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Auto-antibodies (auto-Abs) that neutralize type I interferons (IFNs) have been implicated in severe 
viral infections, including ~ 40% of cases of West Nile virus (WNV) neuroinvasive disease (WNND). 
Developing robust in vitro models to evaluate the protective effects of type I IFNs against viral 
infection, as well as the disruptive effects of auto-Abs, is essential for understanding disease 
pathogenesis and identifying patients at risk. In this study, we used Vero E6 and ARPE-19 cell lines 
to investigate the ability of type I (IFN-α, IFN-β, IFN-ω), type II (IFN-γ), and type III (IFN-λ1) IFNs to 
restrict WNV infection. Our results demonstrate that IFN-α, IFN-β, and IFN-ω effectively protect ARPE-
19 cells from WNV infection, with IFN-β exhibiting the strongest antiviral effect. In contrast, Vero E6 
cells required higher concentrations of IFN-ω to achieve comparable protection. Neither IFN-γ nor 
IFN-λ1 conferred protection in either cell line. We further screened serum samples from WNV-infected 
patients for auto-Abs neutralizing type I IFNs. Our findings confirm that the ARPE-19-based assay is 
consistent with other established methods for detecting neutralizing auto-Abs against type I IFNs. This 
simple and reliable assay offers a valuable tool for assessing the antiviral effects of type I IFNs and the 
neutralizing activity of auto-Abs in both research and clinical settings. Future studies should aim to 
validate the clinical utility of the ARPE-19-WNV infection model on a larger scale.
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Type I interferons (IFNs) are a family of 16 antiviral cytokines that include 12 circulating interferon-alpha 
(IFN-α), encoded by 13 loci, along with IFN-ω, the high-affinity IFN-β, and the tissue-specific IFN-κ and IFN-ε, 
which have lower antiviral activity and are expressed in the skin and genitourinary tract, respectively. Type 
I IFNs contribute to protection against viral infections by restricting viral replication in cells, both in vitro 
and in vivo1–3. Single-gene disorders impairing toll-like receptor 3 (TLR3)- or TLR7-dependent production of, 
or the response to, type I IFNs underlie life-threatening viral infections in humans, including herpes simplex 
encephalitis (HSE), critical influenza A virus (IAV) pneumonia, and hypoxemic coronavirus disease 2019 
(COVID-19)4,5. Additionally, type I IFN-neutralizing autoantibodies have recently been linked to approximately 
10% of cases of tick-borne encephalitis, underscoring the significance of these autoantibodies in the pathogenesis 
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of neuroinvasive viral diseases6. Auto-antibodies (auto-Abs) neutralizing type I IFNs were first described in 1983 
and, starting in 2020, were shown to underlie ~ 15% of cases of hypoxemic COVID-19 pneumonia7, ~ 5% of 
critical IAV pneumonia, ~ 25% of hospitalizations for Middle East respiratory syndrome (MERS) pneumonia8–10, 
~ 30% of adverse reactions to the live attenuated virus vaccine against yellow fever virus11, and ~ 40% of West 
Nile virus (WNV) encephalitis12. These auto-Abs pre-exist the infectious episode and phenocopy the genetic 
impairment of type I IFN production or signaling. They are found in 0.5-1% of individuals from the general 
population, while their prevalence sharply increases after 65 years of age, with ~ 4–7% of individuals 70 years 
old or older carrying these auto-Abs, in part explaining the increased incidence of severe viral infections in this 
age group7,13,14.

WNV belongs to arboviruses (arthropod-borne viruses), a group mostly composed of RNA viruses that 
are transmitted to vertebrate hosts by hematophagous arthropods, including mosquitoes, ticks, and sandflies15. 
The virus was first isolated in 1937 from a febrile patient in the West Nile sub-region of Uganda16–18. Initially 
perceived as causing only mild, subclinical infections in humans, it has been a significant source of morbidity 
and mortality19. Over the past few decades, WNV has been responsible for epidemic outbreaks and is currently 
endemic in ever increasing geographic regions across all continents20,21. The neuroinvasive forms (West Nile 
virus neuroinvasive disease, WNND), the most severe clinical manifestations of WNV infection, occur in less 
than 1% of human and equine WNV cases, and include meningitis, encephalitis, and acute flaccid paralysis/
poliomyelitis22,23. Impairment of type I IFN signaling has been associated with increased severity of West Nile 
virus infection, including its detrimental effect on gut barrier integrity, which exacerbates disease susceptibility 
and progression24. Notably, ~ 30–50% of individuals with WNND, with at least ~ 40% with WNV encephalitis, 
carry auto-Abs neutralizing type I IFNs (IFN-I-NTAbs)12. A luciferase-based neutralization assay is currently 
used to test whether the auto-Abs against IFN-α, IFN-β, or IFN-ω in serum, plasma, or other body fluids display 
neutralizing activity as previously described12. These auto-Abs are typically detected by other techniques, such 
as enzyme-linked immunosorbent assay (ELISA) which allows detection but does not provide information on 
their neutralizing potential. The assay evaluates neutralizing activity at different concentrations: high (10 ng/
mL) or low (100 pg/mL) for IFN-α or IFN-ω, and high (10 ng/mL) or intermediate (1 ng/mL) for IFN-β11. 
This assay is clinically relevant. IFN-I-NTAbs, in various combinations, significantly increase the risk of West 
Nile neuroinvasive disease (WNND). The risk ranges from ~ 20 to > 100 times higher compared to individuals 
without these auto-Abs in the general population. Notably, individuals with IFN-I-NTAbs neutralizing high 
concentrations of both IFN-α and IFN-ω display the highest risk of life-threatening WNV disease, ~ 127 times 
higher than in individuals without these auto-Abs12. The luciferase-based neutralization assay can demonstrate 
the blocking effect of the IFN-I-NTAbs on the ability of type I IFNs to activate the signaling downstream from 
the type I IFN receptor, thus indirectly suggesting the loss of type I IFN antiviral activity in the presence of these 
auto-Abs1,2,4. We previously described experiments on Vero E6 cells demonstrating the loss of antiviral activity 
of IFN-α2 against WNV in the presence of IFN-I-NTAbs neutralizing IFN-α212.

