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Interferon-alpha/beta receptor
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to Powassan virus infection in
mice
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Powassan virus (POWV) is a tick-borne flavivirus that causes neurotropic disease in
humans. POWV causes fatal encephalitis and meningitis in 10% of human cases and
long-term neurological sequelae in 50% of surviving patients. While innate antiviral
responses have been extensively studied in mosquito-borne flavivirus infections,
they remain less well characterized in the context of tick-borne flaviviruses. In
this study, we investigated the role of interferon a/p receptor in the pathogenesis
of POWYV infection in vivo. Herein, we showed that unlike wild-type (WT) mice,
interferon a/p receptor-deficient (/fnar~’-) mice were highly susceptible to POWV and
rapidly succumbed to infection. Low inoculum dosage resulted in 100% mortality
rate in Ifnar”~ mice early after infection. Higher levels of viremia accompanied
by increased serum levels of proinflammatory cytokines and chemokines were
observed in Ifnar~~ mice. Further, we detected significantly higher virus levels in the
peripheral tissues including spleen, liver and kidney in Ifnar~- mice compared to WT
mice. Subsequent analyses revealed marked pathology and elevated inflammatory
responses in the peripheral organs of Ifnar”’~ mice. Additionally, /fnar”’- mice
showed a stunted immune response in the spleen with significantly decreased
numbers of B cells, monocytes, and neutrophils. While WT mice exhibited increased
splenic accumulation of Ly6C* cells, this recruitment was markedly impaired in
Ifnar~’- mice. Notably, viral load quantification and immunofluorescence analysis
showed no significant difference in brain viral load between WT and Ifnar~’~ mice;
however, Ifnar”’- mice displayed elevated inflammatory response in the brain.
These data suggest that the rapid mortality observed in Ifnar”’- mice is due to
uncontrolled virus dissemination and excessive inflammation in the periphery
rather than brain infection. Collectively, our data reveal that the type-I interferon
response restricts viral tropism and pathogenesis of POWV in mice.

KEYWORDS

orthoflavivirus, Powassan virus, inflammation, interferon response, interferon-alpha/
beta receptor

1 Introduction

Powassan virus (POWYV) is an emerging orthoflavivirus in North America that causes
severe neuroinvasive disease characterized by encephalitis, meningitis, and
encephalomeningitis (Hermance and Thangamani, 2017). POWYV is a positive sense single-
stranded RNA (+ssRNA) virus with approximately 11 kb genome. POWYV is vectored by
several Ixodes tick species including Ixodes scapularis and Ixodes cookei. POWYV is amplified
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in multiple animal host reservoirs including groundhogs, squirrels,
skunks, opossum, chipmunks, and potentially some bird species
(Hassett and Thangamani, 2021). Humans are dead-end hosts, and
human infection is often considered as a spill-over event. Since its
discovery in Powassan, Ontario, POWYV continues to spread through
Canada and the Northeastern United States (McLEAN and Donohue,
1959). The clinical manifestations for POWYV infection can range from
mild flu-like symptoms to advanced neurological involvement.
Neurological symptoms can consist of headache, ataxia, aphasia,
blurry vision, seizures, and acute flaccid paralysis. Case fatality rates
for patients that progress onto neurological disease is 10-30 percent.
And 50 percent of surviving patients experience long-term
neurological sequalae (Campbell and Krause, 2020; Fatmi et al., 2017).
Currently, there are no treatments or vaccines available against POWV.

Upon viral infection, pattern recognition receptors (PRRs) induce
the signaling of the interferon (IFN) response to mediate antiviral activity
(O'Neill and Bowie, 2010). Unlike the restricted expression of type-II
(IFNy) and type-IIT IEN (IFNA) receptors, type-I IEN (IFNo/f) receptors
are ubiquitously expressed on all nucleated cells (Trinchieri, 2010).
Signaling through IFN receptors induces an antiviral state through the
expression of IFN-stimulated genes (ISGs), interferon regulatory
transcription factors (IRF), IFN-stimulated response elements (ISREs),
nuclear factor kappa B (NF-KB) and the JAK/STAT pathways (McNab
etal, 2015). A robust and early IFN response is critical for controlling
viral replication. Therefore, most RNA viruses, including flaviviruses,
have developed various evasion strategies to circumvent the host IFN
response (Garcia-Sastre, 2017; Lubick et al., 2015; McNab et al., 2015).

Type-I IFN signaling is a critical component of antiviral innate
immunity and contributes significantly to virus pathogenicity. For
example, type-I interferon response protects mice from fatal
neurotropic disease following infection with Langat virus (LGTV) and
pseudorabies virus (Weber et al., 2014; Wei et al., 2017). Treatment
with anti-IFN receptor monoclonal antibody significantly enhanced
the susceptibility of mice to POWYV infection (VanBlargan et al.,
2018). In West Nile virus (WNYV) infection, resistance to type-I
interferon response is a determinant of viral replication and virulence
in vitro and in vivo (Keller et al., 2006). Additionally, IFNa/p receptor
plays an important role in resisting WNV and enhancing neuronal
survival (Samuel and Diamond, 2005).

