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Autoantibodies neutralizing type I IFNs in 40% of 
patients with WNV encephalitis in seven new cohorts
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Mosquito-borne West Nile virus (WNV) infection is a growing global health problem. About 0.5% of infected individuals develop 
encephalitis. We previously showed that 40% of patients in six cohorts had WNV encephalitis because of circulating autoantibodies 
(auto-Abs) neutralizing type I IFNs. In seven new cohorts, we found that the prevalence of auto-Abs was highest (40% [17–44%]) 
in patients with encephalitis and very low in a small sample of individuals with asymptomatic or mild infection. In the 13 European, 
Middle Eastern, and American cohorts available, odds ratios (OR) for WNV encephalitis in individuals with these auto-Abs relative to 
those without them in a large sample of the general population untested for WNV infection range from ∼20 (OR = 17.7; 95% CI: 
13.8–22.8, P < 10−16) for auto-Abs neutralizing only 100 pg/ml IFN-α2 and/or IFN-ω to >2,000 (OR = 2,218.4; 95% CI: 
125.1–39,337.7, P < 10−16) for auto-Abs neutralizing high concentrations of IFN-α2 and high or low concentrations of IFN-ω. 
Preexisting auto-Abs neutralizing type I IFNs are therefore causal for WNV encephalitis in about 40% of patients.
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Introduction
Mosquito-borne West Nile virus (WNV) is an emerging ortho
flavivirus of considerable public health concern due to its 
dissemination and its role as a major etiology of epidemic en
cephalitis worldwide (1, 2). In recent years, a wide geographic 
circulation of WNV across all continents has been observed (3, 4, 
5, 6). In 2023, WNV was detected for the first time in 22 new 
areas of the European Union (EU), corresponding to a 31% in
crease in the number of affected regions relative to 2022 (1, 7). 
The 2024 transmission season was marked by the broadest ever 
geographic distribution of WNV in the EU within a single year, 
with 212 affected regions across 19 countries, versus only 137 
regions in 2023 and 173 regions in 2018 (8). Between June and 
October 2024, the largest outbreak in more than two decades 
occurred in Israel, with over 930 reported cases and 73 deaths 
(9). WNV infections have an enormous impact on healthcare 
systems, with >90% of reported cases resulting in hospitaliza
tion, neurological manifestations occurring in more than two- 
thirds of cases, and a case fatality rate of ∼10% (up to 20% for 
encephalitis) (8). Tens of thousands of hospitalizations due to 
WNV infection and thousands of associated deaths have been 
reported over the last decade in the EU and neighboring coun
tries, in the United States of America (USA), and elsewhere 
around the world (10, 11, 12). Seroepidemiological studies have 
shown that reported cases account for only a small proportion of 
the WNV infections. Indeed, progression to life-threatening 
WNV disease (WNVD) requiring hospitalization, particularly 
encephalitis, occurs in <1% of individuals infected with WNV 
(13). More than 99% of infections are silent or associated with 
flu-like, self-limiting disease (WNV fever, WNVF) (5, 14, 15, 16, 
17, 18).

The root cause of life-threatening WNVD has long remained 
elusive (19). We recently showed, in six cohorts from the EU and 
USA, that blood and CSF autoantibodies (auto-Abs) neutralizing 
IFN-α2, IFN-β, and/or IFN-ω underlie life-threatening WNVD in 
∼35% of hospitalized cases (range: 15–50%) (20). This proportion 
was higher for patients with WNV neuroinvasive disease, ∼40% 
of whom (range: 15–55%) were found to have auto-Abs. auto-Abs 
neutralizing type I IFNs block the protective antiviral functions 
of IFN-α2 and/or IFN-β and/or IFN-ω in Vero E6 cells or ARPE-19 
cells infected with WNV in vitro (21) and in mice in vivo (22). 
They are present in the general population, with a prevalence of 
<1% in the under-65s and >4% in the over-70s (23). We have 
shown that they are not induced by WNV infection and that 
they precede the appearance of WNV-specific IgM and/or IgG 
and confer an ∼20- to ∼600-fold increase in the risk of life- 
threatening WNVD and neuroinvasive disease, depending on 
the number and concentration of type I IFNs neutralized (20). 
These findings, recently replicated in case reports and small case 
series (24, 25, 26), suggest that auto-Abs neutralizing type I IFNs 
are strong determinants of WNVD. Moreover, these auto-Abs 
have been found to underlie tick-borne encephalitis (TBE) in 
10% of the most severe cases (27), the most severe cases of the 
rarer Powassan virus, Usutu virus, and Ross River virus diseases 
(28), and ∼35 and 60% of cases of life-threatening adverse 
reactions to yellow fever live-attenuated vaccine-17D strain 
(YFV-17D) (29) and chikungunya virus (CHIKV) live-attenuated 

vaccine (VLA1553), respectively (30). Thus, auto-Abs neutral
izing type I IFNs are emerging as strong, common, global de
terminants of a growing range of arboviral diseases, whether 
caused by orthoflaviviruses or alphaviruses (31). We investi
gated seven new cohorts of individuals infected with WNV, in
cluding six recently recruited cohorts established during the 
seasonal outbreaks in the summers of 2023 and 2024.

Results
Seven new cohorts of individuals with WNV infection
We studied 225 subjects hospitalized for life-threatening WNVD 
from seven new cohorts enrolled at three centers in Italy during 
2023—Pavia (46 subjects), Milan (13 subjects), and Bologna (11 
subjects)—one center in Austria (31 subjects, years 2015–2024), 
one center in Hungary (68 subjects, during 2024), one center in 
Israel (32 subjects, during 2024), and one center in Texas, USA 
(24 subjects, years 2002–2008). Neuroinvasive disease was 
confirmed in 200/225 (89%) patients—encephalitis (154 cases), 
meningitis (32 cases), acute flaccid paralysis (7 cases), and un
specified neurological disease (7 cases)—whereas there was no 
reported clinical evidence of neuroinvasive disease in the re
maining 25/225 (11%) hospitalized patients. We also enrolled 61 
patients with self-limiting, febrile, and/or flu-like illness (WNVF), 
managed as outpatients in Italy (11 subjects), Austria (27 subjects), 
Hungary (6 subjects), Israel (2 subjects), and the USA (15 subjects), 
and 32 individuals with recent asymptomatic or paucisympto
matic WNV infection (WNV-infected controls, WNVIC) diagnosed 
on the basis of the detection of WNV RNA in a nucleic acid am
plification test on blood performed at the time of blood donation 
(Fig. 1 A; and Fig. S1, A and B). For all the individuals enrolled, 
WNV infection was demonstrated by the presence of WNV- 
specific IgM or seroconversion to IgG, WNV neutralization as
says (32), and/or RT-PCR on serum, plasma, or cerebrospinal fluid 
samples.

Demographics of individuals with WNV infection
The mean age (standard deviation, SD) of patients with WNVD 
was 68 years (15 years) (range: 10–99 years), higher than that for 
patients with WNVF (51 years [14], range: 19–86 years). In the 
WNVIC group, mean age (SD) was 54 years (11) and age ranged 
from 32 to 78 years (Fig. S1 C). The mean age (SD) of patients with 
WNVD was higher in the three cohorts enrolled in Italy (Bolo
gna, 77 years [10]; Pavia, 70 years [13]; and Milan, 69 years [11]; 
overall: 71 years [13]), than that in the cohorts enrolled in Austria 
(65 years [13], P = 0.04), Hungary (63 years [16], P = 8 × 10−4), and 
the USA (62 years [14], P = 7 × 10−3), but lower than that in the 
cohort enrolled in Israel (77 years [11], P = 0.02) (Fig. S1 D). The 
proportion of male subjects was 65% (147/225) of all patients 
with WNVD (130/200 [65%] cases of neuroinvasive disease and 
102/154 [66%] cases of encephalitis), 54% (33/61) of patients with 
WNVF, and 84% (27/32) of those with WNVIC (Fig. S1, E and F). 
Mortality was assessed from vital status data, which were 
available for 150/200 (75%) patients with neuroinvasive disease. 
Mortality was 15% (23/150) for the total population of patients 
with neuroinvasive disease, 17% (19/114) for those with en
cephalitis, 33% (2/6) for those with acute flaccid paralysis, and 
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7% (2/27) for those with meningitis; none of the three patients 
with unspecified neurological disease died, and no deaths were 
reported among patients hospitalized without evidence of neu
roinvasive disease (Table 1).

Auto-Abs neutralizing type I IFNs are rare in asymptomatic 
WNVIC
We assessed the prevalence of auto-Abs neutralizing type I IFNs 
in the three groups of individuals with WNV infection (WNVIC, 

WNVF, and WNVD) from the seven cohorts. We used an 
enzyme-linked immunosorbent assay (ELISA) to screen serum 
or plasma samples from all 318 individuals enrolled in this study 
for circulating IgG auto-Abs against IFN-α2, IFN-β, or IFN-ω, 
with positive results defined as an optical density (OD) >0.5 (33, 
34). We then assessed the neutralizing activity of these auto-Abs 
in a well-established luciferase-based assay (20, 23). Blood 
samples were taken a mean of 18 days (range: 0–341 days) after 
clinical disease onset or during virological screening before 

Figure 1. Auto-Abs neutralizing type I IFNs in 318 WNV-infected individuals from seven new cohorts. (A) Age and sex distribution of individuals in the 
WNVIC, WNVF, and WNVD groups. (B) Detection of auto-Abs against IFN-α2, IFN-β, and IFN-ω by ELISA. An OD value >0.5 (dashed line) indicates a sample 
considered positive based on the signal typically observed for serum/plasma from healthy donors. (C) Luciferase-based neutralization assay for the detection of 
auto-Abs neutralizing 10 ng/ml IFN-α2, IFN-ω, or IFN-β. Neutralizing activity was defined as a luciferase signal below 15%. (D) Luciferase-based neutralization 
assay for detecting auto-Abs neutralizing 100 pg/ml IFN-α2 or IFN-ω, or 1 ng/ml IFN-β. Neutralizing activity was defined as a luciferase signal below 15%.
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blood donation for WNVIC. In the WNVIC group, OD values were 
low for auto-Abs against the three type I IFNs tested in most 
samples, below the 0.5 OD-unit detection threshold in 25/32 
(78%) samples, and slightly above the 0.5 OD-unit detection 
threshold for at least one type I IFN in 4/32 samples, whereas OD 
values were very high (>1.0) for auto-Abs against at least one 
type I IFN in only 3/32 samples (Fig. 1 B). We then tested 1:10 
dilutions of the same serum or plasma samples for the neutral
ization of high (10 ng/ml) or low (100 pg/ml) concentrations of 
unglycosylated IFN-α2 and IFN-ω, and high (10 ng/ml) or in
termediate (1 ng/ml) concentrations of glycosylated IFN-β. We 
found no auto-Abs neutralizing high concentrations of IFN- 
α2 and/or IFN-β and/or IFN-ω or intermediate concentrations of 
IFN-β in asymptomatic WNVIC, including samples with high OD 
values (>1.0) on ELISA. At the more physiological concentration 
of 100 pg/ml, only 1/32 (3%) individuals carried auto-Abs neu
tralizing IFN-ω only, corresponding to a sample with an OD <0.5 
for auto-Abs against IFN-ω on ELISA (Fig. 1, C and D; Fig. 2, A–D; 
and Table 2). The correlation between ELISA and neutrali
zation results is illustrated in Fig. S2, A–C. Auto-Abs neu
tralizing IFN-α or IFN-ω have recently been shown to block 
the interaction of the corresponding type I IFNs with both 
type I IFN receptor subunits (IFNAR1/2), whereas high-titer 
non-neutralizing auto-Abs limit only the interaction of the 
corresponding type I IFN with a single receptor subunit 

(either IFNAR1 or IFNAR2), with the interaction between the 
IgG and the bound type I IFN being of low avidity (35). This 
difference may explain the apparent discrepancies between 
the results obtained by ELISA and those obtained in the 
neutralization assay in a small number of samples from our 
cohort.