Here we provide a detailed series of experiments demonstrating the utility of a functional assay based on 
WNV infection in vitro to reproducibly assess both the blocking activity of IFN-I-NTAbs on IFN-α, IFN-β, and 
IFN-ω, and their detrimental effect on the antiviral activity of these type I IFNs against WNV. This assay can be 
used in clinical and research settings as an alternative to the luciferase-based method, or as a complementary 
test, to study samples from patients with severe WNV infection or infections other than WNV, whose severity 
could depend on the presence of these auto-Abs. It also allows screening of samples to detect individuals at 
risk for WNV neuroinvasive disease and other viral infections. Finally, it provides the methodological basis to 
systematically assess other cell lines for the sensitivity to the antiviral activity of type I IFNs, or other cytokines, 
against different viral infections, and to assess the detrimental activity of auto-Abs against these antiviral 
cytokines.

Results
In vitroprotection of Vero E6 and ARPE-19 cells against WNV infection by type I, but not type 
II or type III IFNs
We first investigated the ability of type I IFNs to protect cells from WNV infection and determined the lowest 
protective concentration of IFN-α2, IFN-β, and IFN-ω against in vitro WNV infection in two mammalian cell 
lines, Vero E6 cells, a kidney epithelial cell line from African green monkey, and ARPE-19 cells, a human retinal 
epithelial cell line. Treatment with any of the three type I IFNs two hours following WNV inoculation did not 
provide protection at any of the tested concentrations. By contrast, pre-treatment (i.e., overnight treatment prior 
to infection with WNV) with IFN-α2, IFN-β, or IFN-ω provided protection to both Vero E6 and ARPE-19 cell 
lines against in vitro WNV infection, albeit to different extents for equal concentrations of each type I IFN. In 
ARPE-19 cells, IFN-β had the strongest antiviral effect, with protection at all the tested concentrations, followed 
by IFN-ω and IFN-α2 (Fig. 1A). Specifically, pre-treatment with IFN-β at 100 ng/mL, 10 ng/mL, 1 ng/mL, 500 
pg/mL, 100 pg/mL, 50 pg/mL and 10 pg/mL conferred full protection (no cytopathic effect detected) to ARPE-
19 cells against WNV replication. Pre-treatment with IFN-α2 or IFN-ω, tested at the same concentrations, 
conferred protection to ARPE-19 cells from 100 ng/mL to 50 pg/mL, while 10 pg/mL of IFN-α2 or IFN-ω only 
conferred partial protection (cytopathic effect observed at lower but not higher supernatant dilutions), and only 
slight differences depending on the viral inoculum (10,000, 1,000, or 100 TCID50). Conversely, Vero E6 cells, a 
more widely used cell line for WNV and other viral replication experiments, showed different sensitivity to each 
of the three type I IFNs (Fig. 1B). Pre-treatment with IFN-α2 or IFN-β, tested at the same serial concentrations, 
conferred protection to Vero E6 cells at 100 pg/mL or higher, while, surprisingly, pre-treatment with IFN-ω 
protected Vero E6 cells only at higher concentrations, 10 ng/mL or higher. Overall, we demonstrate that the 
widely used Vero E6 cells are protected by high (10 ng/mL) or low (100 pg/mL) concentrations of both human 
IFN-α2 and IFN-β at concentrations of 100 pg/mL or higher, while IFN-ω protects Vero E6 cells only at high 
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concentrations, 10 ng/mL or higher. Conversely, ARPE-19 cells are protected by low concentrations of the three 
tested type I IFNs, with the strongest effect observed for IFN-β (protection from WNV infection at 10 pg/mL 
or higher), followed by IFN-ω and IFN-α2 (full protection at 50 pg/mL or higher, and partial protection at 10 
pg/mL). Thus, ARPE-19 cells represent an optimal cell line to study the antiviral activity of IFN-α2, IFN-β, and 
IFN-ω against WNV and possibly other viruses.

We also investigated the efficacy of type II (IFN-γ) and III (IFN-λ1) IFNs in protecting ARPE-19 and Vero 
E6 cells from WNV infection. In contrast to human type I IFNs, both post-treatment and pre-treatment with 
IFN-γ or IFN-λ1 did not confer protection against WNV infection in vitro in ARPE-19 and Vero E6 cell lines 
at any of the tested concentrations, from 10 ng/mL to 10 pg/mL, regardless of the viral inoculum (10,000, 1,000, 
or 100 TCID50) (Fig. 2). Despite evidence suggesting the antiviral role of IFN-λ1 in protection against WNV in 
vivo25, and a possible role of IFN-γ in viral infections26, our findings indicate that they have no antiviral effect 
against WNV in the two tested cell lines, Vero E6 and ARPE-19 cells, commonly used for in vitro experiments 
of viral infection.

