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Abstract

Purpose Autoantibodies (aAbs) to type I interferons (IFNs) have been found in less than 1% of individuals under the age
of 60 in the general population, with the prevalence increasing among those over 65. Neutralizing autoantibodies (naAbs)
to type I IFNs have been found in at least 15% of patients with life-threatening COVID-19 pneumonia in several cohorts
of primarily European descent. We aimed to evaluate the prevalence of aAbs and naAbs to IFN-a2 or IFN-® in Japanese
patients who suffered from COVID-19 as well as in the general population.

Methods Patients who suffered from COVID-19 (n=622, aged 0-104) and an uninfected healthy control population
(n=3,456, aged 20-91) were enrolled in this study. The severities of the COVID-19 patients were as follows: critical
(n=170), severe (n=235), moderate (n=112), and mild (z=105). ELISA and ISRE reporter assays were used to detect
aAbs and naAbs to IFN-a2 and IFN-w using E. coli-produced IFNs.

Results In an uninfected general Japanese population aged 20-91, aAbs to IFNs were detected in 0.087% of individuals. By
contrast, naAbs to type I IFNs (IFN-a2 and/or IFN-®, 100 pg/mL) were detected in 10.6% of patients with critical infections,
2.6% of patients with severe infections, and 1% of patients with mild infections. The presence of naAbs to IFNs was signifi-
cantly associated with critical disease (P=0.0012), age over 50 (P =0.0002), and male sex (P=0.137). A significant but
not strong correlation between aAbs and naAbs to IFN-a2 existed (r= —0.307, p value <0.0001) reinforced the importance
of measuring naAbs in COVID-19 patients, including those of Japanese ancestry.

Conclusion In this study, we revealed that patients with pre-existing naAbs have a much higher risk of life-threatening
COVID-19 pneumonia in Japanese population.

Keywords COVID-19 - Antibodies to type I IFNs - IFN-a2 - IFN-o - Neutralization assay - IFN-a2 concentration

Introduction are asymptomatic or presenting mild to moderate (nonhy-

poxemic pneumonia) disease while 20% of cases develop

Coronavirus disease 2019 (COVID-19) is an infectious
disease caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). The clinical spectrum of
COVID-19 varies in severity: approximately 80% of cases
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severe pneumonia (15%) or critical pneumonia (5%) [1]. As
this virus is highly contagious and virulent, healthcare sys-
tems globally faced a crisis. Therefore, establishing a rapid
examination system to identify the patients who are at high
risk of life-threatening COVID-19 disease are desired.

To date, age of the patient remains the strongest epide-
miological risk factor for life-threatening COVID-19, espe-
cially among patients over 65 years old [2-5]. By contrast,
other variable factors, such as male sex, cardiovascular
disease, chronic obstructive pulmonary disease, chronic
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pulmonary disease, obesity, type 2 diabetes mellitus, and
smoking are modestly associated with COVID-19 aggra-
vation [6-8]. However, there is inter-individual variability
among severe cases of COVID-19 and some patients devel-
oped severe COVID-19 disease in the absence of these risk
factors. Patients with inherited impairments to the innate
immune system displayed rapid viral replication early in the
infection followed by excessive inflammatory cytokine pro-
duction that exacerbated the disease [9-14]. Indeed, genetic
abnormalities in TLR3, IRF7, and TLR7 that affect type
I interferon (IFN) signaling have been reported in severe
COVID-19 [15, 16]. On the other hand, neutralizing autoan-
tibodies (naAbs) to type I IFNs have also been identified
as risk factors for life-threatening COVID-19. These naAbs
predate the infection and represent a serious risk factor in
COVID-19 aggravation. The naAbs to type I IFNs have also
been associated with life-threatening adverse reactions to
yellow fever vaccine (YFV) [17]. Bastard et al. reported that
10.2% of patients with life-threatening COVID-19 pneumo-
nia had naAbs to type I IFNs, compared to 0.33% of healthy
individuals and 0% of patients with asymptomatic/mild dis-
ease [18]. Further, 20% of patients with critical COVID-19
over the age of 80 years and deceased patients of all ages had
naAbs to type I IFNs [19]. Importantly, the clinical impact
of these naAbs is not apparent until infection with SARS-
CoV-2, which makes it difficult to predict the risk of severe
COVID-19 disease due to naAbs to type I IFNs.