Auto-Abs neutralizing type I IFNs are rare in patients with 
WNVF
Similarly, in the WNVF group, OD values were low for auto-Abs 
against the three type I IFNs tested in most samples, below the 
0.5 OD detection threshold in 56/61 (92%) samples and slightly 
above the 0.5 OD detection threshold for at least one type I IFN in 
2/61 (3%) samples, whereas OD values >1.0 for auto-Abs against 
at least one type I IFN were obtained for 3/61 (5%) samples (Fig. 1 
B). In this group, we detected no auto-Abs neutralizing high 
concentrations of IFN-α2 and/or IFN-β and/or IFN-ω and/or 
intermediate concentrations of IFN-β in samples from WNVF 
patients. We found auto-Abs neutralizing low concentrations of 
IFN-ω in only 1/61 (2%) samples. The sample testing positive had 
an OD <0.5 for anti-IFN-ω IgG auto-Abs on ELISA (Fig. 1, C and D; 
Fig. 2, A–D; Fig. S2, A–C; and Table 2). Thus, the prevalence of 
auto-Abs neutralizing type I IFNs was similar in the WNVF and 
WNVIC groups (1/61 [2%] vs. 1/32 [3%], respectively [P = ns]) and 
overall low (2/93 [2%]) when these two groups were analyzed 

Table 1. Demographic and clinical characteristics of the study population in the three WNV clinical groups and the two subgroups of WNVD

Characteristic WNVIC n = 32a WNVF n = 61a WNVD n = 225a Subgroups of WNVD

Non-neuroinvasive WNVD n = 25a Neuroinvasive WNVD n = 200a

Age (years) 54 [11] 51 [14] 68 [15] 68 [12] 68 [15]

Sex

F 5/32 (16%) 27/61 (44%) 75/225 (33%) 8/25 (32%) 67/200 (34%)

M 27/32 (84%) 33/61 (54%) 147/225 (65%) 17/25 (68%) 130/200 (65%)

Unknown 0/32 (0%) 1/61 (2%) 3/225 (1%) 0/25 (0%) 3/200 (1%)

Mortality 0/32 (0%) 0/61 (0%) 23/225 (10%) 0/25 (0%) 23/200 (12%)

Unknown 0/32 (0%) 0/62 (0%) 57/225 (25%) 7/25 (28%) 50/200 (25%)

Recruitment center

Italy (PV) 10/32 (31%) 5/61 (8%) 46/225 (20%) 13/25 (52%) 33/200 (17%)

Italy (MI) 2/32 (6%) 6/61 (10%) 13/225 (6%) 1/25 (4%) 12/200 (6%)

Italy (BO) 0/32 (0%) 0/61 (0%) 11/225 (5%) 1/25 (4%) 10/200 (5%)

USA 0/32 (0%) 15/61 (25%) 24/225 (11%) 0/25 (0%) 24/200 (12%)

Austria 17/32 (53%) 27/61 (44%) 31/225 (14%) 5/25 (20%) 26/200 (13%)

Israel 3/32 (9%) 2/61 (3%) 32/225 (14%) 4/25 (16%) 28/200 (14%)

Hungary 0/32 (0%) 6/61 (10%) 68/225 (30%) 1/25 (4%) 67/200 (34%)

Year of recruitment

Before 2018 5/32 (16%) 10/61 (16%) 27/225 (12%) 0/25 (0%) 27/200 (14%)

2018–2022 7/32 (22%) 14/61 (23%) 11/225 (5%) 3/25 (12%) 8/200 (4%)

2023–2024 20/32 (63%) 28/61 (46%) 187/225 (83%) 22/25 (88%) 165/200 (83%)

Unknown 0/32 (0%) 9/76 (12%) 0/225 (0%) 0/25 (0%) 0/200 (0%)

aMean [SD] or counts (frequency, %). PV, Pavia; MI, Milan; BO, Bologna.
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Figure 2. Proportions of individuals with auto-Abs neutralizing type I IFNs in seven new cohorts. (A and B) Frequency of individuals carrying auto-Abs 
neutralizing type I IFNs at concentrations of 10 ng/ml (A) or 100 pg/ml (B), as determined in luciferase-based neutralization assays, in the three defined groups 
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together. Importantly, these two groups of individuals carried 
auto-Abs neutralizing low concentrations of IFN-ω only, 
suggesting that auto-Abs neutralizing other type I IFNs—IFN- 
α2 in particular—or more than one type I IFN could be even 
rarer in groups of WNV-infected individuals selected on the 
basis of their resistance to severe disease than in the general 
population (23). These observations also highlight the im
portance of assessing type I IFN-neutralizing activity (23, 36, 
37) in addition to performing assays detecting the binding of 
type I IFNs to auto-Abs (e.g., Gyros, ELISA, and VIDAS®) (33, 
38, 39), when testing samples from individual patients and 
disease cohorts.

Auto-Abs neutralizing IFN-α2, -β, or -ω in ∼35% of patients 
hospitalized for WNVD from seven new cohorts
In samples from the group of patients with severe WNVD, we 
found OD values above the 0.5 OD-unit detection threshold for 
IgG auto-Abs against IFN-α2 and/or IFN-β and/or IFN-ω for 73/ 
225 (32%) samples (Fig. 1 B; and Fig. S3, A and B). We found auto- 
Abs neutralizing high concentrations of at least one type I IFN in 
66/225 (29%) WNVD patients (P = 8.45 × 10−4 and P = 3.29 × 10−6 

vs. WNVIC and WNVF, respectively), with 57/225 (25%) neu
tralizing IFN-α2, 52/225 (23%) neutralizing IFN-ω, and 10/225 
(4%) neutralizing IFN-β (Fig. 1 C, Fig. 2, A–D, and Fig. S4, A–D). 
Specifically, 9/225 (4%) samples neutralized high concentrations 
of IFN-α2 only, 5/225 (2%) high concentrations of IFN-β only, 4/ 
225 (2%) high concentrations of IFN-ω only, 42/225 (19%) high 
concentrations of IFN-α2 and IFN-ω, and 6/225 (3%) high con
centrations of the three type I IFNs tested; none of the samples 
neutralized a combination of IFN-α2 and IFN-β only or a com
bination of IFN-β and IFN-ω only (Fig. 2 D and Table 2). Samples 
with high OD values usually displayed neutralizing activity (Fig. 
S2, A–C and Table 2). At more physiological concentrations, 
81/225 (36%) samples from patients hospitalized for life- 
threatening WNVD neutralized at least 100 pg/ml IFN-α2 and/ 
or IFN-ω and/or 1 ng/ml IFN-β, 66/225 (29%) samples neutral
ized 100 pg/ml of IFN-α2, 65/225 (29%) neutralized 100 pg/ml of 
IFN-ω, and 19/225 (8%) neutralized 1 ng/ml of IFN-β, with 12/225 
(5%) samples neutralizing 100 pg/ml of IFN-α2 only, 11/225 
samples (4%) neutralizing 100 pg/ml IFN-ω only, 2/225 (<1%) 
neutralizing 1 ng/ml IFN-β only, 39/225 (17%) neutralizing 100 
pg/ml of both IFN-α2 and IFN-ω, 1/225 (<1%) neutralizing both 
100 pg/ml IFN-α2 and 1 ng/ml IFN-β, 2/225 (1%) neutralizing 
both 100 pg/ml IFN-ω and 1 ng/ml IFN-β, and 14/225 (7%) neu
tralizing 100 pg/ml IFN-α2 and IFN-ω and 1 ng/ml IFN-β (Fig. 1 D, 
Fig. 2, B–D, and Fig. S4, A–D). In total, 17/225 (8%) samples 
neutralized 100 pg/ml IFN-α2 and/or IFN-ω and/or 1 ng/ml IFN-β 
but did not neutralize high concentrations of any of the three 
type I IFNs tested.

Auto-Abs neutralizing IFN-α2, -β, or -ω in ∼40% of patients 
with WNV neuroinvasive disease
Among WNVD patients, the prevalence of auto-Abs was higher 
in patients with WNV neuroinvasive disease (WNV encephalitis, 
meningitis, or acute flaccid paralysis), with 64/200 (32%) having 
an OD >0.5 on ELISA, and 58/200 (29%) displaying the neu
tralization of high concentrations of at least one of the three type 
I IFNs tested (P = 9.75 × 10−4 and P = 4.37 × 10−6 vs. WNVIC and 
WNVF, respectively). In this subgroup of patients, samples from 
71/200 (36%) patients contained circulating auto-Abs neutral
izing at least 100 pg/ml IFN-α2 and/or IFN-ω and/or 1 ng/ml 
IFN-β. The prevalence of individuals carrying auto-Abs neu
tralizing type I IFNs was highest in the subgroup of patients 

of WNV-infected individuals: WNVIC, WNVF, and WNVD. IFN-α, auto-Abs neutralizing IFN-α2 (regardless of their effects on other IFNs); IFN-ω, auto-Abs 
neutralizing IFN-ω (regardless of their effects on other IFNs); IFN-α ± ω ± β, auto-Abs neutralizing IFN-α2 and/or IFN-ω and/or IFN-β; IFN-α + ω, auto-Abs 
neutralizing both IFN-α2 and IFN-ω. (C) Number of type I IFNs neutralized in the three groups of WNV-infected individuals (WNVIC, WNVF, and WNVD), as 
determined with the luciferase-based neutralization assay. (D) Proportion of type I IFNs neutralized in the three groups of WNV-infected individuals (WNVIC, 
WNVF, and WNVD) according to the nature and combination of auto-Abs.

Table 2. Type I IFN-neutralizing auto-Abs in the study population

Characteristic auto-Ab+, n = 82a No auto-Ab, n = 236a

Age (years) 69.52 [15.27] 60.88 [15.32]

≤40 3/29 (10%) 26/29 (90%)

41–65 20/137 (15%) 117/137 (85%)

>65 57/148 (39%) 91/148 (61%)

Unknown 0/4 (0%) 4/4 (100%)

Sex

F 19/107 (18%) 88/107 (82%)

M 62/207 (30%) 145/207 (70%)

Unknown 1/4 (25%) 3/4 (75%)

WNV groups

WNVD 81/225 (36%) 144/225 (64%)

WNVF 1/61 (2%) 60/61 (98%)

WNVIC 1/32 (3%) 31/32 (97%)

Subgroups of WNVD

Non-neuroinvasive WNVD 9/25 (36%) 16/25 (64%)

Neuroinvasive WNVD

-All 71/200 (36%) 129/200 (64%)

-WNE 59/154 (38%) 95/154 (62%)

-WNM 8/32 (25%) 24/32 (75%)

-AFP 2/7 (29%) 5/7 (71%)

-UNS 2/7 (29%) 5/7 (71%)

aMean [SD], counts, or frequency (%). WNE, WNV encephalitis; WNM, WNV 
meningitis; AFP, acute flaccid paralysis; UNS, unspecified neurological 
syndrome.
The round and square brackets indicate that individuals with ages at the 
extremes of the range are excluded (40 year-old individuals) or included 
(65-year-old individuals) in this age group.
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suffering from encephalitis—the most severe neuroinvasive 
manifestation of WNV infection—with 52/154 (34%) samples 
displaying an OD >0.5 on ELISA. In this subgroup of patients, 
samples from 49/154 (32%) patients neutralized high concen
trations of at least one of the three type I IFNs tested. In tests of 
the neutralization of more physiological concentrations, samples 
from 59/154 (38%) patients contained auto-Abs neutralizing at 
least 100 pg/ml IFN-α2 and/or IFN-ω and/or 1 ng/ml IFN-β, 
a prevalence higher than that in patients with acute flaccid pa
ralysis (2/7 [29%]), meningitis (8/32 [25%]), or unspecified 
neurological disease (2/7 [29%]), and hospitalized patients with 
no documented neuroinvasive disease (9/25 [36%]). Finally, for 
patients with available mortality data, auto-Abs neutralizing 100 
pg/ml IFN-α2 and/or IFN-ω and/or 1 ng/ml of IFN-β were de
tected in 43/127 (34%) patients with neuroinvasive disease (36/ 
95 [38%] with encephalitis) who survived, and in 10/23 (44%) 
patients with neuroinvasive disease (8/19 [42%] with encepha
litis) who died from WNV infection. Overall, consistent with our 
previous report (20), we found auto-Abs neutralizing IFN- 
α2 and/or IFN-β and/or IFN-ω in almost 40% of patients with 
WNV neuroinvasive disease, encephalitis in particular, from 
seven new cohorts enrolled in five countries, including two new 
geographic areas.