The main text figures have been simplified for conciseness, with full versions containing all experimental data 
available in Supplementary material 1 (Fig. S1, S2, S3).

WNV-NTAbs and IFN-I-NTAbs in patients with WNND and in asymptomatic blood donors
We collected serum samples from a cohort of 11 patients with WNND and 3 asymptomatic blood donors. The 
samples were collected between 2 and 3 weeks after onset of clinical signs for the WNND cases, and between 1 
and 2 months after detection of WNV RNA during the screening prior to blood donation. WNV infection was 
documented in cases and controls by RT-PCR on serum, plasma or cerebrospinal fluid samples, or by serological 
demonstration of WNV-specific IgM or seroconversion to IgG, and/or WNV neutralization assays27. We detected 
WNV-NTAbs in 8/11 (73%) WNND serum samples, with a median WNV-NTAb titer of 1:20 (IQR: 1:10 − 1:40), 
and in all 3 serum samples from asymptomatic blood donors, with a median titer of 1:10 (IQR: 1:10 − 1:40), 
while 3/11 samples from WNND cases were negative (27%, titer < 1:10) (Fig. 3A). We used an enzyme-linked 
immunosorbent assay (ELISA) to detect IgG auto-Abs against IFN-α2, IFN-β, and/or IFN-ω, as defined by an 
optical density (OD) > 0.512, in serum samples from a cohort of 11 patients with WNND and 3 asymptomatic 
blood donors (Fig. 3B). We selected serum samples from 11 patients with WNND, 9/11 of whom had IFN-I-
NTAbs, and 2/11 did not. The ability of these auto-Abs to neutralize the corresponding type I IFN was confirmed 
using a previously described luciferase-based assay (Fig. 3C and D). We detected auto-Abs neutralizing high 

Fig. 1.  Cytopathic effect of WNV infection in the presence of Type I IFNs. The rate of WNV infection was 
evaluated by measuring virus-induced cytopathic effects (CPE) in ARPE-19 cells (A) and Vero E6 cells (B) at 
0, 24, and 48 h post-infection. Cells were pre-treated overnight with type I IFNs (IFN-β, IFN- ω, and IFN- α2) 
at concentrations of 10 ng/mL, 1 ng/mL, 100 pg/mL, 50 pg/mL, and 10 pg/mL, followed by infection with 100 
TCID50 of WNV. In ARPE-19 cells, all type I IFNs effectively restricted WNV replication at concentrations 
as low as 50 pg/mL or higher. In contrast, in Vero E6 cells, IFN-α2 and IFN-β provided protection at 
concentrations of 100 pg/mL or higher, while IFN-ω was protective only at 10 ng/mL. All experiments were 
performed in triplicate. The figures have been simplified to display the most relevant time points and virus 
inoculum. Full data, including additional time points and concentrations, are available in the supplementary 
materials.
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concentrations (10 ng/mL) of both IFN-α2 and IFN-ω in 8/9 patients with WNND, and high concentrations 
of only IFN-ω in 1/9 patients, while none of the patients’ samples neutralized high concentrations of IFN-β, 
alone or in combination. By testing the neutralization of lower concentrations of type I IFNs, we demonstrated 
the presence of auto-Abs neutralizing low concentrations (100 pg/mL) of IFN-α2 and IFN-ω and intermediate 
concentrations (1 ng/mL) of IFN-β in 2/9 patients, and auto-Abs neutralizing low concentrations of IFN-α2 
and IFN-ω but not intermediate concentrations of IFN-β in 7/9 patients (supplementary Table 1). Overall, we 
selected, for subsequent experiments, 2/11 serum samples with auto-Abs neutralizing at least low concentrations 
of IFN-α2, IFN-β and IFN-ω, 7/11 serum samples with auto-Abs neutralizing at least low concentrations of 
IFN-α2 and IFN-ω but not IFN-β, and 2/11 from WNND patients with no IFN-I-NTAbs. The concordance 
between the results on ELISA and luciferase-based assay, as well as the sex and age of patients and controls, are 
reported in supplementary Table 1. We also screened serum samples from 3 blood donors with recent, acute, 
asymptomatic WNV infection and demonstrated the absence of IFN-I-NTAbs. These samples were collected 
between 1 and 2 months after detection of WNV RNA during the screening prior to blood donation.