These previous studies suggest that approximately 5% of
younger patients have a risk of aggravation due to genetic
abnormalities associated with type I IFNs while approxi-
mately 20% of older patients have a risk of aggravation due
to naAbs to type I IFNs. While these observation have been
supported by subsequent studies [20-26], further analysis
are needed to clarify the pathophysiology of life-threatening
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Fig. 1 Characteristics of 622 patients with COVID-19 and 3456 indi-
viduals from the general population. A Age and sex distribution of
patients with COVID-19 (n=622). The median age of the COVID-
19 patients was 61 years (IQR: 46-73 years); 70.2% were males, and
29.8% were females. B Age and sex distribution of individuals from
the general population (n=3456). The median age of subjects from

COVID-19 pneumonia in individual ethnic groups that have
similar genetic background and lifestyles for precise charac-
terization of the role of antibodies to type I IFNs in COVID-
19 aggravation.

Our current study aimed to determine the prevalence
of neutralizing autoantibodies to type I IFNs in Japanese
COVID-19 patients and their contribution to severe COVID-
19 disease. In addition, we studied the prevalence of aAbs in
the uninfected Japanese population to clarify the differences
of the prevalence among ethnic groups.

Materials and Methods

COVID-19 Patients and Individuals in the General
Population Subjected to Analysis

We conducted the study at Hiroshima University Hospital,
Tokyo Medical and Dental University Medical Hospital, and
Osaka City University Hospital. We enrolled 622 COVID-19
patients admitted to our institutes as well as 3456 individuals
from the general population which included 1000 previously
reported individuals [19] (Fig. 1A, B, Table 1). The details
of the patients and the general population are described in
the Supplemental materials and methods.

We assessed the severity of COVID-19 based on the
Diagnosis and Treatment Protocol for Novel Coronavirus
Pneumonia described previously [18]. “Critical” included
patients who required mechanical ventilation (including
intubation, high flow nasal cannula, continuous positive
airway pressure and bilevel positive airway pressure, etc.),
septic shock, any other organ failure and/or use of ECMO
in the intensive care unit. “Severe” were defined as patients
required oxygen therapy < 6 L/min because of pneumonia.
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the general population was 56 years (IQR: 37-67 years); 43.5% were
males, and 56.5% were females. C The prevalence of aAbs to type
I IFNs of patients with COVID-19 according to its severity. aAbs to
IFNs were detected by ELISA in 622 patients with COVID-19 includ-
ing 170 critical, 235 severe, 112 moderate, and 105 mild infections.
The cutoff value of ELISA was 0.5 (0.D.)
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Table 1 Characteristics of 622 patients with COVID-19 and 3456 general population in this study

622 patients with COVID-19

3456 general population in this study

Age (years) Total cases [n=622] (%) Male [n=439] Female [n=183] Total cases Male Female
[n=34561(%) [n=1502] [n=1954]

0-9 22 (3.5%) 15 - - -

10-19 8 (1.3%) 6 - - -

20-29 31 (5.0%) 18 13 536 (15.5%) 72 464

30-39 45 (7.2%) 28 17 439 (12.7%) 164 275

40-49 69 (11.1%) 52 17 522 (15.1%) 267 255

50-59 127 (20.4%) 104 23 340 (9.8%) 174 166

60-69 112 (18.0%) 79 33 992 (28.7%) 495 497

70-79 144 (23.1%) 103 41 519 (15.0%) 267 252

80-89 51 (8.2%) 27 24 105 (3.0%) 60 45

90— 13 (2.1%) 7 6 3(0.1%) 3 0

Severity Total cases [n=622](%) Male [n=439] Female [n=183]

Mild 105 (16.9%) 67 38

Moderate 112 (18.0%) 68 44

Severe 235 (37.8%) 166 69

Critical 170 (27.3%) 138 32

The patients with mild pneumonia but no requirement for
oxygen therapy were classified into “Moderate.” “Mild”
were defined as patients with some mild symptoms without
pneumonia.

Neutralization Assay of aAbs to Type | IFNs
We performed luciferase reporter assays as described previ-
ously [18]. The detailed method of neutralization assay is

described in the Supplemental materials and methods.