Auto-Abs neutralizing IFN-α2, -β, or -ω in 981 individuals with 
WNV infection from nine centers in five countries
We then performed a combined analysis on the six previously 
reported cohorts (20) and the seven new cohorts consisting of 
981 individuals with WNV infection recruited in nine centers in 
five countries between 2002 and 2024 (Fig. 3 A). The infecting 
WNV lineage was determined for 380/981 (39%) individuals 
(Fig. 3, A and B). There were 666 patients with WNVD (including 
548 suffering from neuroinvasive disease, 376 of whom had 
documented WNV encephalitis), 169 patients managed as out
patients for WNVF, and 146 WNVIC (Fig. S5, A and B). Mean age 
and sex distribution by disease group, by country, and by re
cruitment center are shown in Fig. S5, C–F. The overall preva
lence of auto-Abs neutralizing at least one type I IFN was 236/ 
666 (35%) in WNVD patients. The highest prevalence was found 
in WNVD patients from Israel (13/32 [40%]) and Italy (165/423 
[39%], including 7/13 [54%] in Milan, 54/116 [47%] in Pavia, 17/40 
[43%] in Turin, 25/58 [38%] in Bologna, 65/196 [33%] in Padua), 
followed by Austria (11/31 [35%]), Hungary (32/99 [32%]), and 
the USA (14/81 [17%]) (Fig. 3, C and D). The overall prevalence of 
auto-Abs neutralizing at least one type I IFN was 206/548 (38%) 
in patients with WNV neuroinvasive disease (135/376 [36%] in 
WNV encephalitis patients) and was highest in Israel (12/28 
[43%]) and Italy (141/321 [44%], including 6/12 [50%] in Milan, 
47/94 [50%] in Pavia, 16/38 [42%] in Turin, 22/52 [42%] in Bo
logna, and 50/125 [40%] in Padua), followed by Austria (10/26 
[38%]), Hungary (29/92 [32%]), and the USA (14/81 [17%]). The 
prevalence of auto-Abs neutralizing at least one type I IFN was 
16/84 (19%) in WNVD patients recruited between 2002 and 2017, 
67/165 (41%) in those recruited in 2018, 5/12 (42%) in 2019, 1/1 
(100%) in 2021, 78/217 (36%) in 2022, 34/71 (48%) in 2023, and 
35/116 (30%) in 2024 (Fig. 3, E and F). The proportion of in
dividuals with WNVF from the new cohorts carrying auto-Abs 

was similar to that in the general population (1/61 [2%]) and 
lower than that in WNVF patients from the previously reported 
cohorts (15/108 [14%]) (20). In the WNVF patients of the previ
ously reported cohorts, substantial differences were observed 
between recruitment centers, possibly reflecting differences in 
the clinical criteria used to define WNVF and disease severity 
between centers and across years of recruitment or misclassi
fication due to missing follow-up data and the unreported clin
ical worsening and hospitalization of some patients initially 
tested for WNVF.

Auto-Abs neutralizing IFN-α2, -β, or -ω by infecting WNV 
lineage
The infecting WNV lineage was determined for 66/146 (45%) 
WNVIC, 84/169 (50%) patients with WNVF, and 230/666 (35%) 
WNVD patients (Fig. 3, A and B). The proportions of individuals 
infected with WNV-1 or WNV-2 were comparable in the three 
WNV infection groups. WNV-1 was detected in 16/66 (24%) 
WNVIC, in 21/84 (25%) patients with WNVF, and in 69/230 
(30%) of the samples obtained from WNVD patients during the 
2022 summer outbreak in Padua (Fig. 3, A and B). WNV-2 was 
detected in 50/66 (76%) WNVIC, 63/84 (75%) patients with 
WNVF, and in 161/230 (70%) samples from WNVD patients from 
Austria, Hungary, Bologna, and Padua obtained in 2018, 2019, 
2021, 2022, 2023, and 2024 (Fig. 3, A and B). We found auto-Abs 
neutralizing low concentrations of IFN-α2 and/or IFN-ω and/or 
intermediate concentrations of IFN-β in 23/69 (33%) WNVD 
patients infected with the WNV-1 lineage, including 19/56 (34%) 
patients with WNV neuroinvasive disease (14/35 [40%] with 
meningitis, 1/2 [50%] with acute flaccid paralysis, and 4/19 [21%] 
with encephalitis), and in 58/161 (36%) WNVD patients infected 
with the WNV-2 lineage, including 48/104 (46%) patients with 
WNV neuroinvasive disease (13/31 [42%] with meningitis, 
none—0/1—with acute flaccid paralysis, 6/19 [32%] with 
unspecified neurological syndrome, and 29/53 [55%] with 
encephalitis) (Fig. 3, A and B; and Table S1). Thus, we found no 
substantial difference in the prevalence of auto-Abs between 
WNVD patients infected with WNV-1 and WNVD patients in
fected with WNV-2 viruses (23/69 [33%] vs. 58/161 [37%], P = 
0.81). The higher prevalence of individuals carrying auto-Abs 
among those with WNV neuroinvasive disease due to WNV- 
2 than among those with WNV neuroinvasive disease due to 
WNV-1 viruses, particularly for patients with encephalitis (29/ 
53 [55%] vs. 4/19 [21%], P = 0.02), requires confirmation in fu
ture studies and may reflect sample selection at diagnosis for 
virological studies or, alternatively, differences in the neurot
ropism of the viral lineages in individuals with impaired type I 
IFN immunity in the blood or at the blood–brain barrier due to 
circulating auto-Abs.

Higher prevalence of auto-Abs in male individuals
We previously showed that age and sex influence the prevalence 
of auto-Abs neutralizing type I IFNs. We therefore analyzed the 
effects of both variables on the prevalence of auto-Abs neutral
izing low concentrations of IFN-α2 and/or IFN-ω and/or inter
mediate concentrations of IFN-β in each disease category. For 
2/225 WNVD patients, sex and age were not reported; for 2/225 
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Figure 3. Numbers of patients with auto-Abs neutralizing type I IFNs by center, year of enrollment, and lineage in 13 cohorts from five countries. 
(A) Distribution by year (x axis), recruitment center (colors), and infecting WNV virus lineage (WNV-1, dashed boxes; WNV-2, dotted boxes) of the individuals 
with WNVD recruited. Of the 666 patients with WNVD, 423 were recruited in Italy: 116 in Pavia (20 in 2018, 50 in 2022, and 46 in 2023), 196 in Padua (89 in 2018 
and 107 in 2022), 58 in Bologna (47 in 2022 and 11 in 2023), 40 in Turin (29 in 2018 and 11 in 2022), and 13 in Milan (13 in 2023); 99 patients were recruited in 
Budapest, Hungary (20 in 2018, 11 in 2019, and 68 in 2024); 32 were recruited in Tel Aviv, Israel, in 2024; 31 were recruited in Vienna, Austria, between 2015 and 
2024; and 81 were recruited in Houston, Texas, USA, between 2002 and 2010. In total, 84/666 (13%) patients were recruited between 2002 and 2017, 165/666 
(25%) were recruited in 2018, 12/666 (18%) were in 2019, 1/666 was recruited in 2021, 217/666 (33%) were recruited in 2022, 71/666 (11%) were recruited in 
2023, and 116/666 (17%) were recruited in 2024. (B) Number of individuals with auto-Abs neutralizing at least one type I IFN at a concentration of 100 pg/ml 
(IFN-α2 and IFN-ω) or 1 ng/ml (IFN-β) in subgroups of WNND patients: WNE, WNM, AFP, and UNS, by WNV lineage. (C and D) Number and prevalence of 
individuals with auto-Abs neutralizing at least one type I IFN at a concentration of 100 pg/ml (IFN-α2 and IFN-ω) or 1 ng/ml (IFN-β) in the three groups of 
individuals infected with WNV (WNVIC, WNVF, and WNVD), by enrollment center. (E and F) Number and prevalence of individuals with auto-Abs neutralizing at 
least one type I IFN at a concentration of 100 pg/ml (IFN-α2 and IFN-ω) or 1 ng/ml (IFN-β) in the three groups of individuals infected with WNV (WNVIC, WNVF, 
and WNVD), by enrollment year. WNND, WNV neuroinvasive disease, a subset of WNVD; WNE, WNV encephalitis; WNM, WNV meningitis; AFP, acute flaccid 
paralysis; UNS, unspecified neurological syndrome (subsets of WNND group).
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additional WNVD patients, sex was reported but not age; and for 
1/61 WNVF patients, age was reported but not sex. In the WNVD 
group, the prevalence of auto-Abs was higher in male subjects 
than in female subjects in the new cohorts (60/147 [41%] vs. 19/76 
[25%], odds ratio [OR] = 2.07, 95% CI: 1.13–3.89, P = 0.02), and in 
the total cohort of 664/981 patients with WNVD and for whom 
sex data were available (172/433 [40%] vs. 63/231 [27%], OR = 
1.75, 95% CI: 1.24–2.48, P = 1.7 × 10−3). A similar trend was ob
served in the neuroinvasive disease group in the new cohorts 
(53/130 [41%] male patients vs. 17/68 [25%] female patients, OR = 
2.06, 95% CI: 1.09–4.04, P = 0.03) and in the total cohort of 546/ 
981 patients with neuroinvasive disease and available sex data 
(149/362 [41%] male patients vs. 56/184 [30%] female patients, 
OR = 1.59, 95% CI: 1.09–2.33, P = 0.02). By contrast, no difference 
in the prevalence of the auto-Abs between the sexes was ob
served in WNVIC (1/27 [4%] male patients vs. 0/5 female pa
tients, P = 1.0) or in the WNVF group (1/33 [3%] male patients vs. 
0/27 female patients, P = 1.0) in the seven new cohorts, and in 
WNVIC (3/114 [3%] male patients vs. 0/32 female patients, P = 1) 
or the WNVF group (11/88 [13%] male patients vs. 5/80 [6%] 
female patients, P = 0.17) in the total cohort (Fig. 4 A and 
Table S2).

