T in AIRE.
# Vaccinated.
@ HSV infection with prolonged or atypical symptoms or non-mucosal location.

b VZV primary infection with hospitalization or patient reported severe blistering or high fever.
¢ Hospitalized either due to VZV primary infection or reactivation or HSV infection.

d Age is given as age group to preserve anonymity.
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2.3. Quantification of anti-VZV antibodies

To analyze anti-VZV-IgG-antibodies, polysorp microtiter wells (Nunc
A/S) were coated with 0.25 pg VZV lysate antigen per well. The antigen
was prepared from VZV strain Ellen -infected human fibroblast cell
cultures. To minimize non-specific binding, wells were first blocked with
PBS containing 1% BSA for 1 h at 37 °C. Sera were diluted 1:100 in PBS
containing 0.05% Tween 20 and 1% BSA (dilution buffer), added to the
wells in duplicate, and incubated for 2 h at 37 °C. After incubation, wells
were washed three times with PBS containing 0.1% Tween 20 (PBS-T).
Horseradish peroxidase (HRP)-conjugated anti-human-IgG (Dako) was
then added at a dilution of 1:6000 in dilution buffer and wells were
incubated for 1 h at 37 °C. After washing three times with PBS-T,
3,3',5,5'-tetramethylbenzidine (TMB, Sigma-Aldrich) substrate was
added and color reaction was stopped after 10 min with 0.5 M HSO4.
OD values were measured at 450 nm with Hidex Sense (Hidex). Results
were calculated by dividing the OD value of a serum sample by the mean
OD value of the positive control, multiplied by 100, and expressed as
enzyme immunoassay units (EIU).

2.4. Quantification of T cell response to VZV

PBMC were isolated from 10 APECED patients (Table I) and 10
healthy age and sex matched controls using Ficoll gradient centrifuga-
tion (GE Health Sciences). The cells were frozen using the CTL freezing
kit and thawn before analysis according to the manufacturer’s in-
structions (Cellular Technology Ltd). Gamma-interferon Elispot assay
was performed using a commercially available kit from Mabtech, as
previously described [18]. Briefly, 200,000 cells/well were stimulated
overnight with inactivated VZV (Jena Biosciences) at 2 mg/well. Inter-
feron-y-producing cells were identified by staining the wells with bio-
tinylated anti-IFN-y antibody, followed by streptavidin-HRP and TMB
substrate. The spots were counted by Elispot reader (Elispot Reader
System ELRIFL04, AID), and the data shown as spots per well (200,000
cells) after subtracting the background observed in nonstimulated wells.

2.5. Interleukin-22 and IFN-a4 radioligand binding assay

Serum IL-22 and IFN-a4 autoantibodies were measured by immu-
noprecipitation using radiolabeled IL-22 and IFN-a4 proteins. Human
cDNA (IL-22 RC209995, IFN-a4 SC304903, OriGene) was cloned into
PTNT vector (L5610, Promega). The vectors were used for in vitro
transcription and translation with a Sp6 TNT coupled reticulocyte-lysate
system (Promega) in the presence of 35S methionine. Immunoprecipi-
tation was conducted in 96-well plates (Thermo Scientific). Two positive
control sera from patients with APS-1 with anti-IL-22 and anti-IFN-a4
antibodies were included in each plate. 4% BSA was used as a negative
control. All serum samples were analyzed in duplicate. Radiolabeled
protein (30.000 cpm) and 2.5 ml of serum sample was added to each
well, and samples incubated overnight. Serum antibodies were then
immobilized to protein A Sepharose (nProtein A Sepharose 4 Fast Flow,
GE Healthcare) in 96-well filtration plates (Millipore) during 45 min of
incubation. The plates were washed multiple times and then dried.
Measurement of the radioactivity was performed in a microbeta counter
(1450 Microbeta TriLux, Wallac) after adding scintillation fluid (Perki-
nElmer). Index values were calculated according to the following
equation: ((cpm sample-cpm negative standard)/(cpm positive
standard-cpm negative standard)) x100.

2.6. Statistical analysis

Statistical analyses were performed using SPSS version 23 (IBM).
Nonparametric Mann-Whitney U test was used to study differences
between groups. A p-value of <0.05 was considered significant.
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3. Results

3.1. VZV reactivations are prevalent in patients with APS-1 and they have
more severe clinical sequelae of herpesvirus infections

Our study included 44 patients with genetically confirmed APS-1,
accounting for approximately two-thirds of the currently diagnosed
surviving patients in Finland (Table I). Except for one vaccinated pa-
tient, all others had had a wild-type primary infection by VZV, requiring
hospitalization of three (6.8%) of them (at the age of 1, 3 and 4 years).
More subjectively, an additional 6 patients (13.6%) described their
primary infection as unusually severe, with severe blistering and high
fever. None of the 80 age and gender-matched healthy controls reported
hospitalization or an exceptionally severe primary infection.