Measurement of aAbs to Type | IFNs and IFN-a2
Concentration

The details of ELISA and ProQuantum™ Immunoassay are
described in the Supplemental materials and methods.

Statistical Analysis

The detailed method of statistical analysis is described in the
Supplemental materials and methods.

Results

The Frequency of aAbs to Type | IFNs Was High
in Patients with Critical COVID-19

We first measured aAbs to type I IFNs by ELISA in 622 Jap-

anese COVID-19 patients aged 0—104 years, including 170
critical, 235 severe, 112 moderate, and 105 mild cases. We

@ Springer

detected aAbs to IFN-a2 or IFN-w at the following frequen-
cies: 5.9% critical cases, 1.7% severe cases, 0.9% moderate
cases, 3.8% mild case (Fig. 1C, Table 2). In detail, 4.7%
(95% CI: 2.4-9.0) of patients with critical disease had aAbs
to IFN-02, 3.5% (95% CI: 1.6-7.5) to IFN-w, and 2.4% (95%
CI: 0.9-5.9) to both IFN-a2 and IFN-w (Table 2). Among
patients who had IFN-a2 or IFN-w aAbs, there were several
patients who had isolated aAb solely to IFN-a2 or IFN-w
(Table S2). The aAbs to IFN-a2 or IFN-w were also detected
in 3.8% of patients with mild disease and 0.9% of those with
moderate disease. Unlike patients with critical COVID-19,
none of the patients with mild to severe disease had aAbs
to both interferon subtypes (Table 2). Among patients over
50 years old, 3.6% (95% CI: 2.2-5.7) had aAbs to IFN-a2
or IFN-w, while 1.7% (95% CI: 0.6-4.9) of patients younger
than 50 years had these aAbs (Table 2). Overall, these aAbs
to type I IFNs were detected more frequently in patients
with critical disease and patients over 50 years old. How-
ever, isolated aAbs to IFN-a2 or IFN-» was also detected
in some of the patients with mild or moderate disease in the
current study.

naAbs to Type | IFNs Were Frequently Detected
in Patients with Critical COVID-19

aAbs which react with type I IFNs were detected by
ELISA; however, their neutralizing activity could not be
assessed by ELISA. We thus measured neutralizing activ-
ity against type I IFNs using the ISRE reporter assay in
sera from 622 patients with COVID-19 [19]. Sera were
considered to have neutralizing activity if the induction
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Table 2 The prevalence of aAbs to type I IFNs in 622 patients with COVID-19 according to disease severity or age

aAbs detected by ELISA

Severity No. of patients IFN-a2

Mild 105 1 (1.0% [0.2-5.2])
Moderate 112 1(0.9% [0.2-4.9])
Severe 235 2(0.9% [0.2-3.1])
Critical 170 8 (4.7% [2.4-9.0])
Total 627 12

Age (years)

No. of patients

IFN-o2

049 175 1 (0.6% [0.1-3.2])
50- 447 11 (2.5% [1.4-4.4])
50-59 127 5(3.9% [1.7-8.9])
60-69 112 1 (0.9% [0.2-4.9])
70— 208 5(2.4% [1.0-5.5])

IFN-» IFN-a2 and IFN-® IFN-a2 or IFN-o

3(2.9% [1.0-8.1]) 0 (0.0%) 4 (3.8% [1.5-9.4])
0 (0.0%) 0 (0.0%) 1 (0.9% [0.2-4.9])
2 (0.9% [0.2-3.1]) 0 (0.0%) 4 (1.7% [0.7-4.3])

6 (3.5% [1.6-7.5])
11

IFN-o

2 (1.1% [0.3-4.1)
9 (2.0% [1.1-3.8])
4(3.2% [1.2-7.8])
1 (0.9% [0.2-4.91)
4(1.9% [0.8-4.8])

4 (2.4% [0.9-5.9])
4

IFN-a2 and IFN-®
0 (0.0%)

4 (0.9% [0.3-2.3])
2 (1.6% [0.4-5.6])
0 (0.0%)

2 (1.0% [0.3-3.4])

10 (5.9% [3.2-10.5])
19

IFN-a2 or IFN-o

3 (1.7% [0.6-4.9])
16 (3.6% [2.2-5.7])
7 (5.5% [2.7-10.9])
2 (1.8% [0.5-6.3])