Higher prevalence of auto-Abs in individuals over the age of 
65 years
The individuals with neutralizing auto-Abs were significantly 
older than those without them in the seven new cohorts (mean 
age [SD], 70 [15] vs. 61 [15] years; P = 2.43 × 10−5) and in the total 
cohort of 977/981 individuals for whom age data were available 
(mean age [SD], 71 [15] vs. 60 [17] years; P = 2.18 × 10−19). This 
difference was driven primarily by the older age of the in
dividuals with auto-Abs in the WNVD group (mean age [SD], 72 
[14] vs. 65 [16] years; P = 1.9 × 10−7 in the group of 662 WNVD 
patients with available age data). By contrast, mean age did not 
differ significantly between individuals with and without auto- 

Abs in the group of 168 individuals with WNVF and available age 
data (mean age [SD], 57 [18] vs. 54 [18] years; P = 0.41). Strati
fication by age group (≤40, 41–65, and >65 years) in the new 
cohorts confirmed our previous observations [19], with auto-Abs 
neutralizing low concentrations of IFN-α2 and/or IFN-ω and/or 
intermediate concentrations of IFN-β being more frequent in 
patients with severe disease, particularly older individuals. In 
individuals aged ≤40 years, no auto-Abs were detected in the 
WNVIC group, whereas auto-Abs were present in 3/45 (7%) 
WNVF patients and 8/42 (19%) WNVD patients. The prevalence 
of auto-Abs increased with age. In the 41–65 years age group, 
auto-Abs were detected in 3/105 (3%) WNVIC, 8/83 (10%) WNVF 
patients, and 45/203 (22%) WNVD patients. The prevalence of 
the auto-Abs increased sharply after the age of 65 years, with 
auto-Abs detected in 0/14 WNVIC, 5/41 (12%) WNVF, and 181/417 
(43%) WNVD cases (Fig. 4 B). Thus, the risk of carrying auto-Abs 
increased with age and was higher in subjects >65 years old than 
in subjects ≤65 years old in the WNVD group (181/417 [43%] vs. 
53/245 [22%], OR = 2.78, 95% CI: 1.95–4.01; P = 2.77 × 10−8), in 
patients with neuroinvasive disease (162/362 [45%], vs. 42/182 
[23%] OR = 2.7, 95% CI: 1.82–4.07; P = 1.30 × 10−6), and in patients 
with encephalitis (108/262 [41%] vs. 25/111 [23%], OR = 2.78, 95% 
CI: 1.95–4.01; P = 2.77 × 10−8). The prevalence of these auto-Abs 
was highest in males >65 years of age with encephalitis (81/173 
[47%]).

Auto-Abs neutralizing type I IFNs are as rare in WNVIC and 
patients with WNVF as in the general population
For estimation of the risk of clinical disease conferred by the 
presence and nature of auto-Abs neutralizing type I IFNs, we 
compared the proportions of subjects carrying various types and 
combinations of neutralizing auto-Abs with the proportions in 
individuals carrying the corresponding neutralizing auto-Abs 
among 34,159 healthy men and women aged 18–100 years from 
the French general population, after adjustment for age and sex 

Figure 4. Proportions of patients with auto-Abs neutralizing type I IFNs by sex and age in 13 cohorts from five countries. (A) Prevalence of individuals 
with auto-Abs neutralizing at least one type I IFN at a concentration of 100 pg/ml (IFN-α2 and IFN-ω) or 1 ng/ml (IFN-β) in the three groups of individuals 
infected with WNV (WNVIC, WNVF, and WNVD), by sex. (B) Prevalence of individuals with auto-Abs neutralizing at least one type I IFN at a concentration of 
100 pg/ml (IFN-α2 and IFN-ω) or 1 ng/ml (IFN-β) in the three groups of WNV-infected individuals (WNVIC, WNVF, and WNVD), by age class.
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(23). We found no significant difference in the prevalence of 
neutralizing auto-Abs between WNVIC and the general popu
lation, regardless of the type or combination of auto-Abs con
sidered, in both a separate analysis of the new cohorts (n = 32 
WNVIC) and a combined analysis of these and the previously 
described cohorts (n = 146 WNVIC) (1/32 [3%] vs. 295/13,570 
[2%], OR = 1.97, 95% CI: 0.39–9.94, P = 0.46; and 3/146 [2%] vs. 
295/13,570 [2%], OR = 1.04, 95% CI: 0.36–3.01, P = 0.95, for auto- 
Abs neutralizing 100 pg/ml IFN-α2 and/or IFN-ω for the new 
cohorts and the total cohort, respectively), consistent with the 
absence of clinical disease despite documented WNV infection in 
this group (Fig. 3, C and D; and Fig. 5). Similarly, we found no 
significant difference in the prevalence of neutralizing auto-Abs 
between individuals with WNVF in the new cohorts (n = 61 
WNVF) and individuals in the general population, regardless of 
the type or combination of auto-Abs considered (1/61 [2%] vs. 
295/13,570 [2%], OR = 1.12, 95% CI: 0.22–5.63, P = 0.89 for auto- 
Abs neutralizing 100 pg/ml IFN-α2 and/or IFN-ω) (Fig. 5, Fig. 6 
C, and Table 3). This finding contrasts with the higher preva
lence of auto-Abs neutralizing various combinations of type I 
IFNs in patients with WNVF in our previous study (15/108 [14%]) 
(20), and therefore in the combined analysis of the new and 
previously reported cohorts (n = 169 WNVF), resulting in an ∼5– 
20 times increase in the risk of WNVF depending on the type and 
nature of the neutralizing auto-Abs (16/169 [10%] vs. 295/13570 
[2%], OR = 4.7, 95% CI: 2.8–7.9, P = 1.37 × 10−6 for auto-Abs 
neutralizing 100 pg/ml IFN-α2 and/or IFN-ω), (Fig. 5, Fig. 6 D, 
and Table 3).

Risk of WNVF conferred by the auto-Abs in the new and total 
cohorts
The criteria for assignment to the WNVF group were identical 
for this and the initial study, but for several of the newly re
cruited cases, we obtained access to longitudinal documentation, 
making it possible to distinguish accurately between true WNVF 
cases (that is, individuals never hospitalized during the course of 
WNV infection) and patients initially assigned to the WNVF 
group but subsequently displaying progression to more severe 
disease. A longitudinal analysis of the clinical data showed that 
17/78 [22%] of the patients initially referred for WNVF were later 
hospitalized (and were therefore reassigned to the WNVD 
group), with clinical signs of neuroinvasive disease reported in 
12/17 (71%) cases. Strikingly, samples from one of these 17 pa
tients (6%) neutralized both high and low concentrations of IFN- 
α2, and samples from another patient (6%) neutralized both high 
and low concentrations of IFN-ω. This two-step course of the 
disease is reminiscent of that observed in severe SARS-CoV-2 
infection, for which a pathogenetic model has been proposed 
(40). These observations also highlight the need for consistent 
definitions of WNVD categories, particularly for WNVF, as 
considerable heterogeneity is observed between studies (41, 42, 
43), with the definition of WNVF ranging from self-reported, 
mild clinical disease (14) to severe clinical disease requiring 
hospitalization in individuals not undergoing lumbar puncture 
(44). Overall, the study of seven new cohorts of patients with 
WNV infection modulates our previous findings, suggesting that 
the risk of mild WNVF is increased little, if at all, by the presence 

of auto-Abs neutralizing type I IFNs, at least under the experi
mental conditions used here to test for type I IFN-neutralizing 
activity in patient samples.

Risk of WNVD in individuals with auto-Abs neutralizing type I 
IFNs
The prevalence of auto-Abs, both overall and in various combi
nations, was significantly higher in WNVD patients than in the 
general population. The presence of auto-Abs neutralizing at 
least low concentrations of IFN-α2 and/or IFN-ω, whether con
sidering or not neutralization of IFN-β, was associated with an 
∼15–20 times higher risk of WNVD in both the new cohorts and 
in the overall study population consisting of the new and pre
viously studied cohorts analyzed together (Fig. 5; Fig. 6, C and D; 
and Table 3). A combination of auto-Abs neutralizing at least low 
concentrations of both IFN-α2 and IFN-ω was associated with a 
40–50 times increase in the risk of WNVD, both in the new co
horts and in the overall study population (Fig. 5; Fig. 6, C and D; 
and Table 3). The risk of clinical disease was higher in in
dividuals carrying auto-Abs able to neutralize high concen
trations (10 ng/ml) of IFN-α2, IFN-β, or IFN-ω. The presence of 
auto-Abs neutralizing combinations of high concentrations of 
IFN-α2 and/or IFN-β and/or IFN-ω resulted in an ∼30–80-fold 
increase in the risk of severe WNVD (Table 3). The risk was 
higher in individuals with auto-Abs neutralizing a combination 
of high concentrations (10 ng/ml) of both IFN-α2 and IFN-ω, 
with an ∼100–120 times increase in the risk for auto-Abs neu
tralizing high concentrations of both IFN-α2 and IFN-ω re
gardless of the presence of auto-Abs neutralizing IFN-β in the 
new and total cohorts (Fig. 6, C and D; and Table 3). Individuals 
with a combination of auto-Abs neutralizing high concen
trations (10 ng/ml) of IFN-α2, IFN-β, and IFN-ω had the highest 
risk of severe clinical disease, with an ∼170-fold (overall cohorts) 
to 350-fold (new cohorts) increase in the risk of WNVD (Table 3).

Risk of neuroinvasive disease in individuals with auto-Abs 
neutralizing type I IFNs
Among WNVD patients, the prevalence of auto-Abs, overall and 
in various combinations, was significantly higher in the sub
group of individuals with neuroinvasive disease than in the 
general population. The presence of auto-Abs neutralizing at 
least low concentrations of IFN-α2 and/or IFN-ω, whether con
sidering or not neutralization of IFN-β, was associated with an 
∼15–20 times higher risk of neuroinvasive disease, encephalitis 
in particular, in both the new cohorts (OR = 18.8; 95% CI: 13.1–27, 
P < 10−16 for encephalitis) and in the overall study population 
consisting of the new and previously studied cohorts analyzed 
together (OR = 17.7; 95% CI: 13.8–22.8, P < 10−16 for encephalitis) 
(Fig. 5, Fig. 7, A–D, and Table S3). A combination of auto-Abs 
neutralizing at least low concentrations of both IFN-α2 and 
IFN-ω was associated with an ∼40–50 times increase in the risk 
of neuroinvasive disease, encephalitis in particular, in both the 
new cohorts and in the overall study population (Fig. 7, A–D; and 
Table S3). The presence of auto-Abs neutralizing combinations 
of high concentrations of IFN-α2 and/or IFN-β and/or IFN-ω 
resulted in ∼30–80-fold increase in the risk of neuroinvasive 
disease, encephalitis in particular (Fig. 7, A–D; and Table S3). The 
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presence of auto-Abs neutralizing a combination of high con
centrations (10 ng/ml) of both IFN-α2 and IFN-ω resulted in an 
∼100–>200 times increase in the risk of neuroinvasive disease, 
encephalitis in particular, in both the new cohorts and the 
overall study population (Fig. 7, A–D; and Table S3). Individuals 

with a combination of auto-Abs neutralizing high concen
trations (10 ng/ml) of IFN-α2 and IFN-β and IFN-ω had the 
highest risk of neuroinvasive disease, encephalitis in particular, 
with a >100-fold (overall cohorts) to >200-fold (new cohorts) 
increase in the risk (Table S3).

Figure 5. Frequency of auto-Abs against type I IFNs in the WNVIC, WNVF, and WNVD groups and the two WNVD subgroups (WNVD without ev
idence of neuroinvasive disease and WNND) relative to the general population in the seven new cohorts and the overall study population consisting 
of all 13 cohorts. Horizontal bars represent the 95% CI limits. IFN-α, auto-Abs neutralizing IFN-α2 (regardless of effects on other IFNs); IFN-ω, auto-Abs 
neutralizing IFN-ω; IFN-α ± ω ± β, auto-Abs neutralizing IFN-α2 and/or IFN-ω and/or IFN-β; IFN-α + ω, auto-Abs neutralizing both IFN-α2 and IFN-ω; WNND, 
WNV neuroinvasive disease. ns, nonsignificant; ****P < 10−4.
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Risk of WNVD due to auto-Abs neutralizing type I IFNs in 
subjects ≤65 years old
The calculated risk of WNVD conferred by the auto-Abs was 
greatest in subjects ≤65 years old for all combinations of auto- 
Abs neutralizing low, intermediate, or high concentrations of 
the three type I IFNs tested (Fig. 8, A–D and Table 3). In subjects 
≤65 years old, the presence of auto-Abs neutralizing high con
centrations (10 ng/ml) of IFN-α2 combined with auto-Abs neu
tralizing high (10 ng/ml) or low (100 pg/ml) concentrations of 
IFN-ω resulted in an ∼500 to ∼1,500 increase in the risk of 
WNVD in the new cohorts and the overall study population 
(Fig. 8, A–D and Table 3). The calculated risk was similarly high 
in the subgroup of patients with neuroinvasive disease in the 
new cohorts and the total cohort (Table S3). In the subgroup of 
patients with encephalitis, the most severe manifestation of 
WNV infection, auto-Abs neutralizing at least 100 pg/ml of both 
IFN-α2 and IFN-ω conferred an ∼400 to ∼700 times increase in 

risk for the new and total cohorts, whereas auto-Abs neutraliz
ing both high concentrations of IFN-α2 and any concentration 
tested (high or low) of IFN-ω were associated with the highest 
risk, >2,000 times higher than for the reference group (OR = 
2,597.5; 95% CI: 117.1–57597.3, P = 3.93 × 10−12 and OR = 2,218.4; 
95% CI: 125.1–39337.7, P < 10−16 for the new and total cohorts, 
respectively) (Table S3).