The role of the IFN-o/ receptor in the pathogenesis of WNV,
ZIKA and tick-borne flaviviruses has been investigated (Lazear et al.,
2016; Samuel and Diamond, 2005). However, its specific contribution
to POWYV pathogenesis remains poorly understood. Type-I interferon
receptors knockout mice (Ifnar”~) have been previously used to
elucidate the contribution of type I interferon responses to host
defense and disease outcome (Chotiwan et al., 2023; Lazear et al.,
20165 Li et al., 2017). In the present study, we evaluated the role of
IFNa/p receptor in controlling POWYV replication, spread, and tissue
tropism. We infected wild-type (WT) mice and Ifnar~~ subcutaneously
with POWV LB strain. We determined virus burden and assessed

TABLE 1 Primer sequences used for RT-qPCR.
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POWV-induced pathology in various organs. We also evaluated
cellular response in the spleen via flow cytometric analyses.
Additionally, we assessed local and systemic inflammation through
cytokine and chemokine level measurements.

2 Materials and methods

2.1 Ethics statement

The protocol was approved by the GSU Institutional Animal Care
and Use Committee (Protocol number A24041). All animal
experiments were conducted in the certified animal biosafety level 3
(ABSL-3) facility in consultation with veterinary and animal care staff
at Georgia State University (GSU).

2.2 POWYV infection in mice

POWY, LB strain (BEI resources, NR-51181), was used for all the
experiments. Virus was propagated once in BHK-21 cells. C57BL/6
mice were purchased from The Jackson Laboratory and bred in the
vivarium at GSU. Ifnar~~ mice, which are deficient in the IFNo/p
receptor (C57BL/6 background), were obtained from the Mutant
Mouse Resource and Research Center (MMRRC strain no. 032045-
JAX). Equal numbers of males and females were used for each
experiment. Six-week-old C57BL/6 and Ifnar~~ mice were inoculated
with 20 pL of 10 or 100 plaque forming units (PFU) POWYV or PBS
(mock) via the footpad route. Infected mice were monitored, and
weights were documented for each group. At euthanasia, animals were
anesthetized with isoflurane and perfused with cold 1X PBS. Tissues
were harvested, and flash-frozen in 2-methylbutane or preserved in
4% paraformaldehyde.

2.3 Viral burden quantification

Tissues were pounded and lysed in RLT buffer. Total RNA was
extracted using a Qiagen RNeasy Mini kit (Qiagen, Germantown,
MD, United States) (Elsharkawy et al., 2025b). cDNA library was
created using iScript™ cDNA synthesis kit (Biorad, Cat#1708891).
The cDNA was used for QPCR using SsoAdvanced™ Universal Probes
Supermix (Biorad, Cat# 1725281) (Auroni et al., 2023; Jahantigh et al.,
2025). Viral RNA levels were measured with primers and probes
specific for POWYV (Table 1). Viral genome copies were calculated
using a standard curve and expressed per pg of total RNA. The viral
load in the serum was measured by plaque formation assay using
BHK-21 cells.

Forward primer sequence (5’- > 3’)

POWYV Probe

Reverse primer sequence (5’- > 3)

56-FAM/TGGCATCCG/Zen/ AGAAAGTGATCCTGC/3IABKFQ ‘

POWV GGCTGCAAATGAGACCAATTC

CAGCGACACATCTCCATAGTC ‘
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2.4 Histopathology

At day 3 post inoculation, we harvested the tissues after cardiac
perfusion with 1X PBS and fixed them in 4% paraformaldehyde
(PFA). Optimal cutting temperature (OCT) medium was used for
embedding (Tissue-Plus™,  Cat#  23-730-571).
OCT-embedded tissues were sectioned and stained with hematoxylin
and eosin (H&E) for histopathological evaluation (Abcam, Cat#
ab245880) (Stone et al., 2025). Tissue sections were stained with
DsRNA (J2) mouse antibody (Absolute Antibody, Cat# Ab01299-2.0)
overnight at 4 °C, followed by incubation with Alexa Fluor 488 Anti-
mouse (Invitrogen, Cat# A10684) antibody for 30 min at room
temperature. Additionally, brain sections were incubated with GFAP-
Alexa Fluor 594 Anti-mouse (Cell Signaling, Cat# 8152). Spleen, liver
and kidney tissue sections were stained with CD68-Alexa Fluor® 488
(Cell Signaling Technology, Cat# 51644) overnight at 4 °C.
We mounted the stained sections with Prolong™ Glass Antifade

tissues

10.3389/fmicb.2025.1678861

Mountant with NucBlue™ StainDAPI (Thermo Fisher Scientific,
Cat# P36981). Images were acquired using the Invitrogen™-EVOS™
M5000 Cell Imaging System and analyzed using Image] software
(Elsharkawy et al., 2025a,b; Ge et al., 2025).

2.5 Luminex assay

Tissues harvested from POW V-infected and mock-infected mice
were homogenized in 1X PBS with protease inhibitor in the bullet
blender (Next Advanced). Homogenates and serum were tested using
the MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead
Panel - Premixed 25-Plex - Immunology Multiplex Assay (Cat#
MCYTMAG-70 K-PX25) per
We calculated the sample concentrations using the Belysa®

as manufacturer instructions.