Testing the neutralizing effect of the auto-Abs on IFN-α2, IFN-β and IFN-ω activity against 
WNV infection in ARPE-19 cells
We then assessed whether both ARPE-19 and Vero E6 cells subjected to WNV infection are suitable models to 
assess the neutralizing activity of anti-IFN-α2 auto-Abs in serum samples from individuals with WNND. From 
our cohort, we selected 5 serum samples from individuals with auto-Abs neutralizing high concentrations of 

Fig. 2.  Cytopathic effect of WNV infection in the presence of Type II (IFN-γ) and III (IFN-λ1) IFNs. The rate 
of WNV infection was assessed by measuring virus-induced cytopathic effects (CPE) in ARPE-19 cells (A) and 
Vero E6 cells (B) at 0, 24, and 48 h post-infection. Cells were pre-treated overnight with type II (IFN-γ) or type 
III (IFN-λ1) IFNs at concentrations of 10 ng/mL, 1 ng/mL, 100 pg/mL, 50 pg/mL, and 10 pg/mL, followed by 
infection with 100 TCID50 of WNV. Neither IFN-γ nor IFN-λ1 conferred protection against WNV infection in 
ARPE-19 or Vero E6 cells at any of the tested concentrations. All experiments were performed in triplicate. The 
figures have been simplified to display the most relevant time points and virus inoculum. Full data, including 
additional time points and concentrations, are available in the supplementary materials.
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IFN-α2. Prior to in vitro WNV infection, we pre-treated ARPE-19 cells with IFN-α2 at 10 ng/mL, 500 pg/mL, 
100 pg/mL and 50 pg/ml) with or without 1:10 diluted sera from 5 cases and 2 controls. As expected, we observed 
viral replication and cytopathic effect, comparable to that observed in sham cells, in all the cells pretreated with 
a mixture of IFN-α2 and 1:10 serum from WNND patients carrying auto-Abs against IFN-α2 at all the tested 
concentrations (from 10 ng/mL to 50 pg/mL), while no cytopathic effect was observed in cells pretreated with 
a mixture of IFN-α2 at the same concentrations and 1:10 diluted serum from individuals not carrying the auto-
Abs. The neutralizing capacity of the tested sera, with or without auto-Abs, was comparable in both ARPE-19 
and Vero E6 cells (Fig.  4). In order to investigate the last concentration of sera with and without auto-Abs 
yielding a complete block of viral replication, we performed a titration dilution curve alongside a commercial 
monoclonal anti-IFN antibody. These serum samples were effective at dilutions up to approximately 1:300, 
similar to the monoclonal antibody, neutralizing the protective effect of IFN-α2. The experiment is described in 
the supplementary material 1 (Fig. S4).

Fig. 3.  WNV-NTs Titer and IFN-I-NTAbs neutralizing type I IFNs in WNV-infected individuals. To 
characterize the antibodies present in serum samples: (A) WNV-neutralizing antibodies (WNV-NTAbs) were 
detected in serum samples from WNND patients and asymptomatic donors using a microneutralization assay. 
WNV-NTAbs were identified in 73% of WNND samples (8/11) and in all donor samples, with median titers 
of 1:20 and 1:10, respectively. Titers below 1:10 were considered negative, while those equal to or above 1:10 
were considered positive. (B) Autoantibodies against IFN-α2, IFN-β, and IFN-ω were detected using an ELISA 
assay. A reading above 0.5 OD (dotted line) was considered positive, based on reference values from healthy 
donor serum/plasma. Each sample was tested once. (C) and (D) A luciferase-based assay was used to identify 
autoantibodies capable of neutralizing type I IFNs. Plasma samples were tested for their ability to neutralize 
IFN-α2, IFN-β, and IFN-ω at different concentrations. HEK293T cells were transfected with luciferase 
plasmids and treated with type I IFNs. Neutralizing activity was defined as a relative luciferase activity (RLA) 
below 15% of the control value (dotted line). Each sample was tested once.
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In a similar set of experiments, we tested the ability of anti-IFN-ω auto-Abs in serum samples from 
4 individuals with WNND to block the protective effect of IFN-ω against WNV infection in ARPE-19 cells 
(Fig. 5). Likewise, we observed viral replication and cytopathic effect, comparable to that observed in control 
cells treated under identical conditions without exposure to the experimental variables, in all the cells pretreated 
with a mixture of IFN-ω and 1:10 serum from WNND patients carrying auto-Abs against IFN-ω at all the tested 
concentrations (from 10 ng/mL to 50 pg/mL), while no cytopathic effect was observed in the presence of 1:10 
serum from 1 control not carrying the auto-Abs. Finally, we observed viral replication and cytopathic effect 
comparable to that observed in sham cells in ARPE-19 cells treated with 50 or 100 pg/mL of IFN-β, but not 
with 500 pg/mL or 10 ng/mL of IFN-β, in combination with 1:10 diluted serum from 1 WNND patient carrying 
auto-Abs neutralizing 100 pg/mL of IFN-β as assessed by the luciferase assay. By contrast, the two control sera 
did not block the protective effect of IFN-β at concentrations of 50 pg/mL through 10 ng/mL (Fig. 6). With 
an additional experiment, we confirmed that pre-treatment with 1:10 diluted serum alone did not provide 
protection against WNV infection in vitro (Figure S5). This result demonstrates that the washing step performed 
after cell pre-treatment effectively removed any residual serum, ensuring that the virus introduced later never 
came into contact with the serum components. Consequently, this allowed us to specifically assess the impact of 
auto-Abs without interference from WNV-NTAbs, even if they were present in the serum. These experiments 
demonstrate that the assay is suitable to test the neutralizing effect of auto-Abs targeting IFN-α2, IFN-β or 
IFN-ω in samples from patients with WNV infection and likely from patients with other viral infections caused 
by the presence of these auto-Abs, with results fully consistent with the previously validated luciferase-based 
neutralization assay (Fig. 7). It also allows to test the ability of serum samples to neutralize concentrations as 
low as 50 pg/mL of IFN-α2, IFN-β and IFN-ω, although the clinical relevance of the neutralization of such low 
concentrations of type I IFNs by 1:10 diluted serum or plasma samples remains to be defined. We also observed 
a strong correlation between the results obtained with the WNV-ARPE-19 cell line assay and those with the 
ELISA, with the former serving as a reliable platform for confirming the auto-antibody specificity and functional 
neutralization indicated by the latter. Thus, the blocking activity of type I IFNs antiviral activity by IFN-I-NTAbs 
neutralizing IFN-α and/or IFN-β and/or IFN-ω can be assessed in our in vitro model of WNV infection of 
ARPE-19 cells.

