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TLR3-dependent extracellular vesicle swarm protects the host
from respiratory viral infections.

L

human nasal epithelial cells and turbinate tissue explants.

All of experiments described in this article including TLR3 stimulation by poly(l:C) and cold exposure were performed in vitro on primary
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Background: The human upper respiratory tract is the first site of
contact for inhaled respiratory viruses and elaborates an array of
innate immune responses. Seasonal variation in respiratory viral
infections and the importance of ambient temperature in
modulating immune responses to infections have been well
recognized; however, the underlying biological mechanisms
remain understudied.

Objective: We investigated the role of nasal epithelium-derived
extracellular vesicles (EVs) in innate Toll-like receptor 3
(TLR3)-dependent antiviral immunity.

Methods: We evaluated the secretion and composition of nasal
epithelial EVs after TLR3 stimulation in human autologous cells
and fresh human nasal mucosal surgical specimens. We also
explored the antiviral activity and mechanisms of TLR3-
stimulated EVs against respiratory viruses as well as the effect

of cool ambient temperature on TLR3-dependent antiviral
immunity.
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Results: We found that polyinosinic:polycytidylic acid, aka
poly(I:C), exposure induced a swarm-like increase in the secretion
of nasal epithelial EVs via the TLR3 signaling. EVs participated in
TLR3-dependent antiviral immunity, protecting the host from
viral infections through both EV-mediated functional delivery of
miR-17 and direct virion neutralization after binding to virus
ligands via surface receptors, including LDLR and ICAM-1. These
potent antiviral immune defense functions mediated by TLR3-
stimulated EVs were impaired by cold exposure via a decrease in
total EV secretion as well as diminished microRNA packaging and
antiviral binding affinity of individual EV.

Conclusion: TLR3-dependent nasal epithelial EVs exhibit
multiple innate antiviral mechanisms to suppress respiratory
viral infections. Furthermore, our study provides a direct
quantitative mechanistic explanation for seasonal variation in
upper respiratory tract infection prevalence. (J Allergy Clin
Immunol 2023;151:509-25.)
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Upper respiratory tract infections (URIs) pose a significant
public health burden in terms of decreased productivity, absen-
teeism at work or school, and health care system overload.' URIs
may be associated with multiple clinical sequelae, such as otitis
media, sinusitis, bronchiolitis, pneumonia, and exacerbation of
asthma or chronic obstructive pulmonary disease.” The most
common causes of URIs in adults include Picornaviridae, Coro-
naviridae, Orthomyxoviridae, Paramyxoviridae, Pneumoviridae,
and Adenoviridae.” These viruses may be highly evolutionarily
dynamic with significant mutation rates, enabling them to evade
preexisting immunity.* This poses a consistent risk of emergence
and reemergence of unpredictable virus strains causing life-
threatening epidemics and pandemics.

Seasonal variation in increased URI prevalence, morbidity, and
mortality during the winter period has been well recognized.”°
These adverse outcomes may be further exacerbated by socioeco-
nomic and behavioral factors as well as age, sex, and comorbid-
ities.” While environmental factors appear to contribute to the
epidemiologic phenomenon of seasonal variation in URIs, a clear
mechanism has thus far remained elusive. Previously, many respi-
ratory viruses were thought to cause infections primarily in the
nasal cavity, consistent with the observation that some virus
strains replicate better at lower temperatures than at the core
body temperature.® Accumulating evidence suggests that temper-
ature and humidity may independently or jointly contribute to the
risk of respiratory viral infections due to changes in host suscep-
tibility.”'” Similarly, recent fundamental research exploring the
underlying molecular mechanisms demonstrates that cold tem-
perature may impair host innate immune response to viral
infections.'"'?

The nasal cavity is one of the initial contact points between the
external environment and the human body; it is highly sensitive to
changes in ambient temperature.'” The nasal mucosal barrier
therefore represents the front line of defense against exposure
to inhaled respiratory pathogens through multiple host immune
mechanisms. The physical barrier function of the nasal mucosa
can prevent pathogens from entering the body through the produc-
tion of mucus glycoproteins,'* mucociliary clearance,'” and
epithelial tight junctions.'®'” The nasal epithelial cells also
play important roles in the initiation, maintenance, and regulation
of innate immunity. These defense mechanisms are constitutive
and can be activated by both membrane-bound and cytoplasmic
pattern recognition receptors that recognize pathogen-
associated molecular patterns commonly found in viruses.'’
One of the best characterized classes of pattern recognition recep-
tors is the Toll-like receptor (TLR) family, which are transmem-
brane receptors expressed on multiple cell types, including nasal
epithelial cells. TLRs recognize components of invading mi-
crobes and trigger the first line of innate immune and inflamma-
tory responses to combat infectious agents.'® Within the TLR
family, TLR3 is considered a major mediator of cellular defense
to viral infection, as it responds to double-stranded RNA
(dsRNA), a common by-product of virus replication.'’