Immunoassay Curve Fitting Software (Millipore Sigma) (Basu et al.,
2024; Browne et al., 2025; Oh et al., 2024).
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showed statistical significance differences in survival between WT-infected and Ifnar~/~-infected at both infectious doses (p-value < 0.0001). (B) Weight
loss for mock-infected mice, WT-infected mice (100 PFU), Ifnar~--infected (10 PFU and 100 PFU). Mice were weighed daily for 21 days post infection.
Weights are expressed as percentage of initial body weight prior to infection (day 0). Weight change curves for Ifnar”--infected (10 PFU, 100 PFU,
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SEM. p-values were calculated by Mann—-Whitney test (p-value = 0.0143; n = 3 for mock-infected; n = 4 for POWV-infected). (D—G) Viral RNA load in
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FIGURE 2

Detection of dsRNA in tissues following POWYV infection. (A) Tissues were collected from mock- and POWV-infected mice at 3 dpi. Collected tissues

e). Representative images of spleen (scale bars are 250 pm on original images and 75 pm on enlarged images),
liver (scale bars are 150 pm on original images and 75 pm on enlarged images), kidney (scale bars are 150 pm on original images and 75 pm on enlarged
images), and brain (scale bars are 75 um). (B—E) Mean fluorescence intensity (MFI) was determined for dsRNA-stained sections by ImageJ. Middle
horizontal bar indicates the mean and error bars are SEM. Statistical significance was determined by unpaired t-test (*p < 0.05, **p < 0.01, ***p < 0.001;
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2.6 Flow cytometry

For the cytometric analysis of the spleens, we anesthetized mice
using isoflurane, followed by 1X PBS cardiac perfusion. Spleen single-
cell suspensions were generated using the gentle MACS tissue
dissociator (Miltenyi Biotec, Cat#130-093-235). We incubated the
spleen single-cell suspensions with Fc Block antibody (BD
Biosciences) in BD FACS™ Pre-Sort Buffer (BD Biosciences) for
10 min at room temperature before staining, followed by fixable
Viability Stain 575V (BD Biosciences). Next, we incubated the

Frontiers in

samples with antibodies against the following markers: FITC Rat Anti-
Mouse CD45 (BD, Cat# 553080), PE Rat Anti-Mouse CD4 (BD, Cat#
553730), PerCP-Cy5.5 Rat Anti-Mouse CD8p (BD, Cat# 567597), and
APC-Cy7 Rat Anti-Mouse CD19 (BD, Cat# BDB561737) or FITC Rat
Anti-Mouse CD45 (BD, Cat# 553080), APC Rat Anti-Mouse CD11b
(BD, Cat# 553312) and PE Rat Anti-Mouse Ly6C (BD, Cat# 568954).
Cells were stained for 30 min on ice, then washed and fixed in fixation
buffer (eBioscience). We acquired flow cytometry data on a BD
LSRFortessa™ Cell Analyzer and used the FlowJo software for further
analysis ( ; ).
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FIGURE 3

Cytokine and chemokine protein levels in the serum following POWYV infection. Mice were inoculated with PBS (mock) or 100 PFU of POWV. Serum
was collected at 3 dpi. Cytokine and chemokine protein levels were measured by a multiplex immunoassay. Each data point represents an individual
mouse. Middle horizontal bar indicates the mean and error bars are SEM. Data are presented on a Log10 scale and each analyte is plotted on an
independent scale. p-values were calculated by One-way ANOVA followed by Sidak’s multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001,
***%p < 0.0001; n = 3 for mock-infected mice; n = 4 for POWV-infected mice).
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2.7 Statistical analysis

We performed the statistical analyses using the GraphPad Prism
software, version 10 and considered results statistically significant
at p-values of p < 0.05. We used unpaired Student’s ¢-test to compare
the two groups. We used one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparisons test, non-parametric
Kruskal-Wallis test followed by Siddk’s multiple comparisons test
or mixed effects analysis followed by Fisher’s LSD to compare
multiple groups.

Frontiers in Microbiology

3 Results

3.1 Enhanced mortality in Ifnar’- mice
following POWYV infection

In this study we used mice deficient in the IFNa/f receptor
(Ifnar™") to determine its role in POWYV pathogenesis. Six-week-old
Ifnar~~ and C57BL/6] (WT) mice were infected subcutaneously by the
footpad with a low dose of POWYV LB strain. We infected Ifnar™~ mice
with 100 PFU or 10 PFU and WT mice with 100 PFU. Mice were

frontiersin.org
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FIGURE 4

Spleen pathology following POWYV infection. (A) HE staining of spleen tissue harvested at 3 dpi. (B) Microscopic imaging of mouse spleens stained
with CD68-Alexa Fluor® 488 (green) and DAPI (blue). Scale bars are 250 pm. (C) MFI was determined for CD68-stained sections by ImageJ

(D) Number CD68-positive cells in the spleen using ImageJ. Middle horizontal bar indicates the mean and error bars are SEM (n = 3/group). Statistical
significance was determined by unpaired t-test. (E) ImageJ-generated visualization of CD68-positive cell distribution in the spleen.

monitored daily for signs of disease including rounded posture,
piloerector fur, and gait abnormalities. As early as day 2 post infection
(dpi), Ifnar™~ mice infected with 100 PFU started losing significant
body weight. At 3 dpi, Ifnar™~ mice showed severe signs of illness
regardless of dose given and all mice succumbed to infection by 4 dpi.
In contrast, WT mice did not show signs of disease or weight loss until
7-8 dpi. Approximately 54% of infected WT mice succumbed to
infection between 10 and 12 dpi (Figures 1A,B).