Discussion
We developed a simple in vitro WNV infection assay on ARPE-19 cells that is reproducible and suitable to 
assess the protective effect of type I IFNs against viral infection in these cells and to demonstrate that auto-Abs 
neutralizing type I IFNs in serum samples from patients with life-threatening viral disease impair the protective 
antiviral functions of type I IFNs. We first compared the sensitivity of both Vero E6 and ARPE-19 cells to type 
I, type II and type III IFNs, and demonstrated that ARPE-19 are protected even by very low concentrations (at 
least up to 50 pg/mL) of IFN-α, IFN-β or IFN-ω. Our system is not specifically designed to finely compare the 

Fig. 4.  Blocking of IFN-α2 activity utilizing sera from patients with WNV neuroinvasive disease.  The rate 
of WNV infection was evaluated by measuring virus-induced cytopathic effects in ARPE-19 cells (A) at 24 h 
post-infection and Vero E6 cells (B) at 48 h post-infection, both treated with varying concentrations of IFN-α2 
(10,000, 500, 100, and 50 pg/mL). Despite the presence of IFN-α2, increased WNV replication was observed 
when cells were treated with all concentrations of IFN-α2 in combination with sera from patients with 
neuroinvasive WNV disease and neutralizing autoantibodies (IFN-I-NTAbs) against IFN-α2 (n = 5). At 10,000 
pg/mL, the neutralizing effect of these sera was reduced but not completely abolished, as the protective activity 
of IFN-α2 was only partially restored. This effect was compared to treatment with sera from WNV patients 
without IFN-I-NTAbs (n = 2). All sera were tested at a single dilution of 1:10. All experiments were performed 
in triplicate.
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antiviral activity of different type I IFNs. Nevertheless, we could observe that IFN-β retained its full antiviral 
effect at concentrations as low as 10 pg/mL, while IFN-α2 and IFN-ω fully protected ARPE-19 cells at 50 pg/
mL and only partially protected these cells at 10 pg/mL, with a slightly higher protection conferred by IFN-ω 
over IFN-α2, in line with previous observations28. In our study, we identify the ARPE-19 cell line as the optimal 
cell line for these experiments to the current knowledge, and compared to the widely used Vero E6 cell line. We 
also demonstrate that, in ARPE-19 cells, type II and type III IFNs do not restrict viral replication, at least under 
the conditions tested. These observations highlight the limitations of using these cells for evaluating the efficacy 
of IFN-γ, and IFN-λ1 against WNV infection in vitro. Our findings are consistent with the notion that, in 
humans, IFN-γ has a major protective role against intracellular bacteria and mycobacteria and a more redundant 
role in protecting against many viral infections29. The lack of a protective effect of type III IFNs, despite their 
demonstrated antiviral activity, especially in epithelial tissues, is in line with the recent report on the lack of 
association between anti-type III IFNs auto-Abs and COVID-19 30. The role of type III IFNs in protecting against 
viral infection, including infection respiratory infections or other affecting mucosal tissues, and in arboviral 
infection, including WNV encephalitis, still remains to be elucidated.

In our ARPE-19 cell system, serum samples from patients with WNND containing auto-Abs anti-IFN-α2, 
IFN-β or IFN-ω neutralized the protective antiviral effect of the respective cytokines, whereas none of the 
samples without the auto-Abs blocked the protective function of the respective cytokine. During the pre-
treatment phase, cells were exposed to a known concentration of IFN together with the sera to be tested. If the 
sera contained auto-Abs against IFNs, the amount of IFN available to protect the cells was reduced in proportion 
to the concentration of auto-Abs present. Following the pre-treatment, a critical washing step with PBS was 
performed to completely remove all traces of serum from the cells. This ensured that the sera, which might 
contain WNV-specific neutralizing antibodies (WNV-NTAbs), never came into direct contact with the virus. 
As a result, any observed effect on viral infection could be attributed exclusively to the activity of IFN-I-specific 