While these strategies occur at the level of the epithelial cell,
recent evidence has shown that active host mucosal defense to
bacteria extends into the mucus itself through the epithelial
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release of antimicrobial extracellular vesicle (EV) swarms.”’ EVs
are lipid-bound vesicles secreted by cells into the extracellular
space and have been reported in virtually all human biological
fluids, including blood, lymph, and nasal mucus.”'**” Depending
on the cell of origin, EVs can carry diverse constituents, such as
nucleic acids, proteins, lipids, amino acids, and metabolites.”
Accumulating evidence has shown that in addition to their previ-
ously described antibacterial role,”” EVs may also regulate innate
immune responses to viral infections.”*-* This occurs through the
functional delivery of antiviral agents, such as microRNAs (miR-
NAs), into neighboring or distant recipient cells.”>*” miRNAs are
small noncoding RNAs that posttranscriptionally regulate gene
expression by mediating hydrolysis and translational inhibition
of target messenger RNAs (mRNAs).”® Previous studies have re-
ported that several miRNAs have direct antiviral effects or regu-
late the inflammatory pathways, thereby enhancing antiviral
immunity against infections.”*' In addition to transport of anti-
viral agents between cells, EVs can also exert direct virion
neutralization by binding to virus ligands via surface receptors
and block their entry to host cells.™

In light of the recent evidence regarding the role of EV swarms
in epithelial antibacterial defense, we hypothesized first that EVs
also participate in innate nasal mucosal TLR3-dependent antiviral
immunity through both functional delivery of antiviral miRNAs
and direct binding of mucus-suspended virions, and second that
these functions are impaired by cold air conditions via a decrease
in total EV secretion as well as reduced miRNA packaging and
antiviral binding affinity of individual EV. To test these hypoth-
eses, we first analyzed the in vitro antiviral activity mediated by
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TLR3-dependent EVs against 3 different common respiratory vi-
ruses using primary human nasal epithelial cells (HNEpCs) and
identified antiviral miRNAs and surface receptor proteins associ-
ated with the antiviral function. We then measured the in vivo tem-
perature reduction experienced by the anterior nasal cavity in cold
ambient environments in healthy human subjects. Next, we
applied a similar temperature reduction to in vitro cultures to
investigate temperature-dependent expression profiles of miR-
NAs and surface receptor proteins and validated the results in a
clinically relevant ex vivo model of live human mucosal surgical
specimens. Finally, we replicated the antiviral mechanistic
studies at this reduced intranasal temperature to determine the ef-
fect of cold exposure on antiviral activity mediated by TLR3-
dependent EVs. This investigation is of unique clinical relevance
in that all in vitro findings were directly validated in live human
tissue. This study thereby provides a compelling quantitative
mechanistic explanation for seasonal variation in URI prevalence.

METHODS

Human nasal mucosa tissue sampling

Ethics approval (protocol 2019P001204) was obtained from the Mass
General Brigham institutional review board. All study participants provided
informed written consent. Normal inferior turbinate mucosal tissue was collected
from healthy subjects free of rhinosinusitis or allergic rhinitis and undergoing
nasal airway surgery for anatomic obstruction. The patients had not been
exposed to antibiotics or steroids for at least 4 weeks before sampling. Additional
exclusion criteria included ciliary dysfunction, autoimmune disease, cystic
fibrosis, immunodeficiency, and smoking. Surgically collected turbinate tissues
were immediately obtained and placed in bronchial epithelial growth medium
(BEGM; Lonza, Basel, Switzerland), then transported on ice for processing.

Live human nasal mucosa tissue culture

Normal inferior turbinate mucosal tissue of healthy subjects was dissected
into 5 X 5 mm explants using Miltex biopsy punches (Integra Life Sciences,
Princeton, NJ). Each explant sample was rinsed and weighed, placed into an
Eppendorf tube containing 0.5 mL of culture media, and incubated at 37°C,
5% CO,, and 95% relative humidity.

Primary human nasal epithelial cell culture

Primary HNEpCs, either purchased from PromoCell (Heidelberg, Germany)
or isolated from normal nasal turbinate mucosal tissue of healthy subjects, were
cultured using a procedure described previously.””** Mucosal samples were
washed and digested in protease from Streptomyces griseus (Sigma-Aldrich,
St Louis, Mo) for 90 minutes at 37°C and centrifuged for 5 minutes at 1000
rpm. Cell pellets were then resuspended in BEGM and plated on petri dishes
for 2 hours to remove contaminating fibroblasts. Cells were then expanded on
collagen (collagen from human placenta, Bornstein and Traub Type IV;
Sigma-Aldrich)-coated T-75 flasks at 37°C, 5% CO,, and 95% relative humidity.