We next investigated the virus replication kinetics and tissue
tropism in WT and Ifnar™~ mice. Mice were infected with 100 PFU
of POWYV and euthanized at 3 dpi. We quantified viremia in the
serum by plaque assay. At 3 dpi, Ifnar”’~ mice had significantly
higher levels of infectious virus titers (mean = 3.2 x 107) in the
serum compared to WT mice (mean =2.4 x 10°) (Figure 1C).
We also analyzed viral load in peripheral organs by
RT-gPCR. Compared to the viral load in WT mice (mean = 5 x 10°),
Ifnar~™~ mice had significantly higher levels of viral load (mean = 5 x 10°)
in the spleen (Figure 1D). Next, we determined the viral load in
infected livers. Ifnar™~ mice had significantly higher levels of viral

Frontiers in Microbiology

06

load (mean=6.3 x 10") in the liver compared to WT mice
(mean = 1.9 x 10%) (Figure 1E). Similarly, we detected significantly
increased viral load in the kidney of Ifnar~~ mice (mean = 3.9 x
10°) compared to WT mice (mean = 3.9 x 10°) (Figure 1F). Notably,
Ifnar™~ mice also had slightly higher viral burden in the brain
compared to WT mice; however, the difference was not statistically
significant (mean=2.5 x 10° and 7.9 x 10% respectively)
(Figure 1G).

3.2 Detection of dsRNA in tissues following
POWYV infection

Detection  of  double-stranded RNA  (dsRNA) by
immunofluorescence is a marker of active flavivirus replication within
infected tissues (Mazeaud et al., 2018; O'Brien et al., 2015; Son et al.,
2015). We next assessed dsRNA presence by immunofluorescence
staining. Consistent with viral load measurements, Ifnar”~ mice

frontiersin.org
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FIGURE 5
Splenic inflammatory response following POWYV infection. Cytokine and chemokine protein levels were measured by a multiplex immunoassay. Each
data point represents an individual mouse. Middle horizontal bar indicates the mean and error bars are SEM. Data are presented on a Log10 scale and
each analyte is plotted on an independent scale. p-values were calculated by mixed effects analysis followed by Fisher's LSD (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001; n = 3 for mock-infected mice; n = 4 for POWV-infected mice).

displayed markedly stronger dsRNA signal in the spleen compared to
WT controls (Figures 2A,B). In the liver, dSSRNA was detected in both
strains but was more pronounced in Ifnar”~ mice (Figures 2A,C).
Similarly, kidney tissue from Ifnar~~ mice exhibited higher dsSRNA
levels relative to WT mice (Figures 2A,D). In contrast, brain tissue
from both Ifnar”~ and WT mice showed robust dsRNA staining at
comparable levels, in line with the viral load data (Figures 2A,E).
Quantitative analysis showed significant differences in mean
fluorescence intensity (MFI) of dsRNA signal between WT and
Ifnar™~ spleens, liver and kidney.
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3.3 Systemic inflammation in Ifnar”- mice
following POWYV infection

Next, we evaluated systemic inflammation by measuring proteins
levels of key cytokines and chemokines in the serum using a multiplex
immunoassay. We did not observe significant increase in inflammatory
mediators in the WT mice at 3 dpi when compared to mock-infected
controls. In contrast, POWV-infected Ifnar’~ mice exhibited
significant increase the levels of several proinflammatory mediators.
We detected significantly high levels of TNF-a (mean = 22.1 pg./mL)
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FIGURE 6

Pathology in the liver and in the kidney following POWYV infection. Liver and kidney tissues were harvested from mock- or POWV-infected mice.

(A) H&E staining of liver tissue harvested at 3 dpi. Arrow heads indicate congestion of central veins; circles indicate infiltration of inflammatory cells.

(B) HEE staining of kidney tissue harvested at 3 dpi. Arrow heads indicate congestion of hemorrhagic sites; circles indicate congestion of congestion of
glomerular tuft. n = 3 for mock-infected mice; n = 4 for POWV-infected mice.

and IL-6 (mean = 861.3 pg./mL). Granulocyte colony-stimulating
factor (G-CSF) levels were also significantly increased in Ifnar~~ mice
(mean = 7227.7 pg./mL). Additionally, we detected a significant
increase in the levels of several chemokines including C-C motif
(CCL2 and CCL5, mean = 1731.1 and 11.89 pg./mL, respectively) and
C-X-C motif (CXCL1 and CXCL10, mean = 639.3 and 1218.9 pg./
mlL, respectively) in the serum collected from POW V-infected Ifnar™~
mice (Figure 3). Overall, these findings show that the absence of
IFNa/f receptor signaling accelerates mortality and induces an
exacerbated systemic inflammatory response following POWV
infection in mice.