Risk of WNVD due to auto-Abs neutralizing type I IFNs in 
subjects >65 years old
In subjects >65 years old, a combination of auto-Abs neutralizing 
a combination of high concentrations of both IFN-α2 and IFN-ω, 
regardless of the neutralization of IFN-β, resulted in an ∼80 
times higher risk of WNVD (Fig. 8, A–D and Table 3), neuro
invasive disease, and encephalitis in particular (Table S3), both 
in the new and total cohorts. A combination of auto-Abs neu
tralizing high concentrations of the three auto-Abs tested 

Figure 6. ORs for the presence of auto-Abs in the WNV groups relative to the general population. (A–D) ORs for the presence of auto-Abs in the WNVIC 
group relative to the general population, adjusted for age and sex with Firth’s bias-corrected logistic regression, in the seven new cohorts (A) and the overall 
study population consisting of 13 cohorts (B). ORs for the presence of auto-Abs in individuals with WNVF and WNVD in the seven new cohorts (C) and the 
overall study population consisting of 13 cohorts (D) relative to the general population, also adjusted for age and sex via logistic regression. Horizontal bars 
represent the 95% CI limits. IFN-α, auto-Abs neutralizing IFN-α2 (regardless of effects on other IFNs); IFN-ω, auto-Abs neutralizing IFN-ω; IFN-α ± ω ± β, auto- 
Abs neutralizing IFN-α2 and/or IFN-ω and/or IFN-β; IFN-α + ω, auto-Abs neutralizing both IFN-α2 and IFN-ω. ns, nonsignificant; ****P < 10−4.
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Table 3. Risk of WNVF or WNVD in subjects carrying auto-Abs neutralizing specific sets of type I IFNs, relative to the general population, with 
adjustment for age and sex and risk of WNVD by age group

Anti–type I IFN auto-Ab (amount of type I IFN neutralized, in 
plasma diluted 1:10)

New cohort Overall cohort

WNV 
group

OR [95% CI] P value OR [95% CI] P value

Anti-IFN-ω (100 pg/ml) regardless of other type I IFNs neutralization WNVF 1.6 [0.3–7.8] 0.6 5.8 [3.3–10.1] 5.0 × 10−7

Anti-IFN-α2 (100 pg/ml) regardless of other type I IFNs neutralization WNVF 0.7 [0.1–11.8] 0.8 5 [2.3–9.9] 1.5 × 10−4

Anti-IFN-α2 (100 pg/ml) and/or anti-IFN-ω (100 pg/ml) and/or anti- 
IFN-β (10 ng/ml)

WNVF 1.0 [0.2–5.2] 1.0 4.3 [2.6–7.3] 4.1 × 10−6

Anti-IFN-α2 (100 pg/ml) and/or anti-IFN-ω (100 pg/ml) regardless of 
anti-IFN-β

WNVF 1.12 [0.2–5.6] 0.9 4.7 [2.8–7.9] 1.4 × 10−6

Anti-IFN-α2 (100 pg/ml) and anti-IFN-ω (100 pg/ml) regardless of anti- 
IFN-β

WNVF 1.6 [0.1–26.4] 0.8 8.7 [4–19.1] 2.1 × 10−5

Anti-IFN-ω (10 ng/ml) regardless of other type I IFNs neutralization WNVF 2.5 [0.2–39.8] 0.6 12.8 [6–27.5] 1.2 × 10−6

Anti-IFN-α2 (10 ng/ml) regardless of other type I IFNs neutralization WNVF 2.4 [0.1–39.1] 0.6 12.1 [5.6–26.2] 2 × 10−6

Anti-IFN-α2 (10 ng/ml) and/or anti-IFN-ω (10 ng/ml) and/or anti-IFN-β 
(10 ng/ml)

WNVF 0.8 [0.1–13.4] 0.9 5.7 [2.9–11.3] 5.3 × 10−5

Anti-IFN-α2 (10 ng/ml) and/or anti-IFN-ω (10 ng/ml) regardless of 
anti-IFN-β

WNVF 1.5 [0.1–24.4] 0.8 10.0 [5.1–19.8] 4.4 × 10−7

Anti-IFN-α2 (10 ng/ml) and anti-IFN-ω (10 ng/ml) regardless of anti- 
IFN-β

WNVF 6.2 [0.4–101.9] 0.3 22.5 [9–56.1] 1.8 × 10−6

Anti-IFN-α2 (10 ng/ml) and anti-IFN-ω (100 pg/ml) regardless of anti- 
IFN-β

WNVF 3.0 [0.2–50.6] 0.5 14.0 [5.7–34] 6.1 × 10−6

Anti-IFN-ω (100 pg/ml) regardless of other type I IFNs neutralization WNVD (all) 22.6 [16.2–31.2] <10−16 23.4 [18.8–29.3] <10−16

WNVD ≤65 32 [17–59.9] <10−16 26 [17–39.6] <10−16

WNVD >65 27.7 [18.3–41.9] <10−16 26.9 [20.4–35.5] <10−16

Anti-IFN-α2 (100 pg/ml) regardless of other type I IFNs neutralization WNVD (all) 24.5 [17.3–34.5] <10−16 27.2 [21.5–34.4] <10−16

WNVD ≤65 89.2 [43.9–181.3] <10−16 66.3 [38.1–115.4] <10−16

WNVD >65 21.8 [14.4–32.8] <10−16 24.7 [18.9–32.4] <10−16

Anti-IFN-α2 (100 pg/ml) and/or anti-IFN-ω (100 pg/ml) and/or anti- 
IFN-β (10 ng/ml)

WNVD (all) 17.4 [12.7–23.7] <10−16 17.4 [14.1–21.4] <10−16

WNVD ≤65 27.9 [16.3–47.8] <10−16 19.2 [13.2–27.9] <10−16

WNVD >65 17.8 [11.9–26.4] <10−16 19 [14.5–24.6] <10−16

Anti-IFN-α2 (100 pg/ml) and/or anti-IFN-ω (100 pg/ml) regardless of 
anti-IFN-β

WNVD (all) 18.7 [13.8–23.4] <10−16 18.9 [15.4–23.1] <10−16

WNVD ≤65 36.6 [21.1–63.6] <10−16 24.5 [16.7–36.0] <10−16

WNVD >65 19.8 [13.4–29.3] <10−16 20.8 [16.2–26.9] <10−16

Anti-IFN-α2 (100 pg/ml) and anti-IFN-ω (100 pg/ml) regardless of anti- 
IFN-β

WNVD (all) 41.7 [27.9–62.2] <10−16 49.7 [37–67.1] <10−16

WNVD ≤65 426.4 [114.5–1,587.9] <10−16 300 [106.5–845] <10−16

WNVD >65 38.3 [24.3–60.2] <10−16 40.5 [29.3–56] <10−16

Anti-IFN-ω (10 ng/ml) regardless of other type I IFNs neutralization WNVD (all) 52.9 [36–77.5] <10−16 57.1 [43.5–75] <10−16

WNVD ≤65 162 [75.2–348.8] <10−16 138.9 [81.7–236] <10−16

WNVD >65 43.7 [28.3–67.4] <10−16 42 [31–57] <10−16

Anti-IFN-α2 (10 ng/ml) regardless of other type I IFNs neutralization WNVD (all) 51.1 [35–74.4] <10−16 63.1 [48.6–81.8] <10−16

WNVD ≤65 300.2 [137.4–665.1] <10−16 213.7 [117.6–388.6] <10−16

WNVD >65 37.4 [24.5–57.2] <10−16 46.9 [35.3–62.3] <10−16

Anti-IFN-α2 (10 ng/ml) and/or anti-IFN-ω (10 ng/ml) and/or anti-IFN-β 
(10 ng/ml)

WNVD (all) 28.8 [20–41.4] <10−16 31.2 [23.9–40.7] <10−16

WNVD ≤65 60.3 [30.1–120.8] <10−16 44.4 [26.7–74] <10−16

WNVD >65 25.8 [16.8–39.9] <10−16 29 [21.2–39.6] <10−16
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conferred the highest risk in this age group, with a >100 times 
increase in the risk of WNVD and neuroinvasive disease (Table 3
and Table S3). Overall, the presence of auto-Abs neutralizing 
type I IFNs confers a very high risk of WNVD in all age groups. 
The biological and medical impact of various combinations of 
auto-Abs was considerable in both the under- and over-65s. The 
lower ORs calculated for individuals aged 65 years or older re
flect both a higher baseline risk of severe disease in the absence 
of auto-Abs and the higher baseline prevalence of auto-Abs in 
the elderly (45). These results are consistent with previous re
ports on anti–type I IFN auto-Abs in individuals <65 years old (or 
70 years old as a cutoff, in some studies) with hypoxemic COVID- 
19 pneumonia (45), critical influenza pneumonia (46), or WNVD 
(20). Overall, the data for the seven new cohorts of WNVD pa
tients from five countries confirm the strong effect of auto-Abs 
neutralizing type I IFNs on the risk of developing severe disease 
following exposure to WNV and demonstrate that impaired type 
I IFN immunity is a major determinant of WNVD and neuro
invasive disease. Auto-Abs neutralizing type I IFNs underlie 
life-threatening WNVD in a significant proportion of cases, 
considerably increasing the likelihood of neuroinvasive disease 
and encephalitis in particular.

Discussion
These findings extend those of our previous report of seven 
cohorts (20) and three recent reports (24, 25, 26). They confirm 
that auto-Abs neutralizing type I IFNs underlie almost half of all 
cases of WNV encephalitis. These auto-Abs have now been found 

in 13 unrelated cohorts from nine centers in five countries in 
Europe, the Middle East, and North America, in samples col
lected from 2002 to 2024, and in other patients from Italy, 
Germany, and Israel (24, 25, 26). When analyzed collectively, the 
ORs for encephalitis were found to be very high, ranging from 
∼20 for auto-Abs neutralizing low concentrations of IFN- 
α2 and/or IFN-ω to >2,000 for auto-Abs neutralizing high con
centrations of IFN-α2 together with IFN-ω in the under-65s. The 
proportion of cases with neuroinvasive disease carrying auto- 
Abs neutralizing one or more type I IFN was also very high, and 
equally so across cohorts, with a mean frequency of 38% and a 
range of 17–50% of cases. These variations may depend on dif
ferences in disease group assignment, suggesting that consistent 
definitions of disease severity and neurological involvement and 
follow-up data for infected individuals are required.