Fig. 5.  Blocking of IFN-ω activity utilizing sera from patients with WNV neuroinvasive disease.  The rate 
of WNV infection, evaluated through virus-induced cytopathic effects 24 h post-infection in ARPE-19 cells 
treated with different concentrations of IFN-ω (10,000, 500, 100, and 50 pg/mL), was examined. Despite 
the presence of IFN-ω, increased WNV replication was observed when ARPE-19 cells were treated with all 
tested IFN-ω concentrations in conjunction with sera from patients with neuroinvasive WNV disease and 
neutralizing autoantibodies (IFN-I-NTAbs) against IFN-ω (n = 4). At 10,000 pg/mL, the neutralizing effect of 
these autoantibodies diminished but was not completely abolished, as the protective activity of IFN-ω was only 
partially restored. This effect was compared to treatment with sera from patients with WNV disease without 
IFN-I-NTAbs (n = 1). All sera were tested at a single dilution of 1:10. All experiments were performed in 
triplicate.
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auto-Abs. Notably, pre-treatment with serum alone, without the addition of IFN, did not confer protection 
against WNV infection in vitro. This confirmed that the presence of WNV-NTAbs in the serum did not 
influence viral infection or the overall results of the assay. This experimental setup thus provides a robust and 
reliable framework to distinguish the specific neutralizing activity of IFN-I-specific auto-Abs from any potential 
interference by WNV-NTAbs in the context of WNND pathogenesis.

Our study is relevant for research purposes. First, it provides a model to study type I IFNs and test sera from 
patients with WNV infection for IFN-I-NTAbs. Importantly, our assay is consistent with and complementary to 
the luciferase-based neutralization assay, as it provides direct information on the antiviral function of type I IFNs 
and the detrimental effect of auto-Abs on this antiviral activity, allowing for the assessment of the IFN-I-NTAbs 
on actual viral replication and cell viability. This assay reflects the end-point effect of auto-Ab interference on the 
cell-intrinsic antiviral state, a crucial aspect that the ELISA and luciferase assays do not address directly, as they 
only measure only concentration and/or integrity in signaling, respectively. In addition, the WNV-ARPE-19 
assay provides the experimental basis to a series of future studies aiming at identifying other human cell lines 
that could display different sensitivity to type I or type III IFNs in respect to different in vitro viral infections. 
Moreover, our study is clinically relevant. Our WNV infection-based in vitro assay with ARPE-19 cells is suitable 
for screening patients with life-threatening WNV infection for neutralization of type I IFN activity, either alone 
or in combination with IFN-I-NTAb screening by ELISA, or by using recently described whole blood type I IFN 
stimulation assays, which identify IP-10 as a key marker induced by both type I and II IFNs31. Our assay it is 
also equally suitable to test serum samples from patients with infection other than WNV, including hypoxemic 
COVID-19 pneumonia, MERS and critical influenza virus pneumonia, given the role of the same IFN-I-NTAbs 
in the pathogenesis of these life-threatening infections. Our findings align with previous studies highlighting the 
role of type I IFN-neutralizing autoantibodies in a range of severe viral infections, including arbovirus diseases 
such as Powassan and Usutu. These autoantibodies exacerbate disease severity by impairing IFN signaling32. 
To this purpose, validation in large patient cohorts is warranted. Given the prevalence of IFN-I-NTAbs in the 

Fig. 6.  Blocking of IFN-β activity utilizing sera from patients with WNV neuroinvasive disease.  The rate 
of WNV infection, evaluated through virus-induced cytopathic effects 24 h post-infection in ARPE-19 cells 
treated with different concentrations of IFN-β (10,000, 500, 100, and 50 pg/mL), was examined. Increased 
WNV replication was observed when ARPE-19 cells were treated with IFN-β in conjunction with serum from 
a neuroinvasive WNV disease patient carrying neutralizing auto-antibodies (IFN-I-NTAbs) against IFN-β 
(n = 1). The neutralizing activity of this serum was evident at IFN-β concentrations up to 100 pg/mL, as shown 
by the ARPE-NT assay. This effect was compared to cells treated with sera from WNV disease patients without 
IFN-I-NTAbs (n = 2), which served as controls. All sera were tested at a single dilution of 1:10. All experiments 
were performed in triplicate.
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general population and the associated risk of life-threatening COVID-19, Influenza pneumonia, WNND and 
other severe viral infections, it is important to set up screening programs with reliable methods to test the 
general population, or, at least, at risk individuals, including elderly individuals and those with autoimmune 
conditions.

Materials and methods
Virus propagation
Wild-type WNV (EG101 reference strain; Melnick et al., 1951) was propagated in a BSL-3 laboratory in African 
green monkey kidney Vero-E6 low-passage cells (VERO C1008 [Vero 76, clone E6, Vero E6]; ATCC CRL-1586). 
Virus stock titers were determined with the Reed-Muench method and presented as TCID50, as previously 
described27.