3.4 Pathology in the peripheral organs of
WT and Ifnar”’~ mice following POWV
infection

The spleen is a primary organ in the lymphatic system and plays
a crucial role during viral infection. Therefore, we assessed POW V-
induced pathology using H&E staining of spleen tissues collected at 3
dpi. Compared to WT, Ifnar”~ spleen had significantly altered
morphology with loosely distributed white and red pulps (Figure 4A).
To evaluate the localization of splenic macrophages, we deployed
CD68 labeling of infected spleens collected at 3 dpi (Figure 4B).
Quantitative analysis showed no significant differences in MFI or total
CD68-positive cell counts between WT and Ifnar—/— spleens
(Figures 4C,D). Traditionally, CD68 is observed in the red pulp, the
distribution of CD68" splenic macrophages in infected Ifnar™~ mice
was markedly altered compared to mock-infected and WT POWV-
infected spleen (Figure 4E).

We also investigated the inflammatory response in the spleen
using a multiplex immunoassay. Compared to mock-infected controls,
spleens from POWV-infected WT mice showed no significant
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differences. On the other hand, spleens from POW V-infected Ifnar~'~
mice showed significant upregulation in multiple pro-inflammatory
cytokines and chemokines. Compared to W'T, Ifnar~~ had significantly
higher levels of TNF-a, IFN-y, G-CSE, GM-CSE, IL-1a, IL-1f, IL-6,
and IL-17. No differences were detected in the levels of IL-2, IL-10,
and IL-13 between mock- and POW V-infected tissue in both WT and
Ifnar~~ mice. Furthermore, levels of CCL2, CCL3, CCL4, CXCL1,
CXCL2 and CXCL10 were significantly higher in infected Ifnar~'~
spleens compared to WT spleens (Figure 5).

Next, we examined POWV-induced pathology in the liver and in
the kidney. Histological analysis showed hepatocyte swelling,
infiltration of inflammatory cells, and congestion of central veins in
infected Ifnar™~ mice. In contrast, no significant pathology was
detected in the livers of POWV-infected WT mice (Figure 6A).
We observed several hemorrhagic sites and congestion of glomerular
tuft in infected Ifnar~~ kidney (Figure 6B).

Further, we assessed inflammatory response in the liver and in
the kidney following POWYV infection. Compared to infected WT
liver, infected Ifnar~" liver had significantly higher protein levels of
TNF-a, G-CSE IL-6, IL-10, IL-17, CCL2, CCL3, CCL4, CCL5,
CXCLI1, CXCL2, and CXCL10 (Figure 7). For example, we detected
significantly higher levels of TNF-a in Ifnar~~ mice following POWV
infection (mean = 102, 16.4 pg./g in POWV- and mock-infected
Ifnar™~ liver, respectively). Similarly, we detected significantly
increased levels of IL-6 in Ifnar™~ mice (mean = 8,979, 111 pg./g in
POWYV- and mock-infected Ifnar~'~ liver, respectively). On the other
hand, we did not detect any significant differences in IL-1a, IL-1p,
IL-9, IL-12 and IL-13 levels in POWV-infected WT and Ifnar™~ mice
compared to mock-infected controls. Additionally, we detected a
significant increase in the levels of several chemokines including
CCL2 and CCL4 (mean = 3,738, 631 pg./g, respectively) and CXCL1
and CXCLI0 (mean =9392.7 and 1917.1 pg./g, respectively) in
POWV-infected Ifnar~'~ mice.
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FIGURE 7
Inflammation in the liver following POWYV infection. Cytokine and chemokine protein levels were measured in the liver at 3 dpi. Each data point
represents an individual mouse. Middle horizontal bar indicates the mean and error bars are SEM. Data are presented on a Log10 scale and each
analyte is plotted on an independent scale. p-values were calculated by mixed effects analysis followed by Fisher's LSD (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001; n = 3 for mock-infected mice; n = 4 for POWV-infected mice).

Compared to WT mice, Ifnar~~ mice had significantly higher
levels of TNF-a, G-CSF, IL-1a, IL-1p, IL-6, IL-17, CCL2, CCL3,
CCL4, CCL5, CXCLI1, CXCL2, and CXCL10 in the kidney. For
example, we detected higher levels of IL-1f in Ifnar™~ mice
following POWYV infection (mean = 46, 18 pg./g in POWV- and
mock-infected Ifnar~~ kidneys, respectively). On the other hand,
we did not detect significant increase in IL-1f levels in WT mice
following POWYV infection (mean = 25.8, 21.3 pg./g in POWV-

and mock-infected WT kidneys, respectively). Similarly,

we detected significantly increased levels of TNF-o in Ifnar™~
mice (mean = 167, 13 pg./g in POWV- and mock-infected Ifnar~'~

kidneys, respectively). We detected a slight increase in TNF-«
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levels in POWV-infected WT mice with a mean of 17.2 pg./g
compared to mock-infected controls with a mean of 10.4 pg./g.
However, the difference was not statistically significant. In
contrast, the levels of anti-inflammatory cytokine IL-2 were
significantly reduced in Ifnar~~ kidney in comparison with WT
kidney (mean = 15.2, 26 pg./g, respectively). Similarly, we detected
a significant decrease in the levels of IL-13 in Ifnar~~ compared
to WT kidney (mean = 21.3, 66.6 pg./g, respectively) (Figure 8).
Similar to the spleen and liver, levels of various chemokines such
as CCL2, CCL3, CCL4, CCL5, CXCL1, CXCL2 and CXCL10 were
significantly higher in infected Ifnar~~
WT kidneys.