7 (3.4% [1.6-6.8])

of ISRE activity, which was normalized to Renilla lucif-
erase activity, was less than 15% of the median values
of healthy controls [19]. These data are summarized in
Table 3 and Table S3. Strongly neutralizing naAbs, capa-
ble of neutralizing 10 ng/mL of IFN-a2 or IFN-w, were
found in 5.9% of critical cases, 2.1% of severe cases,
0.9% of moderate cases, and 0% of mild cases (Fig. 2A,
Table 3). In patients with critical disease, antibody preva-
lence was as follows: 5.9% (95% CI: 3.2-10.5) had naAbs
to IFN-a2, 4.1% (95% CI: 2.0-8.3) to IFN-w, and 4.1%
(95% CI: 2.0-8.3) to both IFN-a2 and IFN-® (Table 3).
On the other hand, less than 1% of patients with mild to

moderate disease had naAbs to type I IFNs (Table 3).
Among patients over 50 years old, 3.6% (95% CI: 2.2-5.7)
had naAbs to IFN-a2, 2.2% (95% CI: 1.2-4.1) to IFN-w,
2.2% (95% CI: 1.2-4.1) to both IFN-«a2 and IFN-w, and
3.6% (95% CI: 2.2-5.7) to IFN-a2 or IFN-w (Table 3).
By contrast, none of the patients younger than 50 years
old had naAbs to type I IFNs (Table 3). These results are
summarized according to disease severity in Fig. 2B. All
patients having neutralizing activity against IFN-® had
neutralizing activity against IFN-a2. Of note, in contrast
to the prevalence of aAb (Table S2), no patients had iso-
lated naAbs to IFN-w (Table S3, Fig. S1).

Table 3 The prevalence of naAbs to type I IFNs in 622 patients with COVID-19 according to disease severity and age

naAbs detected by Neutralization assay

10 ng/mL
Severity No. of patients ~ IFN-o2 IFN-® IFN-a2 and
IFN-®
Mild 105 0(0.0%) 0(0.0%) 0 (0.0%)
Moderate 112 1(0.9% 1(0.9% 1(0.9%
[0.2-4.9]) [0.2-4.9]) [0.2-4.9])
Severe 235 5@2.1% 2(0.9% 2(0.9%
[0.9-4.9]) [0.2-3.0]) [0.2-3.0])
Critical 170 10 (5.9% 7(4.1% 74.1%
[3.2-10.5]) [2.0-8.3]) [2.0-8.3])
Total 622 6 0 10
Age (years) No. of patients ~ IFN-a2 IFN-o IFN-o2 and
IFN-o
0-49 175 0 (0.0%) 0 (0.0%) 0 (0.0%)
50— 447 16 (3.6% 10 (2.2% 10 (2.2%
[2.2-5.7]) [1.2-4.1]) [1.2-4.1])
50-59 127 8(6.3% 6(4.7% 6 (4.7%
[3.2-11.9]) [2.2-9.9]) [2.2-9.9])
60-69 112 2(1.8% 1(0.9% 1(0.9%
[0.5-6.3]) [0.2-4.9]) [0.2-4.9])
70— 208 6(2.9% 3(1.4% 3(1.4%
[1.3-6.1]) [0.5-4.2]) [0.5-4.2])

100 pg/mL

IFN-a2 or IFN-02 IFN-® IFN-o2 and IFN-a2 or
IFN-0 IFN-o IFN-o

0 1(1.0% 0 (0.0%) 0 (0.0%) 1(1.0%

(0.0%) [0.2-5.2]) [0.2-5.2])

1 1(0.9% 1(0.9% 1(0.9% 1(0.9%

(0.9%[0.2-4.9]) [0.2-4.9]) [0.24.9)) [0.24.9]) [0.2-4.9])

5 6 (2.6% 3(1.3% 3(1.3% 6 (2.6%

(2.1%[0.9-4.91) [1.2-5.5]) [0.4-3.7]) [0.4-3.7]) [1.2-5.5])

10 (5.9% 12(7.1% 17 (10.0% 11 (6.5% 18 (10.6%
[3.2-10.5]) [4.1-11.9]) [6.3-15.4]) [3.7-11.2]) [6.8-16.1])