In vitro protective effect of type I IFNs against WNV
In order to assess pre-infection protective effect of type I IFNs, Vero-E6 cells or ARPE-19 Human retinal pigment 
epithelia (RPE) low-passage cells [ARPE-19 (ATCC CRL-2302)] were utilized to seed 24-well plates (COSTAR) 
at a density of 5 × 104 cells/well, with triplicate wells for each set of conditions. These included a virus control 
(no IFN), a cell test (+ IFN-α2, β or ω), and medium control (no virus, no IFN). The following day, cells were 
exposed to 100’000, 10’000, 1’000, 500, 100 or 50 pg/ml recombinant human IFN-α2 (ref. number 11101-2; R&D 
Systems, Minneapolis, United States) or recombinant human IFN-ω (ref. number 300–02 J; Peprotech, Waltham, 
United States) or recombinant human IFN- β (ref. number 300-02BC; Peprotech, Waltham, United States) for 
24 h at 37 °C. The plates were then washed with PBS, and the cells were infected with 10,000, 1000 or 100 TCID50 
WNV and incubated for 2 h at 37 °C under an atmosphere containing 5% CO2. After the removal of the WNV 
inoculum by washing with PBS, fresh medium was added to the wells. Supernatants were collected at 0, 24, 48, 
72, and 96 h and titrated with twofold serial dilutions ranging from 1:1 to 1:128 in 96-well plates to score WNV 
CPE on confluent Vero-E6 cells after 5 days of incubation at 37 °C under an atmosphere containing 5% CO2. 
Viral WNV replicating percentage is calculated by normalizing the number of observed wells with cytopathic 
effect following the titration of the collected supernatant against the virus control, performing three replicates 
and serially diluting the supernatant by two-fold until 1:128. In order to asses post-infection protective effect 
of type I IFNs, Vero-E6 or ARPE-19 cells were infected as described above prior to IFN treatment, then were 
treated with IFN-α2 or ω or β under the same experimental conditions. The efficacy of type II (recombinant 
human IFN-γ, ref. number 300-02; Peprotech, Waltham, United States) and III (recombinant human IFN-λ1, 
ref. number 300–02 L; Peprotech, Waltham, United States) IFNs in protecting Vero E6 and ARPE-19 cells from 
WNV infection were tested at the same conditions described above.

Fig. 7.  Correlation between IFN-I-NTAbs ARPE assay and ELISA/luciferase assays for neutralizing antibodies 
against type I IFNs.  Correlation between the IFN-I-NTAbs ARPE cell-based assay and the ELISA and 
luciferase-based assays for detecting neutralizing antibodies against IFN-β (A), IFN-ω (B), and IFN-α2 
(C). The Y-axis shows the percentage neutralization value of the IFN-I-NTAbs ARPE assay at different 
concentrations of type I IFNs (50 pg/mL, 100 pg/mL, 500 pg/mL, and 10 ng/mL). Red triangles represent 
positive results from the luciferase assay at 10 ng/mL. Green circles indicate positive results from the luciferase 
assay at 100 pg/mL. Black squares represent samples that were negative in the luciferase assay at 10 ng/mL but 
may neutralize at lower concentrations, as shown in the ARPE-NT assay. Purple diamonds indicate positive 
results from the ELISA assay. These data demonstrate the concordance between the newly developed IFN-I-
NTAbs ARPE assay and established methods, highlighting the ability of the ARPE assay to detect and quantify 
the functional neutralizing activity of type I IFN auto-antibodies, even at varying IFN concentrations.
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Serum samples from patients with WNV infection
Serum samples from subjects with confirmed WNV infection, collected between 2014 and 2022 in northern Italy, 
were screened for inclusion in type I IFN neutralization experiments. Individuals with WNND were reported 
to have encephalitis (fever, acute signs of central or peripheral neurological dysfunction, including altered 
mental status and neurological deficits), meningitis (fever, pleocytosis, headache, nuchal rigidity), acute flaccid 
paralysis (poliomyelitis-like syndrome or Guillain-Barré-like syndrome), or other neurological syndromes. 
WNV-infected controls (WNVIC) were blood donors with documented WNV infection, diagnosed based 
on the detection of WNV RNA in blood during routine screening at the time of donation. These individuals 
remained asymptomatic or exhibited mild symptoms (e.g., headache) during follow-up. Informed consent was 
obtained from all subjects and/or their legal guardians. The experiments were conducted in Italy, in accordance 
with local regulations and guidelines from the Italian national data protection authority, and with the approval 
of the Institutional Review Board (IRB) of the San Matteo Research Hospital in Pavia.

WNV-NTAbs microneutralization assay
All sera used in the experiments underwent testing with the WNV-NTAb microneutralization assay for titration 
of WNV-NTAbs, as previously reported (Percivalle et al., 202027). Briefly, 50 µl of fourfold (1:10 to 1:640) serially 
diluted serum samples from patients with or without auto-Abs were added in duplicate to a flat-bottomed 
tissue culture microtiter plate (COSTAR, Corning Incorporated, New York, USA) with 50 µl (100 tissue culture 
infectious dose 50 [TCID50]) WNV. After incubation for 1 h at 37 °C under an atmosphere containing 5% CO2, 
Vero E6 cells (3 × 104 in 50 µl per well) were added. After 96 h, the plates were scored for cytopathic effect (CPE), 
and the NTAb titer was calculated as the concentration of Abs able to abolish CPE. A NTAb titer < 1:10 was 
considered negative, whereas a titer greater or equal to 1:10 was considered positive. To further evaluate the 
potential interference of WNV-NTAbs identified in the sera of infected patients, cells were pre-treated overnight 
with a 1:10 or 1:100 dilution of sera containing WNV NTAb as well as sera devoid of such antibodies. This pre-
treatment was followed by the removal of the serum through a thorough washing procedure and subsequent 
infection of the cells with WNV. Using the same procedure subsequently employed to remove type I IFNs, the 
presence or absence of the patient’s serum containing WNV-NTAbs did not influence the results after overnight 
incubation, as described in the next paragraph. The viral replication from treated cells matched that of the virus 
control (i.e., not pre-treated with serum), demonstrating that pre-treatment with sera with WNV-NTAbs did not 
impact subsequent infection.