kidneys compared to
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Cytokine and chemokine levels in the kidney following POWYV infection. Cytokine and chemokine protein levels were measured in the kidney at 3 dpi.
Each data point represents an individual mouse. Middle horizontal bar indicates the mean and error bars are SEM. Data are presented on a Log10 scale
and each analyte is plotted on an independent scale. p-values were calculated by mixed effects analysis followed by Fisher's LSD (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001; n = 3 for mock-infected mice; n = 4 for POWV-infected mice).

3.5 Flow cytometric analysis of splenic
immune cells following POWYV infection

To explore differences in splenic cellular immune response,
we performed flow cytometric analysis of spleens collected at 3 dpi.
In POWV-infected WT mice, we observed a significant reduction
in CD4" T cells. Interestingly, no reduction in CD4* T cells was
observed in Ifnar”~ mice. On the other hand, CD8" T cells did not
show any significant differences between POWV- and mock-
infected in either mouse strains (Figures 9A,C). We also investigated
B cell response in the spleen following POWYV infection. While no
significant changes were detected in B cell response in
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POWV-infected WT mice, a significant reduction in B cell number
was detected in the spleen of Ifnar”~ mice following POWV
infection (Figures 9B,C). Interestingly, POWYV infection resulted in
significant decrease in the number of splenic CD11b* cells in
Ifnar™~ mice. No significant difference in CD11b* cell count was
observed between POWV-
(Figures 10A,D). POWYV infection also caused a marked increase in
the number of Ly6C* cells in POWV-infected WT spleens. In
contrast, we did not detect any significant increase in the number
of Ly6C* cells in POW V-infected Ifnar~~ spleens (Figures 10B,D).
The number of monocytes increased slightly in WT-infected

and mock-infected WT mice

spleens, but the difference was not statistically significant. In
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Flow cytometric analysis of T and B cell responses in the spleen following POWYV infection. (A) Gating strategy and FACS plots of CD4* and CD8* T
cells in the spleen. (B) Gating strategy and FACS plots of CD19* cells. (C) CD4* T, CD8* T, and CD19* cell numbers in the spleen. Each point represents
an individual mouse. The bars indicate the mean and error bars are SEM. Ordinary one-way ANOVA, followed by Tukey's multiple comparisons test
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n = 2-3 for mock-infected mice; n = 4 for POWV-infected mice).

contrast, infected Ifnar~”~ spleens had significantly reduced
numbers of monocytes following POWV infection (Figures 10C,D).
Similarly, the number of neutrophils decreased significantly in
Ifnar™" spleens following POWYV infection while no difference was
detected between POWV- and mock-infected WT spleens
(Figures 10C,D).

3.6 Neuroinflammation in Ifnar~’- mice
following POWYV infection

POWYV has classically been known as a neurotropic virus and
death in wild-type mice typically follows neuroinvasion. Flaviviruses
have been shown to trigger astrocyte activation which is characterized
by morphological changes and altered expression of several genes such
as the glial fibrillary acidic protein (GFAP) (Pekny and Pekna, 2016;
Potokar et al., 2019). Therefore, we assessed the expression of GFAP, a
marker for astrocyte activation, in the brain of POWV-infected WT
and Ifnar”~ mice. Immunofluorescence analyses revealed higher
GFAP expression in Ifnar~~ infected brains, mainly in the cerebellum
and in the meninges (Figure 11A). Similarly, quantitative analysis
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showed significant differences in MFI and total GFAP-positive cell
counts between WT and Ifnar~'~ spleens (Figures 11B,C).

We also assessed local CNS inflammation through cytokine/
chemokine protein levels measurement. Despite the insignificant

difference in brain viral load between WT and Ifnar~~

mice,
we detected considerably higher levels of proinflammatory cytokines
and chemokines in POWV-infected Ifnar~~ brains. Compared to
POW V-infected WT, Ifnar™~ mice had significantly higher levels of
G-CSE IL-1a, IL-6, CCL2, CCL5, CXCL1, and CXCL2. Compared to
mock-infected controls, both POW V-infected WT and Ifnar~~ brains
had significantly increased levels of CXCL10 (mean = 408, 691 pg./g

for POW V-infected WT and Ifnar™"~ brains, respectively) (Figure 12).