16 5 6 15 26

IFN-a2 or IFN-02 IFN-® IFN-o2 and IFN-o2 or
IFN-® IFN-o IFN-®

0 (0.0%) 0(0.0%) 0(0.0%) 0(0.0%) 0 (0.0%)

16 3.6% 20 (4.5% 21 (4.7% 15 (3.4% 26 5.8%
[2.2-5.7]) [2.9-6.8]) [3.1-7.1]) [2.0-5.5]) [4.0-8.4])

8(6.3% 8(6.3% 10 (7.9% 7(5.5% 11 (8.7%
[3.2-11.9]) [3.2-11.9]) [4.3-13.9]) [2.7-10.9]) [4.9-14.8])

2 (1.8% 5(4.5% 5(4.5% 32.7% 7(6.3%
[0.5-6.3]) [1.9-10.0]) [1.9-10.0]) [0.9-7.6%]) [3.1-12.3])

6(2.9% 7 (3.4% 6(2.9% 512.4% 8 (3.8%
[1.3-6.1]) [1.6-6.8]) [1.3-6.1]) [1.0-5.5]) [2.0-7.4])
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Fig.2 naAbs to type I IFNs were detected by the neutralization assay
in 622 patients with COVID-19 at a cytokine concentration of 10 ng/
mL. A Dot plot of the neutralization assay stimulated by 10 ng/mL of
type I IFNs. The samples showing less than 15% of luciferase activ-
ity were defined as having neutralization activity. The prevalence
of naAbs was high in patients with critical COVID-19. B Neutral-

Next, we analyzed serum neutralizing activity under more
sensitive conditions by stimulating cells at lower concentra-
tions (100 pg/mL) of IFN-a2 or IFN-w. Under this condi-
tion, consistent with previous reports [19], the prevalence
of naAbs was observed in 10.6% of critical cases, 2.6% of
severe cases, 0.9% of moderate cases, and 1.0% of mild
cases (Fig. 3A, Table 3, Table S3). In detail, 7.1% (95%
CI: 4.1-11.9) of critical cases had naAbs to IFN-a2, 10.0%
(95% CI: 6.3-15.4) to IFN-w, and 6.5% (95% CI: 3.7-11.2)
to both IFN-a2 and IFN-w (Table 3). Only 1% or less of the
patients with mild to moderate disease had these naAbs to
IFN-a2 or IFN-w (Table 3). Among patients over 50 years
old, 4.5% (95% CI: 2.9-6.8) had naAbs to IFN-a2, 4.7%
(95% CI: 3.1-7.1) of them to IFN-w, 3.4% (95% CI: 2.0-5.5)
to both IFN-a2 and IFN-w, and 5.8% (95% CI: 4.0-8.4%) to
IFN-a2 or IFN-w. By contrast, none of the patients younger
than 50 years old had naAbs to IFN-a2 or IFN-o (Table 3).

Using this more sensitive condition, the percentage of the
patients with naAbs to IFNs was higher than in the condition
with 10 ng/mL (Table 3). We detected naAbs against [FN-a2
in an additional 4 patients at the 100 pg/mL condition com-
pared to the 10 ng/ml condition. Among these 4 patients, 3
had critical/severe disease and 1 patient had mild disease
(Fig. 4A, Fig. S3). Regarding naAbs to IFN-w, an additional

@ Springer

izing activity against type I IFNs was compared between IFN-o2
and IFN-o stimulated by 10 ng/mL. All patients having neutralizing
activity against IFN-o had neutralizing activity against IFN-a2. C
The odds ratio (OR) associated with COVID-19 aggravation among
patients in critical disease compared to mild/moderate disease

11 patients showed neutralizing activity only against 100 pg/
mL. All 11 patients had critical/severe disease (Fig. 4B,
Fig. S4). It is known that the concentration of type I IFNs in
the blood of patients with acute and benign SARS-CoV-2
infections ranges from 1 to 100 pg/mL [13, 27]. Moreover,
it has been experimentally proven that 100 pg/mL of type
I IFNs can impair SARS-CoV-2 replication in epithelial
cells [19]. Therefore, a neutralization assay using 100 pg/
mL of type I IFNs, which reflects physiological conditions,
detected naAbs more precisely than the assay using 10 ng/
mL, especially naAbs to IFN-w.