Reactivation of VZV as herpes zoster had been experienced by 9
patients with APS-1 (9/44; 20.5%) and by 8 out of 80 control subjects
(10.0%). In 3 patients with APS-1 the reactivation had occurred in
childhood or adolescence, and in APS-1 patients the median age at VZV
reactivation was 30 years (range 1.9-58.0, Fig. 1). One APS-1 patient
required hospitalization (Suppl Table I). In the healthy controls, the
median age at VZV reactivation was clearly higher at 45 years (range,
27-63, Fig. 1), and none of them had required hospital care.

In the APS-1 group, a clinical HSV infection was reported by 18
patients (40.9%). Seven patients (15.9%) presented with atypical
symptoms, nonmucosal manifestations, or prolonged duration. These
included one meningitis and one erythema multiforme. Three patients
required hospitalization one of whom had also been hospitalized due to
primary VZV infection. Among the 80 controls, one (1.3%) had needed
prophylactic medication due to recurrent genital HSV infections, and
one had a nonmucosal manifestation. None of the controls had required
hospitalization due to HSV infection.

3.2. Patients with VZV reactivation or severe herpesvirus infection exhibit
high levels of anti-IFNa4 antibodies

We used a radioligand binding assay to measure anti-interferon
alpha (anti-IFNa) antibodies in our patients. Anti-IFNa4 was selected
as the indicator antibody, since in previous studies it has been the
subtype inducing a particularly strong autoantibody formation, and the
anti-IFNa4 antibodies also show a good correlation with other anti-IFN«
antibodies [19]. At the same time, anti-IFNa4 antibodies show low
cross-reactivity with other families of type 1 interferons. Thirty-six of
the 40 patients (90%) had detectable levels of serum anti-IFNa4 anti-
bodies, including all 9 patients with a history of VZV reactivation. The
patients with a previous VZV reactivation had significantly higher levels
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Fig. 1. The incidence of VZV reactivation in different age groups in patients
with APS-1 (n = 44) and in age- and gender-matched healthy controls (n = 80).
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of anti-IFNa4 antibodies than the patients who had not experienced a
reactivation (Fig. 2). Of the patients with VZV reactivation, eight
exhibited anti-IFNa4 levels above the median and one at the median for
the whole APS-1 cohort. Also five out of the six patients hospitalized
because of VZV or HSV disease had anti-IFNo4 levels above the median
and four out of seven patients with atypical manifestations of HSV had
higher and one at the median level of anti-IFNa4 antibodies (Table I).

3.3. Anti-IL-22 antibodies or AIRE genotype are not associated with more
severe clinical representation of herpesvirus infection

Autoantibodies to helper T cell-17 cytokines are found in the ma-
jority of patients with APS-1 and have been shown to impair antifungal
defenses, causing chronic mucocutaneous candidiasis [7,20]. Th17 cy-
tokines are also important for antiviral defense. The majority of patients
in the present study (42/44, 95.5%) exhibited anti-IL22 antibodies, but
their level did not differ between patient groups with HZ, atypical HSV
or patients hospitalized due to herpesvirus infections compared with
other patients (data not shown).

Most of our patients (34/44, 77.3%) were homozygous for the
pathogenic AIRE variant ¢.769C > T, p.Arg257Ter. Others had the
¢.769C > T variant compounded with ¢.967_979del13, p.Leu323fs (n =
5), ¢.891C > A (p.Asp297Glu) (n = 2), c.932G > A (p.Cys311Tyr) (n =
2), or c.137C > G (p.Thr46Arg) (n = 1). There was no detectable link
between the type of AIRE mutation and the incidence or severity of VZV
or HSV infections or reactivations (Table I).

3.4. Patients with APS-1 have reduced anti-VZV antibody levels but
normal frequency of VZV reactive T cells

Serum samples were available from 40 of the 44 patients. We used a
clinically validated ELISA to measure anti-VZV-IgG antibody levels from
these 40 patients with APS-1 and 46 healthy controls. All of our study
subjects were VZV-seropositive. The VZV-specific IgG levels were,
however, significantly lower in the patients than in the controls
(Fig. 3A). VZV IgG levels were similar in patients with and without VZV
reactivation (Fig. 3B). PBMC were available from 10 patients and 10
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Fig. 2. Neutralizing anti-IFN-a4 antibody levels in patients with APS-1 with or
without a history of VZV reactivation (herpes zoster). The mean level is indi-
cated by the horizontal bars. The data are shown on a relative scale. The sta-
tistical significance of the difference was calculated using the Mann-Whitney
U test.
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healthy controls and were used to measure the frequency of VZV-
reactive T cells. Interferon- y Elispot assay showed that the patients
and healthy controls had comparable responses to stimulation with
inactivated VZV (Fig. 3C).