4 Discussion

Type-I interferon response is one of the most potent antiviral
mechanisms against flaviviruses (Daffis et al., 2009; O’Neill and Bowie,
2010; Weber et al,, 2014). While it has been shown that type-I IFN
signaling plays a critical role in mosquito-borne flavivirus infection
(Daffis et al., 2009; Keller et al., 2006), its role during a tick-borne
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Cellular immune response in the spleen following POWYV infection. Flow cytometric analysis of spleen following inoculation with POWV or mock
infection. (A) Gating strategy and FACS plots of CD11b* cells. (B) Gating strategy and FACS plots of Ly6C* cells in the spleen. (C) Gating strategy and
FACS plots of CD11b* Ly6C* cells in the spleen. (D) CD11b*, Ly6C*, neutrophils and monocytes numbers in the spleen. Each point represents an
individual mouse. The bars indicate the mean and error bars are SEM. Ordinary one-way ANOVA, followed by Tukey's multiple comparisons test
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POWYV infection remains to be fully elucidated. In this study,
we demonstrated that POWV infection in mice lacking a functional
IFN-a/p receptor (Ifnar~~) mice resulted in a rapidly fatal infection.
Our findings showed that type-I interferon signaling is essential for
the early control of POWYV replication. In the absence of type-I IFN
signaling, mice exhibited elevated viremia and increased viral loads in
the peripheral tissues. This deficiency also impaired the immune
response in the spleen and was associated with heightened systemic
inflammation and severe pathology in peripheral organs. Notably,
while IFN-o/p receptor deficiency did not significantly affect viral
burden in the brain, it led to an exaggerated inflammatory response
in the brain.

Type-I interferon receptors knockout mice (Ifnar~") are more
susceptible to viral infections due to the impaired immune response.
Therefore, Ifnar~’~ mice have been commonly used to model disease
caused by highly pathogenic viruses. Type-I IFN-mediated response
is necessary to resist Zika virus (ZIKV) replication (Gobillot et al.,
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2020). Mice lacking type-I IFN signaling are highly susceptible to
ZIKV and succumb to infection by day 10 after infection (Lazear et al.,
2016). Mice infected with POWYV spooner strain, a less lethal strain
than the LB strain showed increased morbidity and mortality when
treated with an anti-IFNAR antibody and 100% lethality in mice was
reported between day 9 and 10 post-infection (VanBlargan et al.,
2018). Ifnar”~ mice on the 129Sv/Ev background showed 100%
lethality by day 5 following infection with WNV (Samuel and
Diamond, 2005). Unlike these studies that have shown mortality by
flaviviruses around day 5-10, we show that POWV LB strain infection
resulted in 100% mortality rate in Ifnar”~ mice on the C57BL/6
background as early as 3 days after infection.

While no lethality was observed in Ifnar”~ mice (129Sv/Ev
background) infected with Dengue virus (DENV2), virus was detected
in the sera and organs harvested from infected animals (Shresta et al.,
2004). Consistent with these results, we showed that Ifnar~~ mice are
unable to control early viral burden. Ifnar~~ mice had significantly
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FIGURE 11

Statistical significance was determined by unpaired t test (*p < 0.05)
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GFAP expression in the brain following POWYV infection. (A) Microscopic imaging of mouse brains stained with GFAP-Alexa Fluor 594 Anti-mouse (red)
and DAPI (blue). Scale bars are 250 pm on original images and 75 pm on enlarged images. (B) MFI was determined for GFAP-stained sections by
ImageJ. (C) Number GFAP-positive cells in the brain using ImageJ. Middle horizontal bar indicates the mean and error bars are SEM (n = 3/group)

increased viremia compared to WT mice. It was also reported that
IFN-o/p receptor plays an important role in resisting WNV by
limiting tissue tropism (Daffis et al., 2009; Samuel and Diamond,
2005). Consistently, we showed that the lack of type-I IFN response
led to significant viral dissemination in the peripheral tissues. Ifnar~~
mice had altered tissue tropism with significantly increased viral
burden in the spleen, the liver and the kidney compared to WT mice.
Previous studies have reported spleen and lymph nodes infection by
POWYV (Santos et al., 2016). Similarly, we showed spleen infection in
both WT and Ifnar”~ mice following POWYV infection. However,
unlike WT mice, Ifnar~~ mice had significant histopathology and
altered morphology in the spleen early after infection. Further, Ifnar~'~
mice showed histopathology in the liver including hepatocyte swelling
and infiltration of inflammatory cells while no significant pathology
was detected in the WT mice.

Pro-inflammatory response is beneficial in recruiting immune cells
to eliminate infectious viral factors. However, excessive inflammation
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can cause detrimental tissue damage (Pan et al., 2022). Type-I interferon
response has a crucial role in regulating inflammation and its impairment
can lead to the progression of inflammatory diseases (Ji et al., 2023).
Additionally, impaired interferon response is associated with an
exacerbated inflammatory response in severe and critical COVID-19
patients (Hadjadj et al., 2020). Consistently, following POWV infection,
Ifnar”~ mice had increased levels of systemic inflammation. For
example, we detected significant upregulation of several proinflammatory
cytokines and chemokines including IL-6, CCL2, and CXCL10 in the
sera of Ifnar~’~ mice compared WT mice. Consistent with the increased
viral load in Ifnar™~ mice, we also observed exacerbated inflammatory
response in the spleen, liver and kidney.

Balanced immune response is required for protection against viral
infections. It was recently reported that balanced T and B cell responses
are necessary for immune protection against POWYV infection (Stone
et al., 2022). However, type-I interferon deficiency causes altered
cellular tropism, with increased infection in splenic B cells,

frontiersin.org



https://doi.org/10.3389/fmicb.2025.1678861
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Elsharkawy et al.