The prevalence of naAbs by sex was 5.5% at 100 pg/mL
and 3.4% at 10 ng/mL for males and 1.1% at 100 pg/mL and
0.5% at 10 ng/mL for females (Table S4, Fig. S5). NaAbs
to IFNs were significantly associated with critical disease
(P=0.0152 at 10 ng/mL, P=0.0012 at 100 pg/mL) com-
pared to mild disease, age over 50 (P=0.0085, P=0.0002),
and male sex (P=0.0488, P=0.137) (Table 4). COVID-
19 aggravation was strongly associated with naAbs among
critical patients using both assay conditions (at 10 ng/mL,
IFN-a2 and IFN-® odds ratio (OR)=9.3, IFN-a2 or IFN-w
OR =13.5; at 100 pg/mL, IFN-a2 and IFN-o OR =14.9,
IFN-a2 or IFN-0w OR =12.7) (Figs. 2C and 3C). These data
are consistent with previous reports that identified a high
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Fig.3 naAbs to type I IFNs detected by the neutralization assay in
622 patients with COVID-19 at a cytokine concentration of 100 pg/
mL. A Dot plot of the neutralization assay stimulated by 100 pg/
mL of type I IFNs. The samples showing less than 15% of luciferase
activity were defined as having neutralization activity. The prevalence

prevalence, 10.2-18% in patients with critical disease, of
naAbs to type I IFNs (Table S5) [18-26].

Comparison of the Results of the Neutralization
Assay and ELISA

While the IFN neutralization assay is the gold standard
in assessing the biological effect of aAbs and the ISRE
reporter assay is a sensitive method, it is time-consuming.
On the other hand, ELISA is more high-throughput with
faster turnaround times. We thus compared the results of
neutralizing activity against type I IFNs measured by the
ISRE reporter assay with the results of aAbs to type I
IFNs measured by ELISA. When the presence of naAbs to
IFN-a2 was predicted by the results of aAbs to IFN-a2, the
sensitivity was 50%, the specificity was 99.3%, the positive
predictive value (PPV) was 66.7%, the negative predictive
value (NPV) was 98.7% at 10 ng/mL (Fig. 4C), and these
two detection methods had a weak negative correlation (a
correlation coefficient —0.307 (95% CI: —0.376 to — 0.234,
P value <0.0001)). For the 100 pg/mL condition, the sen-
sitivity was 40%, the specificity was 99.3% (PPV of 66.7%
and NPV of 98.0%), and these two detection methods had a
weak negative correlation (a correlation coefficient —0.199

T
10 100

of naAbs was high in patients with critical COVID-19. B Neutraliz-
ing activity against type I IFNs was compared between IFN-a2 and
IFN-o stimulated by 100 pg/mL. C The odds ratio (OR) associated
with COVID-19 aggravation among patients in critical disease com-
pared to mild/moderate disease

(95% CI: —0.273 to — 0.123, P value < 0.0001)) (Fig. 4E).
We thus realized that ELISA-based detection of aAbs to
IFN-a2 can be an alternative method to enable testing
of multiple samples, e.g., screening tests for the general
population, and to evaluate antibodies to type I IFNs in
sera. In contrast, for IFN-w®, ELISA failed to adequately
detect the presence of naAbs to IFN-w. Indeed, ELISA-
based detection of aAbs to IFN-w pointed out the presence
of naAbs to IFN-o (10 ng/mL condition) with a sensitivity
of 10% and specificity of 98.4% (PPV of 9.1% and NPV
of 98.5%) (Fig. 4D). Regarding the 100 pg/mL condition,
aAbs to IFN-w only indicated naAbs to IFN-o with a sen-
sitivity of 9.5% and a specificity of 98.5% (PPV of 18.2%
and NPV of 96.9%) (Fig. 4F).