In vitro polyinosinic:polycytidylic acid stimulation
A TLR3 agonist polyinosinic:polycytidylic acid [poly(I:C)] was used for
dose-response experiments on HNEpCs grown to 80% confluence in 96-well
plates. Cells were rinsed with phosphate-buffered saline (PBS), exposed to
increasing doses of poly(I:C) (0.5, 2.5, or 5 pg/mL; Sigma-Aldrich) premixed
with Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, Mass) in bron-
chial epithelial basal medium (BEBM; Lonza), and incubated for 1 hour at
37°C. Subsequently, media were replaced with fresh BEGM and cells were
further incubated at 37°C. Media were collected at different time points (1,
3, 5,7, or 24 hours), and cells were rinsed with PBS. All rinses were collected
for EV isolation and cell viability after poly(I:C) stimulation was determined
using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
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sulfophenyl)-2H-tetrazolium (MTS) assay. HNEpCs used for EV production
were grown in T-75 flasks. After 1 hour of exposure to the 2.5 pg/mL poly(I:C)
dose at 37°C, media were replaced with fresh BEGM, and cells were further
incubated for 24 hours at 37°C or 32°C. The secreted EVs in media were iso-
lated, validated, and used for downstream applications as described below.

Assessment of cell viability

Cell viability after poly(I:C) stimulation was determined using an MTS
assay, which is based on the mitochondrial conversion of a tetrazolium salt.
Cells were exposed to increasing doses of poly(I:C) (0.5, 2.5, or 5 wg/mL) for
1 hour at 37°C, followed by replacement of fresh culture medium and contin-
uous incubation for different periods of time (1, 3, 5, 7, or 24 hours) at 37°C. At
the end point, 20 L of CellTiter 96 AQueous One solution reagent (Promega,
Madison, Wis) was added to each well in 100 pL of culture medium and incu-
bated at 37°C for 2 hours. The absorbance was measured using a microplate
reader (Synergy H1, BioTek Instruments, Winooski, Vt) at a wavelength of
490 nm with background subtraction at 680 nm.

TLR3 signaling pathway interrogation

HNEpCs grown to 80% confluence in T-75 flasks were pretreated with a
TLR3/dsRNA complex inhibitor (Calbiochem, San Diego, Calif; 10 wmol,
Sigma-Aldrich) alone or in a combination with an IRF3 agonist (KIN 1148,
10 pwmol; Selleck Chemicals, Houston, Tex) for 2 hours at 37°C, followed
by poly(I:C) stimulation as described above. After 24 hours, the intracellular
protein expression of TLR3 and phospho-IRF3 was analyzed. The number of
EVs secreted from cells was also quantitated.

Ex vivo poly(l:C) stimulation

Turbinate mucosal explants were immersed in 0.5 mL of BEBM and
exposed to the 10 pg/mL poly(I:C) dose for 1 hour at 37°C. Media were then
replaced with fresh BEGM, and explants were further incubated at 37°C or
32°C. After 24 hours, the secreted EVs in media were isolated, validated,
and used for downstream applications.

EV isolation

EVs were isolated from whole mucus or culture media using the ultracen-
trifugation procedure described previously.”” Samples were centrifuged for 45
minutes at 12,000 X g at 4°C to pellet cell debris. Supernatants were then
transferred to polypropylene tubes and ultracentrifuged for 2 hours at
110,000 X g at 4°C. After removing the supernatants, the pellet was resus-
pended in PBS. The suspension was filtered through a 0.22 pm filter (Thermo
Fisher) and collected in a fresh tube. The filtered suspension was then centri-
fuged for 70 minutes at 110,000 X g at 4°C. The pellet was resuspended in the
buffer needed for downstream application.

Quantification of EVs

The purified EVs were quantified by measuring the level of CD81 in EVs
using a CD81 exosome enzyme-linked immunosorbent assay (ELISA)
complete kit (System Biosciences, Palo Alto, Calif). All values were
normalized to total protein concentration within the same sample with a
Pierce BCA protein assay kit (Thermo Fisher).