Such high ORs and proportions are unprecedented for human 
infectious diseases (47, 48). The ORs were calculated by com
paring patients with WNV encephalitis relative to individuals 
untested for WNV infection in a large sample of the general 
population. In our cohort, the proportion of individuals with 
silent WNV infection carrying the auto-Abs did not significantly 
differ from that in the general population. Yet, our sample of 
WNVIC is much smaller (146 WNVIC vs. >10,000 individuals of 
the corresponding age groups) and includes only 14 subjects 
>65 years old, none of whom carried the auto-Abs. It is reason
able to predict that the proportion of individuals carrying the 
auto-Abs among those with silent WNV infection, selected as 
appropriate controls on the basis of their resistance to severe 
disease, could be even smaller than that in the general population, 

Table 3. Risk of WNVF or WNVD in subjects carrying auto-Abs neutralizing specific sets of type I IFNs, relative to the general population, with 
adjustment for age and sex and risk of WNVD by age group (Continued)

Anti–type I IFN auto-Ab (amount of type I IFN neutralized, in 
plasma diluted 1:10)

New cohort Overall cohort

WNV 
group

OR [95% CI] P value OR [95% CI] P value

Anti-IFN-α2 (10 ng/ml) and/or anti-IFN-ω (10 ng/ml) regardless of 
anti-IFN-β

WNVD (all) 38.4 [27.0–54.6] <10−16 45.6 [36.1–57.6] <10−16

WNVD ≤65 172.1 [88.9–332.9] <10−16 120.7 [75.5–192.9] <10−16

WNVD >65 28.8 [19.1–43.2] <10−16 34.8 [26.7–45.3] <10−16

Anti-IFN-α2 (10 ng/ml) and anti-IFN-ω (10 ng/ml) regardless of anti- 
IFN-β

WNVD (all) 104.6 [66.5–164.4] <10−16 119.7 [83.8–171] <10−16

WNVD ≤65 548.2 [173.3–1,733.9] <10−16 538.2 [208.1– 
1,391.8]

<10−16

WNVD >65 80 [49.1–130.5] <10−16 80.8 [55.4–117.8] <10−16

Anti-IFN-α2 (10 ng/ml) and anti-IFN-ω (100 pg/ml) regardless of anti- 
IFN-β

WNVD (all) 57.2 [34.1–95.8] <10−16 77.5 [50.5–118.9] <10−16

WNVD ≤65 1,730.9 [92.4– 
32,443.2]

2.2 × 
10−16

1,517 [91.5–25,181.1] <10−16

WNVD >65 45.2 [26.2–78.1] <10−16 55.3 [35.7–85.5] <10−16

Anti-IFN-α2 (10 ng/ml) and anti-IFN-ω (10 ng/ml) and anti-IFN-β 
(10 ng/ml)

WNVD (all) 347.7 [18.9–6,381.4] 5.9 × 10−9 173.0 [10.0– 
3,002.8]

4.9 × 
10−10

WNVD ≤65 200.2 [9.4–4,270.8] 7.9 × 10−5 74.0 [3.5–1,559.6] 9 × 10−4

WNVD >65 177.2 [9.0–3,497.7] 1.1 × 10−5 116.8 [6.6–2,063.7] 1.1 × 10−7

≤65 and >65 indicate age cutoffs, in years; anti-IFN-ω and anti-IFN-α2 indicate auto-Abs neutralizing IFN-ω or IFN-α2, respectively, regardless of their effects 
on other type I IFNs.
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Figure 7. ORs for the presence of auto-Abs in the WNVD group relative to the general population. (A–D) ORs for the presence of auto-Abs in the WNVD 
group and the two WNVD subgroups (WNVD without evidence of neuroinvasive disease and WNV neuroinvasive disease, WNND) relative to the general 
population, adjusted for age and sex with Firth’s bias-corrected logistic regression, in the seven new cohorts (A) and the overall study population consisting of 13 
cohorts (B). ORs for the presence of auto-Abs in the WNND group and the four WNND subgroups (WNE, WNV encephalitis; WNM, WNV meningitis; AFP, acute 
flaccid paralysis; UNS, unspecified neurological syndrome) in the seven new cohorts (C) and in the overall study population consisting of 13 cohorts (D) relative 
to the general population, also adjusted for age and sex via logistic regression. Horizontal bars represent the 95% CI limits. IFN-α, auto-Abs neutralizing IFN- 
α2 (regardless of effects on other IFNs); IFN-ω, auto-Abs neutralizing IFN-ω; IFN-α ± ω ± β, auto-Abs neutralizing IFN-α2 and/or IFN-ω and/or IFN-β; IFN-α + 
ω, auto-Abs neutralizing both IFN-α2 and IFN-ω. ns, nonsignificant; ****P < 10−4.
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in particular among individuals >65 years old, resulting in higher 
ORs for WNVD and encephalitis. This is also suggested by our 
observation that, in the new cohorts, no samples from WNVIC and 
mild WNVF patients neutralized IFN-α2, and there were no sub
jects with auto-Abs neutralizing more than one type I IFN, while 
1.4% of individuals in the general population carry auto-Abs 
neutralizing IFN-α2 and 0.6% carry auto-Abs neutralizing two 
or more type I IFNs (23).

The cells infected with WNV in which type I IFN activity is 
blocked by these auto-Abs, resulting in encephalitis, remain to 
be identified (22). Candidates include leukocytes, cells at the 
blood–brain barrier, and cells within the central nervous system 
(22). This study has important clinical implications. People at 
risk of having auto-Abs against type I IFNs, including individuals 

with a history of autoimmunity or viral disease or over the age of 
70 years, should be screened. Patients with auto-Abs neutraliz
ing type I IFNs should be considered at risk and should avoid 
inhabiting or traveling to areas in which WNV is endemic. If this 
cannot be avoided or if they are outdoor workers living in en
demic areas (49, 50), they should protect themselves against 
mosquitoes and, if bitten, should seek medical attention before 
the possible development of clinical disease. The development of 
a vaccine against WNV is a public health priority, and screening 
for these auto-Abs might guide future vaccine-based prevention 
strategies, as live-attenuated WNV vaccines may be harmful in 
patients with auto-Abs against type I IFNs (29, 30). Patients 
hospitalized for WNV encephalitis should be tested for auto-Abs, 
as should patients diagnosed with WNV infection in other 

Figure 8. ORs for the presence of auto-Abs in the WNV groups relative to the general population, by age group. (A–D) ORs for the presence of auto-Abs 
in patients with WNVD relative to the general population, as determined by logistic regression, stratified for age group, for auto-Abs neutralizing different 
combinations of high concentrations (A) and low concentrations (B) of type I IFNs in the seven new cohorts, and for auto-Abs neutralizing different combi
nations of high concentrations (C) and low concentrations (D) of type I IFNs in the overall study population consisting of 13 cohorts. ORs were calculated 
separately for patients aged ≤65 and >65 years. Horizontal bars represent the 95% CI limits. IFN-α, auto-Abs neutralizing IFN-α2 (regardless of effects on other 
IFNs); IFN-ω, auto-Abs neutralizing IFN-ω; IFN-α ± ω ± β, auto-Abs neutralizing IFN-α2 and/or IFN-ω and/or IFN-β; IFN-α + ω, auto-Abs neutralizing both IFN- 
α2 and IFN-ω; ORs, odds ratios. ns, nonsignificant; ****P < 10−4.
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contexts. Treatment with a type I IFN not neutralized by the 
auto-Abs, such as IFN-β (51), or, in the future, with decoys that 
neutralize the auto-Abs but not the IFNs and their receptors (35, 
52), or with chimeric antigen receptor (CAR)-T cells (53), may 
also be considered.

In 2020, we concluded that auto-Abs against type I IFNs were 
causal for critical COVID-19 for several individually indirect but 
collectively compelling reasons (34), as summarized by Manry 
et al. (45). This interpretation was supported by the longitudinal 
follow-up of a Swiss cohort of patients living with human 
immunodeficiency virus infection, which showed that these 
auto-Abs occur before severe viral diseases and that they later 
diversify and persist for life (52, 54). The production of auto-Abs 
against type I IFNs results from a failure of tolerance to self, 
which can be driven by monogenic inborn errors of immunity 
affecting central tolerance in the thymus (55, 56, 57, 58, 59, 60, 
61, 62, 63, 64, 65, 66). Once these auto-Abs appear, they do not 
disappear.

auto-Abs neutralizing type I IFN can underlie at least three 
severe viral respiratory diseases—COVID-19, influenza, and 
MERS—in 5–20% of cases (23, 34, 46, 67, 68), fulminant viral 
hepatitis caused by herpes simplex virus (HSV)-1 and HSV-2 
(69), and severe adverse reactions to live-attenuated vaccines 
against YFV (YFV-17D) (29) and CHIKV (VLA1553) (30). They 
also underlie a case of lethal avian H5N1 influenza (70). We show 
here that they are the major determinants of WNV encephalitis 
in North America, Europe, and the Middle East. They also un
derlie 10% of cases of TBE (27) and the rarer cases of encephalitis 
due to the Powassan and Usutu viruses (28). They were also 
found in the most severe case of Ross River disease, which is 
caused by an alphavirus (28). They should be sought in patients 
with other types of encephalitis, particularly due to arboviruses, 
which are typically harmless in most infected individuals but 
may cause severe disease in a minority of cases (31). There are 
over 150 known human-pathogenic arboviruses, and studies to 
assess the contribution of auto-Abs against type I IFNs to the 
pathogenesis of each arboviral disease are warranted.

Materials and methods
Patients
We enrolled an international cohort of 318 individuals aged 10– 
99 years with documented WNV infection, 65.1% of whom were 
male and 33.9% female, living in Austria, Hungary, Israel, Italy, 
or the USA (Fig. 1 and Fig. S1), and a cohort of 663 individuals 
described in a previous study (20), living in Hungary, Italy, or 
the USA. In the new cohorts, neither sex nor age was reported for 
2/318 individuals, age was not reported for 2/318 individuals, 
and sex was not reported for 1/318 individuals. In total, there 
were 981 individuals aged 9–99 years with documented WNV 
infection, 64.7% of whom were male and 34.9% female, living in 
Austria, Hungary, Israel, Italy, or the USA (Fig. S5). For all the 
enrolled individuals from the new and previously described 
cohorts, written informed consent was obtained in the country 
of residence of each patient, unless samples and anonymized 
medical information could be processed without prior written 
informed consent, in accordance with local regulations and with 

institutional review board (IRB) approval. The Center for Vi
rology at the Medical University of Vienna, Austria, serves as the 
national reference center for arboviruses and has the legal per
mission to process anonymized patient information on notifiable 
viral diseases. WNV infection was diagnosed on the basis of the 
serological demonstration of WNV-specific IgM or seroconver
sion to IgG, WNV neutralization assays (32), and/or RT-PCR on 
serum, plasma, or cerebrospinal fluid samples. Individuals were 
stratified according to the presence and/or severity of clinical 
manifestations, as defined by the need for hospitalization. Life- 
threatening WNVD was defined as WNV infection requiring 
hospitalization. WNVF was defined as WNV infection not re
quiring hospitalization in patients reporting a febrile illness 
requiring outpatient care. The WNVIC were blood donors with 
documented WNV infection, diagnosed on the basis of the de
tection of WNV RNA in blood during screening at the time of 
blood donation, who remained asymptomatic or paucisympto
matic (headache) during follow-up. WNVD patients included 
individuals with confirmed neurological disease (WNV neuro
invasive disease) and individuals without clinical evidence of 
neuroinvasive disease. The individuals in the neuroinvasive 
disease group were reported to have encephalitis (fever, acute 
signs of central or peripheral neurologic dysfunction, including 
altered mental status and neurological deficits), meningitis (fe
ver, pleocytosis, headache, and nuchal rigidity), acute flaccid 
paralysis (poliomyelitis-like syndrome or Guillain-Barré–like 
syndrome), or other neurological syndromes. The experiments 
were conducted in Italy, France, and the USA, in accordance with 
local regulations and guidance from the Italian National Data 
Protection Authority, the French Ethics Committee (Comité de 
Protection des Personnes), the French National Agency for 
Medicine and Health Product Safety, the Institut National de la 
Santé et de la Recherche Médicale in Paris, France, and with the 
approval of the IRB of the Italian institutions (San Matteo Re
search Hospital in Pavia [Comitato Etico Territoriale Lombardia 
6 - Policlinico San Matteo], the University Hospital of Padua, and 
the University Hospital of Bologna, Amedeo di Savoia Hospital- 
ASL Città in Torino in Turin), the Medical University of Vienna 
in Austria, the Tel-Aviv Sourasky Medical Center in Israel, the 
National Public Health Center in Budapest, and the Rockefeller 
University in New York, USA, respectively.