Inhibition of type I IFN activity using sera from patients with WNV neuroinvasive disease and 
containing auto-Abs against type I IFNs
The neutralization of type I IFNs by patients’ serum samples was assessed using Vero-E6 or ARPE-19 cells 
seeded in 96-well plates (COSTAR, 13 Corning Incorporated) at a density of 3 × 104 cells/well. Each sample was 
analyzed in triplicate (serum + IFN-α2, β or ω mixture), included a virus control (no IFN) and a medium control 
(no virus, no IFN) for each plate. The following day, an anti–IFN-α2 monoclonal Ab (21100-1; R&D Systems) 
or serial threefold dilutions of serum samples were incubated with 10,000, 400, 100 or 50 pg/ml recombinant 
IFN-α2 (11101-2; R&D Systems), IFN-β (300-02BC; Peprotech) or IFN-ω (300–02  J; PrepoTech) for 1  h at 
37 °C under an atmosphere containing 5% CO2 (starting dilution of serum samples = 1:100 or 1:10). The culture 
medium was then removed from the cells by aspiration and replaced with the serum/Ab–IFN mixture. The plates 
were incubated for 24 h, after which the serum/Ab–IFN mixture was removed, and the plates were washed with 
PBS to eliminate any anti-WNV–neutralizing Abs present. This washing procedure eliminates the interference 
of WNV-NTAbs found in patient sera, preventing them from inhibiting infection in the assay. This enables the 
evaluation of solely the impact of anti-interferon antibodies. Importantly, the virus never comes into contact 
with the sera throughout the process, thereby excluding any neutralizing activity of WNV-NTAbs. Cells were 
then infected with 100 TCID50 WNV by directly dispensing the inoculum into the wells and incubating for 2 h 
at 37 °C. The plates were then washed with PBS to remove the WNV inoculum, and fresh medium was added 
to the wells. After 48 h, supernatants were collected and titrated with twofold serial dilutions ranging from 1:1 
to 1:128 in 96-well plates for scoring WNV CPE on confluent Vero-E6 cells after 5 days of incubation at 37 °C.

ELISA
Enzyme-linked immunosorbent assays (ELISA) were performed as previously described (Puel et al., 2008). 
In brief, 96-well ELISA plates (MaxiSorp; Thermo Fisher Scientific) were coated by overnight incubation at 
4 °C with 1 µg/mL rhIFN-α (Miltenyi Biotec, ref. number 130-108-984), rhIFN-ω (Peprotech, ref. number 300-
02 J) or rhIFN-β (Peprotech, ref. number 300-02BC). Plates were then 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 controls for 2 h at room temperature (or with specific mAbs as positive 
controls). Each sample was tested once. Plates were thoroughly washed (PBS/0.005% Tween). Horseradish 
peroxidase (HRP)–conjugated Fc-specific IgG fractions from polyclonal goat antiserum against human IgG 
(Nordic Immunological Laboratories) were added to a final concentration of 1 µg/mL. Plates were incubated for 
1 h at room temperature and washed. Substrate was added and OD was measured. 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 reporter 
luciferase activity, as previously described12. Briefly, HEK293T cells were transfected with a plasmid containing 
the firefly luciferase gene under the control of the human ISRE promoter in the pGL4.45 backbone, and a 
plasmid constitutively expressing Renilla luciferase for normalization (pRL-SV40). Cells were transfected in 
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the presence of the X-tremeGene9 transfection reagent (Sigma-Aldrich, ref. number 6365779001) for 24  h. 
Cells in Dulbecco’s modified Eagle medium (DMEM, Thermo Fisher Scientific) supplemented with 2% fetal 
calf serum (FCS) and 10% healthy control or patient serum/plasma (after inactivation at 56 °C, for 20 min) were 
either left unstimulated or were stimulated with rhIFN-α2 (Miltenyi Biotech, ref. number 130-108-984 (not 
glycosylated) or Merck, ref. number H6041-10UG (glycosylated)), rhIFN-ω (Peprotech, ref. number 300–02 J 
(not glycosylated) or Origene, TP721113 (glycosylated)), at 10 ng/mL or 100 pg/mL (not glycosylated) or 1 ng/
mL (glycosylated), or rhIFN-β (Peprotech, ref. number 300-02BC (glycosylated)) at 10 ng/mL or 1 ng/mL, for 
16 h at 37 °C. Finally, cells were lysed for 20 min at room temperature and luciferase levels were measured with 
the Dual-Luciferase® Reporter 1000 assay system (Promega, ref. number E1980), according to the manufacturer’s 
protocol. Luminescence intensity was measured with a VICTOR-X Multilabel Plate Reader (PerkinElmer Life 
Sciences, USA). Firefly luciferase activity values were normalized against Renilla luciferase activity values. These 
values were then normalized against the median induction level for non-neutralizing samples and expressed as 
a percentage. Samples were considered neutralizing if luciferase induction, normalized against Renilla luciferase 
activity, was below 15% of the median values for controls tested the same day.

Data analysis
All analyses reported were performed using GraphPad Prism software (version 8; GraphPad Software Inc., La 
Jolla, CA), descriptive statistic included median, interquartile range (IQR) and numbers of samples analyzed 
(N).

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request”.
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