Sera from COVID-19 Patients with naAbs to IFN-a2
Show Low Concentrations of IFN-a2

We analyzed the concentration of IFN-a2 using 269
samples for which the exact time of specimen collection
could be determined with the ProQuantum™ Human
IFN alfa Immunoassay, which is a qPCR-based tech-
nique. The level of IFN-a2 in sera in patients with naAbs
was significantly lower compared to those without
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Fig.4 Comparison of the results of the neutralization assay and
ELISA. A, B Neutralizing activity against type I IFNs was com-
pared between type I IFN concentrations of 100 pg/mL and 10 ng/mL
stimulated by IFN-a2 (A) or IFN-o (B). C-F aAbs to type I IFNs by
ELISA were compared with naAbs by the neutralization assay at con-

Table 4 Comparison of patients naAbs detected by neutralization assay

centrations of 10 ng/mL IFN-a2 (C), 10 ng/mL IFN-» (D), 100 pg/
mL IFN-02 (E), and 100 pg/mL IFN-o (F). The cutoff value of
ELISA was 0.5 (O.D.). In neutralization assay, samples showing less
than 15% of luciferase activity were defined as having neutralization
activity

with and without naAbs 10 ng/mL 100 pg/mL
accordmg to disease sever ity, Severity No. of naAb positive No. of naAb negative p-value No. of naAb positive No. of naAb negative p-value
age, and sex Mild 0 105 ] 1 104 } )
Moderate 1 111 ﬂ 1 111 }
Severe 5 230 0.3291 6 229 0.4439
Critical 10 160 0.0152 18 152 0.0012
Age (years) No. of naAb positive No. of naAb negative p-value No. of naAb positive No. of naAb negative p-value
0-49 0 175 0 175
0.0085 0.0002
50— 16 431 26 421
Sex No. of naAb positive No. of naAb negative p-value No. of naAb positive No. of naAb negative p-value
Female 1 182 2 181
0.0488 0.0137
Male 15 424 24 415

naAbs. The serum IFN-a2 levels were below detection
limit (<4 pg/mL) in all but one 1 patient with naAbs
detected by the high sensitivity condition (Fig. 5A, B).
However, there is no correlation between disease sever-
ity and the concentration of IFN-a2 (P =0.2238). We
also compared the level of IFN-a2 between the samples

@ Springer

collected from onset to day 4 and those from day 5
to day 7 after onset. We found that the concentration
of IFN-a2 were significantly higher in samples from
onset to day 4 compared to those from day 5 to day 7
(P=0.0009) (data not shown). These results are consist-
ent with a previous report [18].
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Fig.5 IFN-o2 concentration of patients with COVID-19 and preva-
lence of aAbs to IFN-02 in 3456 individuals in the general popula-
tion. The IFN-a2 concentration in most of the patients with naAbs to
IFN-a2 and/or IFN-w was below the limit of quantification (<4 pg/
mL). A Patients with naAbs to 100 pg/mL of IFN-a2 and/or IFN-®

Prevalence of aAbs to IFN-a2 in Uninfected
Individuals from the General Japanese Population

In order to understand the risk of the general Japanese popula-
tion to severe COVID-19 and other viral infections, we sought
to determine the prevalence of naAbs to type I IFNs in the
Japanese population by detecting aAbs to IFN-a2 via ELISA.
We studied 3456 Japanese individuals aged 20-91 years and
unaffected by COVID-19. In this population, 3 individuals had
aAbs to IFN-o2 (0.087% (95% CI: 0.0295-0.255%)) (Fig. 5C).
These 3 individuals consisted of an 86-year-old female, a
78-year-old male, and a 42-year-old male. These data suggest
that the prevalence of aAbs, and by inference, that of naAbs,
is low in the healthy general Japanese population.

Discussion

The current study investigated aAbs and naAbs to type I
IFNs in 622 patients with COVID-19 before the Delta vari-
ant became predominant. This is the second largest study

(n=8) and patients without naAbs (n=261) were compared. B
Patients with naAbs to 10 ng/mL of IFN-a2 and/or IFN-® (n=5) and
patients without naAbs (n=264) were compared. C aAbs to IFN-a2
in the general population were detected using ELISA. The prevalence
of aAbs were calculated according to age and sex