ELISA
ELISAs were performed as previously described (33). In brief, 
96-well ELISA plates (MaxiSorp; Thermo Fisher Scientific) were 
coated by overnight incubation at 4°C with 1 μg/ml rhIFN-α (ref. 
number 130-108-984; Miltenyi Biotec), rhIFN-ω (ref. number 
300-02J; PeproTech), or rhIFN-β (ref. number 300-02BC; Pe
proTech). The plates were washed (PBS/0.005% Tween), blocked 
by incubation with the same buffer supplemented with 2% BSA, 
washed, and incubated with 1:50 dilutions of plasma samples 
from the patients or positive and negative controls for 2 h at room 
temperature. Each sample was tested once. Plates were thor
oughly washed (PBS/0.005% Tween), and horseradish peroxi
dase–conjugated Fc-specific IgG fractions from polyclonal goat 
antiserum against human IgG (Nordic Immunological Laborato
ries) were added to a final concentration of 1 μg/ml. Plates were 
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incubated for 1 h at room temperature and washed. The substrate 
was added, and OD was measured (450 nm). All the incubation 
steps were performed with gentle shaking (600 rpm).

Luciferase reporter assay
The blocking activity of anti-IFN-α2, anti-IFN-ω, and anti-IFN-β 
auto-Abs was determined with a luciferase reporter assay, as 
previously described (23). Briefly, HEK293T cells were trans
fected with a plasmid encoding the firefly luciferase gene under 
the control of the human ISRE promoter in the pGL4.45 back
bone and a plasmid constitutively expressing the Renilla lucif
erase as a control for transfection (pRL-SV40). Cells were 
transfected in the presence of the X-tremeGene9 transfection 
reagent (ref. number 6365779001; Sigma-Aldrich). After 24 h, 
cells in Dulbecco’s modified Eagle medium (Thermo Fisher Sci
entific) supplemented with 2% fetal calf serum and 10% control 
or patient serum/plasma/whole blood (after heat inactivation at 
56°C for 20 min) were either left unstimulated or were stimu
lated with unglycosylated rhIFN-α2 (ref. number 130-108-984; 
Miltenyi Biotec), unglycosylated rhIFN-ω (ref. number 300-02J; 
PeproTech) at a concentration of 10 ng/ml or 100 pg/ml, or 
glycosylated rhIFN-β (ref. number 300-02BC; PeproTech) at a 
concentration of 10 or 1 ng/ml for 16 h at 37°C under an atmos
phere containing 5% CO2. Finally, the cells were lysed by incu
bation with a lysis buffer (provided in ref. number E1980; 
Promega) for 20 min at room temperature, and luciferase levels 
were measured with the Dual-Luciferase Reporter 1000 assay 
system (ref. number E1980; Promega) according to the manu
facturer’s protocol. Luminescence intensity was measured with 
a VICTOR-X Multilabel Plate Reader (PerkinElmer Life Sci
ences). Firefly luciferase activity values were normalized against 
Renilla luciferase activity values. The resulting values (luciferase 
induction) were then normalized against the median level of 
induction for non-neutralizing samples and expressed as a per
centage (relative luciferase activity [RLA] ratio, %). Samples were 
considered to have neutralizing activity if the RLA ratio was below 
15% of the median value for controls tested on the same day.

Statistical analysis
Odds ratios and P values for the effect of auto-Abs neutralizing 
each type I IFN in WNV patients relative to healthy individuals 
from the general population, adjusted for age in years and sex, 
were estimated by means of Firth’s bias corrected logistic re
gression, as implemented in the logistf package of R software. 
Where relevant, statistical test results are indicated in the 
corresponding figures. ns, not significant; *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001.

Online supplemental material
Fig. S1 shows demographic characteristics of individuals from 
seven new cohorts enrolled in the study. Fig. S2 shows correla
tion between luciferase-based IFN neutralization assay and 
ELISA results for the detection of auto-Abs to type I IFNs. Fig. S3
shows detection of auto-Abs against type I IFN by ELISA in pa
tients with WNVD from seven new cohorts. Fig. S4 shows de
tection of auto-Abs neutralizing type I IFNs in the WNVD 
subgroups of patients from seven new cohorts. Fig. S5 shows 

demographic characteristics of 981 individuals from 13 cohorts. 
Table S1 shows prevalence of WNVIC, WNVF, WNVD, or WNND 
of subjects carrying auto-Abs neutralizing at least 1 IFN-I by 
WNV lineage (WNV-1 or WNV-2). Table S2 shows risk of 
WNVIC, WNVF, WNVD, or WNND of subjects carrying auto-Abs 
neutralizing at least one IFN-I by sex. Table S3 shows risk of 
neuroinvasive disease and encephalitis for subjects carrying 
auto-Abs neutralizing specific sets of type I IFNs, relative to the 
general population, with adjustment for age and sex and risk by 
age group.

Data availability
All data supporting the findings of this study are available within 
the main text and supplemental material and from the corre
sponding authors upon request.
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la Santé et de la Recherche Médicale (INSERM) U1163, Necker 
Hospital for Sick Children, Paris, France, EU.

The Laboratory of Human Genetics of Infectious Diseases is 
supported by the Howard Hughes Medical Institute, The Rocke
feller University, the St. Giles Foundation, the Stavros Niarchos 
Foundation (SNF) as part of its grant to the SNF Institute for Global 
Infectious Disease Research at The Rockefeller University, the 
National Institutes of Health (NIH) (R01AI163029), the National 
Center for Advancing Translational Sciences, the NIH Clinical and 
Translational Science Award program (UL1TR001866), the French 
Agence Nationale de la Recherche (ANR) under the France 2030 
program (ANR-10-IAHU-01), the HORIZON-HLTH-2024-DIS
EASE-08-20 program under GA 101191725 (InFlaMe), the Agence 
Nationale de Recherches sur le Sida et les Hépatites Virales (ANRS) 
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Sekulić, T. Bakonyi, and C.M. Gossner. 2021. Epidemiology of human 
West Nile virus infections in the European Union and European Union 
enlargement countries, 2010 to 2018. Euro Surveill. 26:2001095. https:// 
doi.org/10.2807/1560-7917.ES.2021.26.19.2001095

2. Postler, T.S., M. Beer, B.J. Blitvich, J. Bukh, X. de Lamballerie, J.F. Drexler, 
A. Imrie, A. Kapoor, G.G. Karganova, P. Lemey, et al. 2023. Renaming of 
the genus Flavivirus to Orthoflavivirus and extension of binomial species 
names within the family Flaviviridae. Arch. Virol. 168:224. https://doi 
.org/10.1007/s00705-023-05835-1

3. Petersen, L.R., P.J. Carson, B.J. Biggerstaff, B. Custer, S.M. Borchardt, and 
M.P. Busch. 2013. Estimated cumulative incidence of West Nile virus 
infection in US adults, 1999-2010. Epidemiol. Infect. 141:591–595. https:// 
doi.org/10.1017/S0950268812001070

4. Chancey, C., A. Grinev, E. Volkova, and M. Rios. 2015. The global ecology 
and epidemiology of West Nile virus. Biomed. Res. Int. 2015:376230. 
https://doi.org/10.1155/2015/376230

5. Chowdhury, P., and S.A. Khan. 2021. Global emergence of West Nile vi
rus: Threat & preparedness in special perspective to India. Indian J. Med. 
Res. 154:36–50. https://doi.org/10.4103/ijmr.IJMR_642_19

6. Mencattelli, G., M.H.D. Ndione, A. Silverj, M.M. Diagne, V. Curini, L. 
Teodori, M. Di Domenico, R. Mbaye, A. Leone, M. Marcacci, et al. 2023. 
Spatial and temporal dynamics of West Nile virus between Africa and 
Europe. Nat. Commun. 14:6440. https://doi.org/10.1038/s41467-023-42185-7

7. European Centre for Disease Prevention and Control (ECDC). 2023. West 
Nile virus transmission season in Europe. https://www.ecdc.europa.eu/ 
en/news-events/epidemiological-update-west-nile-virus-transmission- 
season-europe-2023-0 (accessed August 5, 2024).

8. European Centre for Disease Prevention and Control (ECDC). 2024. West 
Nile virus transmission season in Europe. https://wnv-monthly.ecdc. 
europa.eu/archive/wnv-2024.html (accessed June 26, 2025).

9. Ministry of Health (Israel). 2025. West Nile virus disease in Israel. 
https://www.gov.il/en/pages/disease-west-nile-fever?chapterIndex=8
(accessed June 26, 2025).

10. Barzon, L., M. Pacenti, F. Montarsi, D. Fornasiero, F. Gobbo, E. Quaranta, 
I. Monne, A. Fusaro, A. Volpe, A. Sinigaglia, et al. 2022. Rapid spread of a 
new West Nile virus lineage 1 associated with increased risk of neuro
invasive disease during a large outbreak in northern Italy, 2022: One health 
analysis. J. Trav. Med. 31:taac125. https://doi.org/10.1093/jtm/taac125

11. European Centre for Disease Prevention and Control (ECDC). 2024. West 
Nile virus seasonal surveillance - Historical data by year. https://www.ecdc. 
europa.eu/en/west-nile-fever/surveillance-and-disease-data/historical (ac
cessed August 5, 2024).

12. Centers for Disease Control and Prevention (CDC). 2026. West Nile 
virus - Historic data (1999-2023). https://www.cdc.gov/west-nile-virus/ 
data-maps/historic-data.html?CDC_AAref_Val=https://www.cdc.gov/ 
westnile/statsmaps/historic-data.html (accessed January 9, 2026).

13. Gould, C.V., J.E. Staples, S.A.J. Guagliardo, S.W. Martin, S. Lyons, S.L. 
Hills, R.J. Nett, and L.R. Petersen. 2025. West Nile virus: A review. JAMA. 
334:618–628. https://doi.org/10.1001/jama.2025.8737

14. Mostashari, F., M.L. Bunning, P.T. Kitsutani, D.A. Singer, D. Nash, M.J. 
Cooper, N. Katz, K.A. Liljebjelke, B.J. Biggerstaff, A.D. Fine, et al. 2001. 
Epidemic West Nile encephalitis, New York, 1999: Results of a household- 
based seroepidemiological survey. Lancet. 358:261–264. https://doi.org/ 
10.1016/S0140-6736(01)05480-0

15. Busch, M.P., D.J. Wright, B. Custer, L.H. Tobler, S.L. Stramer, S.H. 
Kleinman, H.E. Prince, C. Bianco, G. Foster, L.R. Petersen, et al. 2006. 
West Nile virus infections projected from blood donor screening data, 
United States, 2003. Emerg. Infect. Dis. 12:395–402. https://doi.org/10 
.3201/eid1205.051287

16. Lindsey, N.P., J.E. Staples, J.A. Lehman, M. Fischer, and Centers for Disease 
Control and Prevention (CDC). 2010. Surveillance for human West Nile 
virus disease - United States, 1999-2008. MMWR Surveill. Summ. 59:1–17.