4. Discussion

In this study, we show in a cohort of 44 patients with genetically
confirmed APS-1 that patients with APS-1 have an increased incidence
and unusually early presentation of severe herpesvirus manifestations.
The primary VZV infection hospitalization of three (6.8%) patients. In
comparison, the hospitalization rate for varicella in the general popu-
lation prior to the availability of vaccines was estimated to be approx-
imately 6.2 per 10,000 varicella cases (0.06%) [21]. Furthermore, three
out of 18 (16.7%) patients with APS-1 with symptomatic HSV infection,
normally a self-limiting disease in the general population, required
hospitalization. Moreover, reactivation of VZV was seen in patients with
APS-1 twice as often as in the controls and at markedly younger age. The
disease pattern in patients is in clear contrast with the pattern in the
general population, where VZV reactivation is rare in children and ad-
olescents [22].

Increased reactivation of VZV has been observed in patients
receiving sifalimumab, a recombinant anti-IFN« antibody, and notably
the reactivation is more common in patients receiving the highest dose
of the drug [13]. The same was also true for patients treated with ani-
frolumab, a monoclonal anti-IFN« receptor antibody [14]. Further, an
earlier study on patients with APS-1 exhibiting anti-IFNa antibodies
indicated that the expression level of interferon-stimulated genes in
PBMCs ex vivo depended on the titer of neutralizing antibodies in pa-
tients’ sera [2]. These findings are consistent with our data showing that
the patients with APS-1 with severe clinical representations of herpes-
virus infections predominantly had levels of anti-IFNa4 antibodies
above the median. Indigenous anti-IFNa antibodies have also been
associated with severe VZV infection in few patients with RAG defi-
ciency [23] and they have been detected in patients who had developed
postherpetic neuralgia [24]. Nevertheless, the phenotype of APS-1 is
complex, with skewed distribution and function of T cell subsets and
autoantibodies to several cytokines.

Our data have some limitations. Our samples were taken after the
primary VZV infection or reactivation, and do not necessarily reflect the
anti-IFNa autoantibody levels at the time of the complications. Because
practically all APS-1 patients have high levels of anti-IFNa antibodies
[1,2,6], it is challenging to distinguish the role they play in the patho-
genesis of the disease manifestations. However, anti-IFNa autoanti-
bodies are usually the earliest immunopathological manifestation in
APS-1, suggesting that our patients already had them at the time of
VZV primary infection. Taken together, in our data the anti-IFNa anti-
bodies are the factor with the strongest association with severe mani-
festations of VZV in APS-1 but longitudinal studies would be needed to
validate these findings. Also, our findings do not exclude other immu-
nological aberrations contributing to the increased susceptibility.

Indeed, we also found that antibody levels against VZV were
significantly lower in the patients compared to controls. Post-
vaccination IgG levels against VZV have been shown to correlate with
neutralization of the virus, protection against infection, and the clinical
representations of VZV breakthrough infections [25]. Passive immuni-
zation with anti-VZV immunoglobulin also modifies infection outcome
and is used to treat immunocompromised individuals [26]. Thus anti-
bodies to VZV clearly can have a protective role, and the decreased
humoral responses in patients with APS-1 may contribute to the more
severe course of VZV infection, and perhaps even more to the failure of
immunosurveillance to prevent VZV reactivation. On the other hand, the
cellular responses to VZV were at least quantitatively normal, although
qualitative differences remain a possibility.

Together with previous studies [27], our data highlights the multi-
faceted immunodeficiency as an important component of APS-1, a
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Fig. 3. Adaptive anti-VZV responses in APS-1 pa-
tients. A) VZV-specific I1gG levels, shown as enzyme
immunoassay units on a relative scale. B) VZV-
specific IgG levels in patients without and with VZV
reactivation. C) The number of cells producing IFN-y
in healthy controls and APS-1 patients (both with no
reactivation and with VZV reactivation) in response
to stimulation with inactivated VZV, measured by y
-IFN Elispot. The data are shown as spots per 200,000
. cells. Healthy controls are indicated by open circles,
APS-1 patients by filled circles. The mean level is
indicated by the horizontal bars. The statistical sig-
°° nificance of the difference was calculated using the
o Mann-Whitney U test.
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syndrome generally regarded predominantly as an autoimmune disease.
This was also emphasized by the recent demonstration of neutralizing
anti-IFN antibodies, both in patients with APS-1 and more generally, as a
risk factor for severe COVID-19 and for life threatening disease after
yellow fever virus vaccination [3,4,28-30]. Finally, the data suggest that
the predilection to more severe sequelae in herpesvirus infections should
be taken into account when planning the treatment of patients with APS-
1, and vaccination or preventive medication should be considered.
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