on the scale of the samples, also the largest study focusing
on a single ethnic group, and the first in Asia. To minimize
selection bias, we collected sera from COVID-19 patients
from three geographically different areas (Tokyo, Osaka,
and Hiroshima) in Japan. The prevalence of naAbs to type [
IFNs was high among patients with critical disease, elderly
patients, and male COVID-19 patients. These observations
were consistent with a previous study [18], providing strong
evidence to support the risk of COVID-19 aggravation in
individuals with naAbs to type I IFNs. The modest risk fac-
tors that are well known so far are male sex (OR=1.457)
[7], cardiovascular disease (adjusted risk=2.6) [6], chronic
pulmonary disease (OR =1.089) [7], and diabetes mellitus
with chronic complications (rate ratio=1.295) [7]. Although
it is impossible to compare the odds ratios directly between
different cohort studies, the risk of COVID-19 aggrava-
tion among individuals with naAbs to type I IFNs was
estimated to be relatively high (100 pg/mL of IFN-a2 and
IFN-0w OR =14.9, IFN-a2 or IFN-o OR=12.7). A recent
review article also described that aAbs to IFNa, IFNf, and/
or IFN® are found in about 15-20% of patients with critical
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COVID-19 pneumonia over 70 years old and regarded aAbs
against IFNs as a major risk factor for critical COVID-19
disease [5]. As shown in this study and a previous study [3,
5, 19], the prevalence of naAbs to type I IFNs increased with
age, especially high in the population over age of 50. This
might be one of the reasons why age is the most striking
epidemiological risk factor. Consistent with this, naAbs to
type I IFNs are found in 1% or less of patients with mild to
moderate COVID-19. Therefore, although the presence of
naAbs to type I IFNs is a strong risk factor for aggravation,
not all patients with these naAbs developed severe or critical
COVID19 disease [28].

Approximately 1% of the patients with naAbs to IFN-
a2 and o also have naAbs to IFN-f [19]. Therefore, IFN-3
therapy might be effective in severe COVID-19 cases with
naAbs to type I IFNs [29-32]. In addition, the removal of
naAbs to type I IFNs with plasma exchange may be ben-
eficial in the treatment of COVID-19 patients [33]. Since
these treatments may be effective only in the early stage of
the infection [20], establishing rapid test system to evaluate
naAbs to type I IFNs are necessary for appropriate thera-
peutic interventions. Therefore, we evaluated the utility of a
rapid ELISA instead of the ISRE reporter-based neutraliza-
tion assay. ELISA data correlated well with neutralization
assay for aAbs and naAbs for IFN-a2 but not for IFN-w.
Indeed, a strong association exists between the severity of
COVID-19 and the presence of naAbs to IFN-a2, whereas
the risk of aggravation by naAbs to IFN-w alone was not
clear [19].

We thus performed a systematic study by ELISA in 3456
individuals without COVID-19 and found that 0.087% of
this population were positive for aAbs to IFN-a2. Since
the examination of aAbs to IFN-a2 by ELISA predicted
the presence of naAbs to IFN-a2 with sensitivities of 50%
(10 ng/dL condition) and 40% (100 pg/mL condition) as
shown in this study, the prevalence of naAbs to IFN-a2 was
assumed to be 0.17-0.22%. This prevalence in the general
population in Japan was slightly lower than that in a previ-
ous international study (0.33%) [18]. The lower prevalence
of naAbs in patients with critical disease in Japan compared
to that in previous international study (10.6% vs 13.6%) can
be explained by this lower prevalence of naAbs in general
population.

In our study, we also found that some patients with high
titer aAbs did not exhibit neutralizing activity against type
I IFNSs as reported elsewhere [26]. This may be explained
by binding of aAbs to non-neutralizing epitopes. Another
explanation is that these aAbs may have neutralizing activity
at concentrations lower than 100 pg/mL of stimulation. We
used 10% sera in our neutralization assay, so this assay using
100 pg/mL of stimulation can detect only naAbs which neu-
tralize 1000 pg/mL of cytokines. On the other hand, the IFN-
a2 concentrations of most patients in this study were below
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100 pg/mL in sera. Therefore, it is worthwhile to extend
this study with neutralization conditions with lower cytokine
concentrations, e.g., 10 pg/mL. Despite these limitations,
this study was the first study to characterize the relationship
between naAbs to type I IFNs and COVID-19 aggravation
in a Japanese population and the second largest study on
this theme, providing strong evidence to support the con-
tribution of naAbs to type I IFNs to the risk of COVID-19
aggravation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10875-022-01308-3.
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