17. Carson, P.J., S.M. Borchardt, B. Custer, H.E. Prince, J. Dunn-Williams, V. 
Winkelman, L. Tobler, B.J. Biggerstaff, R. Lanciotti, L.R. Petersen, and 
M.P. Busch. 2012. Neuroinvasive disease and West Nile virus infection, 
North Dakota, USA, 1999-2008. Emerg. Infect. Dis. 18:684–686. https://doi 
.org/10.3201/eid1804.111313

18. Ladbury, G.A.F., M. Gavana, K. Danis, A. Papa, D. Papamichail, S. 
Mourelatos, S. Gewehr, G. Theocharopoulos, S. Bonovas, A. Benos, and T. 
Panagiotopoulos. 2013. Population seroprevalence study after a West 
Nile virus lineage 2 epidemic, Greece, 2010. PLoS One. 8:e80432. https:// 
doi.org/10.1371/journal.pone.0080432

19. Lindsey, N.P., J.E. Staples, J.A. Lehman, and M. Fischer. 2012. Medical risk 
factors for severe West Nile virus disease, United States, 2008-2010. Am. 
J. Trop. Med. Hyg. 87:179–184. https://doi.org/10.4269/ajtmh.2012.12-0113

20. Gervais, A., F. Rovida, M.A. Avanzini, S. Croce, A. Marchal, S.C. Lin, A. 
Ferrari, C.W. Thorball, O. Constant, T. Le Voyer, et al. 2023. Autoanti
bodies neutralizing type I IFNs underlie West Nile virus encephalitis in 
∼40% of patients. J. Exp. Med. 220:e20230661. https://doi.org/10.1084/ 
jem.20230661

21. Ferrari, A., I. Cassaniti, F. Rovida, D. Lilleri, S. Croce, F. Trespidi, S. 
Ghirardello, A. Gervais, S.Y. Zhang, J.L. Casanova, et al. 2025. Human 
type I interferons protect Vero E6 and ARPE-19 cells against West Nile 
virus and are neutralized by pathogenic autoantibodies. Sci. Rep. 15:11271. 
https://doi.org/10.1038/s41598-025-89312-6

22. Lin, S.C., F.R. Zhao, H. Janova, A. Gervais, S. Rucknagel, K.O. Murray, J.L. 
Casanova, and M.S. Diamond. 2023. Blockade of interferon signaling de
creases gut barrier integrity and promotes severe West Nile virus disease. 
Nat. Commun. 14:5973. https://doi.org/10.1038/s41467-023-41600-3

23. Bastard, P., A. Gervais, T. Le Voyer, J. Rosain, Q. Philippot, J. Manry, E. 
Michailidis, H.H. Hoffmann, S. Eto, M. Garcia-Prat, et al. 2021. Auto
antibodies neutralizing type I IFNs are present in ∼4% of uninfected 
individuals over 70 years old and account for ∼20% of COVID-19 deaths. 
Sci. Immunol. 6:eabl4340. https://doi.org/10.1126/sciimmunol.abl4340

24. Barzaghi, F., C. Visconti, G.B. Pipitone, S. Bondesan, G. Molli, S. Giannelli, 
C. Sartirana, V. Lampasona, E. Bazzigaluppi, C. Brigatti, et al. 2025. Se
vere West Nile virus and severe acute respiratory syndrome coronavirus 
2 infections in a patient with thymoma and anti-type I interferon anti
bodies. J. Infect. Dis. 231:e206–e212. https://doi.org/10.1093/infdis/jiae321

25. Braune, J., L. Pechstein, C. Meisel, T. Meyer, J. Melchert, V.M. Corman, C. 
Franke, and T. Schneider. 2025. Detection of autoantibodies against in
terferon type I in patients with autochthonous West Nile virus enceph
alitis. Brain Behav. Immun. Health. 48:101085. https://doi.org/10.1016/j 
.bbih.2025.101085

26. Roitblat, I.R., L. Hejla, Y. Moalem, E.H. Sklan, and E. Goldberg. 2026. 
Association of anti-interferon antibodies with severe clinical outcomes 
in West Nile virus -results of a recent outbreak. Int. J. Infect. Dis. 163: 
108282. https://doi.org/10.1016/j.ijid.2025.108282

27. Gervais, A., A. Marchal, A. Fortova, M. Berankova, L. Krbkova, M. Pychova, 
J. Salat, S. Zhao, N. Kerrouche, T. Le Voyer, et al. 2024. Autoantibodies 
neutralizing type I IFNs underlie severe tick-borne encephalitis in ∼10% of 
patients. J. Exp. Med. 221:e20240637. https://doi.org/10.1084/jem.20240637

28. Gervais, A., P. Bastard, L. Bizien, C. Delifer, P. Tiberghien, C. Rodrigo, F. Tres
pidi, M. Angelini, G. Rossini, T. Lazzarotto, et al. 2024. Auto-Abs neutralizing 
type I IFNs in patients with severe Powassan, Usutu, or Ross River virus disease. 
J. Exp. Med. 221:e20240942. https://doi.org/10.1084/jem.20240942

29. Bastard, P., E. Michailidis, H.H. Hoffmann, M. Chbihi, T. Le Voyer, J. 
Rosain, Q. Philippot, Y. Seeleuthner, A. Gervais, M. Materna, et al. 2021. 
Auto-antibodies to type I IFNs can underlie adverse reactions to yellow 
fever live attenuated vaccine. J. Exp. Med. 218:e20202486. https://doi 
.org/10.1084/jem.20202486

30. Gervais, A., P. Bastard, Q. Zhang, M.C. Jaffar-Bandjee, L. Bizien, L. 
Dahmane, M.P. Moiton, J. Jabot, R. Cally, A. Maillard, et al. 2026. Type I 
IFN autoantibodies underlie chikungunya live-attenuated vaccine en
cephalitis. Proc. Natl. Acad. Sci. USA. 123:e2532212123. https://doi.org/10 
.1073/pnas.2532212123

31. Gervais, A., A. Borghesi, J.L. Casanova, and S.Y. Zhang. 2025. Auto-Abs against 
type I IFNs: Strong, common, and global determinants of severe arboviral 
diseases. J. Hum. Immun. 2:e20250090. https://doi.org/10.70962/jhi.20250090

32. Percivalle, E., I. Cassaniti, A. Sarasini, F. Rovida, K.M.G. Adzasehoun, I. Co
lombini, P. Isernia, I. Cuppari, and F. Baldanti. 2020. West Nile or Usutu virus? 
A three-year follow-up of humoral and cellular response in a group of 
asymptomatic blood donors. Viruses. 12:157. https://doi.org/10.3390/v12020157

33. Puel, A., C. Picard, M. Lorrot, C. Pons, M. Chrabieh, L. Lorenzo, M. Ma
mani-Matsuda, E. Jouanguy, D. Gendrel, and J.L. Casanova. 2008. Re
current staphylococcal cellulitis and subcutaneous abscesses in a child 
with autoantibodies against IL-6. J. Immunol. 180:647–654. https://doi 
.org/10.4049/jimmunol.180.1.647

34. Bastard, P., L.B. Rosen, Q. Zhang, E. Michailidis, H.H. Hoffmann, Y. 
Zhang, K. Dorgham, Q. Philippot, J. Rosain, V. Béziat, et al. 2020. Auto
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Supplemental material

Figure S1. Demographic characteristics of individuals from seven new cohorts enrolled in the study. (A) Number of individuals from each WNV group 
enrolled per center. (B) Number of individuals from each WNVD group enrolled per center. (C) Age distribution of the individuals enrolled, by WNV group. 
(D) Age distribution of the WNVD individuals, by center. (E) Sex distribution of the individuals enrolled, by WNV group. (F) Sex distribution of the individuals 
enrolled, by center. WNND, WNV neuroinvasive disease, a subset of WNVD; WNE, WNV encephalitis; WNM, WNV meningitis; AFP, acute flaccid paralysis; UNS, 
unspecified neurological syndrome (subsets of the WNND group).
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Figure S2. Correlation between luciferase-based IFN neutralization assay and ELISA results for the detection of auto-Abs to type I IFNs. (A) Detection 
of auto-Abs against IFN-α2 by ELISA versus neutralizing capacity for concentrations of 10 ng/ml and 100 pg/ml. (B) Detection of auto-Abs against IFN-β by 
ELISA versus neutralizing capacity for concentrations of 10 ng/ml and 1 μg/ml. (C) Detection of auto-Abs against IFN-ω by ELISA versus neutralizing capacity for 
concentrations of 10 ng/ml and 100 pg/ml. The panels show concordance between luciferase-based neutralization assay and ELISA in the upper-left (samples 
with OD <0.5 on ELISA not displaying IFN neutralizing activity) and lower-right quadrants (samples with OD >0.5 with IFN neutralizing activity) and discordance 
between luciferase-based IFN neutralization assay and ELISA in the upper-right (samples with OD >0.5 on ELISA but not displaying IFN neutralizing activity) and 
lower-left quadrants (samples with IFN neutralizing activity despite OD <0.5 on ELISA). Values below 15% are considered to be associated with the presence of 
neutralizing auto-Abs.
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Figure S3. Detection of auto-Abs against type I IFN by ELISA in patients with WNVD from seven new cohorts. (A) Detection, by ELISA, of auto-Abs 
against IFN-α2, IFN-β, and IFN-ω for the WNVD group and the two subgroups of WNVD patients: non-neuroinvasive WNVD and neuroinvasive WNVD (WNND). 
(B) Detection, by ELISA, of auto-Abs against IFN-α2, IFN-β, and IFN-ω in the subgroups of WNND patients: WNV encephalitis (WNE), WNV meningitis (WNM), 
acute flaccid paralysis (AFP), and unspecified neurological syndrome (UNS).
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Figure S4. Detection of auto-Abs neutralizing type I IFNs in the WNVD subgroups of patients from seven new cohorts. (A and B) Luciferase-based 
neutralization assays for detecting auto-Abs neutralizing 10 ng/ml IFN-α2, IFN-ω, or IFN-β and 100 pg/ml IFN-α2 or IFN-ω, or 1 ng/ml IFN-β in the WNVD group 
and in the two WNVD subgroups of hospitalized patients with neuroinvasive WNVD (WNND) and without neuroinvasive disease. Neutralizing activity was 
defined as a luciferase signal below 15%. (C and D) Percentages of individuals with auto-Abs neutralizing type I IFNs at a concentration of 10 ng/ml or 100 pg/ml 
for IFN-α2 or IFN-ω, or 1 ng/ml for IFN-β in the WNVD group and in the two subgroups of WNVD patients hospitalized with WNND and without neuroinvasive 
disease. IFN-α, auto-Abs neutralizing IFN-α2 (regardless of their effects on other IFNs); IFN-ω, auto-Abs neutralizing IFN-ω (regardless of their effects on other 
IFNs); IFN-α ± ω ± β, auto-Abs neutralizing IFN-α2 and/or IFN-ω and/or IFN-β; IFN-α + ω, auto-Abs neutralizing both IFN-α2 and IFN-ω.
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Provided online is Table S1, Table S2, and Table S3. Table S1 shows prevalence of WNVIC, WNVF, WNVD, or WNND of subjects 
carrying auto-Abs neutralizing at least 1 IFN-I by WNV lineage (WNV-1 or WNV-2). Table S2 shows risk of WNVIC, WNVF, WNVD, or 
WNND of subjects carrying auto-Abs neutralizing at least one IFN-I by sex. Table S3 shows risk of neuroinvasive disease and 
encephalitis for subjects carrying auto-Abs neutralizing specific sets of type I IFNs, relative to the general population, with 
adjustment for age and sex and risk by age group.

Figure S5. Demographic characteristics of 981 individuals from 13 cohorts. (A) Number of individuals from each WNV group enrolled per center. 
(B) Number of individuals from each WNVD group enrolled per center. (C) Age distribution of the individuals enrolled, by WNV group. (D) Age distribution of the 
WNVD individuals, by center. (E) Sex distribution of the individuals enrolled, by WNV group. (F) Sex distribution of the individuals enrolled, by center. WNND, 
WNV neuroinvasive disease, a subset of WNVD; WNE, WNV encephalitis; WNM, WNV meningitis; AFP, acute flaccid paralysis; UNS, unspecified neurological 
syndrome (subsets of WNND group).
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