10.3389/fmicb.2025.1678861

IL1a IL-1B
G-CsF GM-CSF o N
TNF-a il
ns
100 100000  ns Fokok 100 |—| 100 ns Rk 10 ns *
ns ns ns ? ,—| * @ WT (Mock)
g 10000 ® WT (POWV,
é ns ok L ’ é ° ° Ifna:/' (Moch)
3 1000 o %0 & So
s 10 & 100 ? 10 ° 10 -i— 1+ 9 @ ifnar’ (POWV)
2 .'5 ° i °
a o ;ﬁ 10 & °
1 1 f — 1 1 01—
IL-6
IL-5 *
L7
L2 L4 ns ns *ok ns
100 ns 10 s 10 ns *k 1000 % 10 s ns
% it i ns ns hd ? 100 ? ° e o -
£ ° s 1 . T me
5 10 % 1 ~ & ° o 10 1 o
=
E ’ ;& b ° ® i.t % 1 =D =D
1 T T T T 0.1 T T T T 1 T T T T 0.1 T T T T 0.1 T T T T
ccL2
1L-13 ot
IL-12 (p70) IL-17 ns Fokokok
ns
100 ﬁ 1000 ns 100 i 1000
© ns *k ns * 5
a |—| ns ns
& S B %o s | &
5 10 Y % :_% & 104 L #o oo 100 S
\g 10 h H
1 T T T T 1 T T T T 1 T T T 10— T T T
ccLa cxcL1 cXcL2
ns ccLs - ook CXCL10
Ak
1004 ns * 100 100004 sl ek 1000 = 10000 ,—I"s
ns Fkk ” g * *
H °
3 :3 %o :‘% 10 P 1000 . 1000 g
5 10 ¥ L") ss 100 L) 3
2 1| o & 100 ® 8o o oo 100
Q
& L
L S s a— 01— 10— 10 — 10—
N N » S O » S O & » 3 »
&t &t &t & &t e ¢
é‘\ R (\,@ ,,(\\@@ NS 4“\&‘8 i (\,@ 5\\ & S (\,@ 4‘\\@@ S (\,@
« @ « « « «
FIGURE 12
Neuroinflammation following POWYV infection. Cytokine and chemokine protein levels were measured in the brain at 3 dpi. Each data point represents
an individual mouse. Middle horizontal bar indicates the mean and error bars are SEM. Data are presented on a Log10 scale and each analyte is plotted
on an independent scale. p-values were calculated by One-way ANOVA followed by Sidak's multiple comparisons test (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001; n = 3 for mock-infected mice; n = 4 for POWV-infected mice).

macrophages, and T cells during WNV infection (Samuel and
Diamond, 2005). Similarly, we showed the increased infection of spleen
in Ifnar”~ mice accompanied by a significant reduction in B cell
numbers, monocytes, and neutrophils. Ly6C* inflammatory monocytes
(iMOs) are rapidly recruited to sites of infection and are continuously
recruited into the spleen during infection (Terrazas et al., 2017). Ly6C*
monocytes are recruited to the brain and have a role in viral clearance
in mice infected with WNV (Lim et al., 2011). Similarly, following
POWYV infection, we revealed a dramatic increase in the number of
Ly6C* cells in the spleen of WT mice. In contrast, we detected an
impaired recruitment of Ly6C* cells in POW V-infected Ifnar~'~
spleens. Our observations are consistent with previous reports showing
that under chronic inflammatory conditions, recruitment of Ly6C*
iMOs was abolished in IFNo/f3 receptor deficient mice (Lee et al., 2009).

Frontiers in Microbiology

14

It was previously shown that IFNa/p receptor deficient mice
display uncontrolled WNV replication in the central nervous system
(CNS) tissues (Samuel and Diamond, 2005). Herein, we did not detect
any significant difference in viral burden in the brain of Ifnar™~ mice
and WT mice at the time point examined. However, compared to WT
mice, Ifnar™~ mice showed increased GFAP expression. The increased
expression of GFAP suggests early glial activation following damage
within the CNS (Pekny and Pekna, 2016; Potokar et al., 2019). Ifnar~~
mice also showed neuroinflammation marked by increased levels of
proinflammatory cytokines and chemokines in the brain. For example,
Ifnar™~ brains had significantly higher levels of IL-6. It was previously
shown that WNV infection induces robust IL-6 production in mouse
brains and several primary mouse cells (Kumar et al., 2010; Natekar
etal, 2019). Notably, both WT and Ifnar~~ brains had significantly
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increased levels of CXCL10. Our results are consistent with previous
reports showing that high CXCL10 expression is induced in human
brain pericytes following tick-borne encephalitis virus infection
(Pranclova et al., 2024).

In summary, this study is the first to demonstrate that type
I interferon signaling plays a critical role in limiting POWV
dissemination to peripheral organs and in modulating the inflammatory
response. Mice deficient in IFNa/p receptor were highly susceptible to
POWYV infection. IFNa/p receptor deficiency resulted in uncontrolled
viral burden and acute inflammation during POWYV infection.
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