Characterization of EVs

The particle size and zeta potential of EVs were determined by dynamic
light scattering using a Malvern Nano ZS (Malvern Instruments, Malvern,
England, United Kingdom). Morphology of EVs was observed by cryogenic
transmission electron microscopy (TEM). Briefly, holey carbon grids for
electron microscopy (Quantifoil 2X1, Electron Microscopy Sciences, Hat-
field, Pa) were hydrophilized for 25 seconds. Five microliters of EV suspen-
sion was deposited on the grids and incubated for 1 minute. The grid was
mounted on a semiautomatic Cryoplunge-Gatan CP3 (Gatan, Pleasanton,
Calif) and plunged in liquid ethane cooled with liquid nitrogen to preserve
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the fully hydrated structures in amorphous ice. The grids were then transferred
under liquid nitrogen into a FEI Tecnai Arctica TEM (FEI, Hillsboro, Ore)
operated at 200 kV equipped with a field emission gun and autoloader (Thermo
Fisher). Digital images were collected at low-dose conditions (~24 e-/A2 s) at
23,500 and 39,000X magnification with a charge-coupled device camera at
3.83 and 2.5 A per pixel resolution, respectively.

EV labeling and cellular uptake

EV membranes were labeled with a fluorescent dye using an ExoGlow-
membrane EV labeling kit (System Biosciences) for intracellular tracking and
visualization. Briefly, EVs were mixed with the reaction buffer containing
labeling dye and incubated for 30 minutes at room temperature. To remove
free unlabeled dye, ExoQuick-TC was added to the EV sample, incubated for
30 minutes at 4°C, and centrifuged for 10 minutes at 10,000 rpm at 4°C. The
resulting labeled EVs were resuspended in BEBM, added to the cells, and
incubated for 10, 30, or 60 minutes at 37°C. To further investigate the endo-
cytic mechanism, cells were pretreated with a clathrin-mediated endocytosis
inhibitor (chlorpromazine, 25 pwmol) for 30 minutes before the addition of
EVs. Low-temperature incubation at 4°C was also carried out. After incuba-
tion with EVs, cells were washed with PBS, fixed with 4% paraformaldehyde
(Thermo Fisher), and stained with 4',6-diamidino-2-phenylindole (DAPI, 1
pg/mL; Thermo Fisher). The stained cells were observed with a Zeiss LSM
800 confocal microscope (Carl Zeiss, Jena, Germany) with a 20X objective.

Determination of virus-induced cytopathic effect
HNEpCs were incubated with betacoronavirus 1 (CoV_OC43, strain
designation OC43; American Type Culture Collection [ATCC], Manassas,
Va), rhinovirus 1B (RV-1B, strain designation B632; ATCC), and rhinovirus
16 (RV-16, strain designation 11757; ATCC) in BEBM at half-log serial
dilutions. After 1 hour of virus absorption, BEGM was added to the
experimental wells, and the incubation was continued. Four days after
infection, morphologic changes in the virus-infected cells were observed
under a bright-field microscope (BZ-X710, Keyence, Osaka, Japan) with a
20X objective. Virus tissue culture infective dose was then quantified via a
Viral ToxGloassay (Promega). Briefly, ATP detection reagent was added to
the cells and incubated for 10 minutes before measuring luminescence with
a microplate reader (Synergy H1). Median tissue culture infective dose
(TCIDsq) values were calculated by plotting net relative luminescence unit
values after subtracting the average of blank wells against viral dilution.

Immunofluorescence staining

HNEpCs were incubated with viruses in BEBM. After 1 hour of virus
absorption, BEGM was added to the experimental wells, and the incubation
was continued. Four days after infection, cells were washed with PBS, fixed
with 4% paraformaldehyde, and blocked with PBS containing 2% bovine
serum albumin (BSA), 5% goat serum, and 0.2% Triton X-100 for 1 hour at
room temperature. Subsequently, cells were incubated with the anti-dsRNA
antibody (clone rJ2 antibody; Sigma-Aldrich) diluted at 1:60 in the same
blocking buffer overnight at 4°C and the Alexa Fluor 488—conjugated goat
anti-mouse IgG secondary antibody (1:2000 dilution; Thermo Fisher) for 1
hour at room temperature. Nuclei were counterstained with DAPI at a concen-
tration of 1 wg/mL, which was premixed with the secondary antibody in PBS.
The stained cells were photographed using a charge-coupled device camera—
installed fluorescence microscope (BZ-X710, Keyence) with a 20X objective.

Antiviral activity assay

Viruses at 2 times the TCIDs, were premixed with recombinant human low-
density lipoprotein receptor (LDLR; 60 nmol; R&D Systems, Minneapolis,
Minn), recombinant human intercellular adhesion molecule 1 (ICAM-1; 60
nmol; R&D Systems), or purified EVs at a concentration of 1.25 X 10'%mL
in BEBM at a volume ratio of 1:1 and incubated for 1 hour. HNEpCs seeded
in a 96-well plate were then exposed to viruses, which were preincubated
with recombinant human proteins or EVs. After 1 hour of virus absorption,

J ALLERGY CLIN IMMUNOL
FEBRUARY 2023

BEGM was added to the experimental wells and the incubation was continued.
Four days after infection, virus RNA was extracted from the infected cells and
the expression quantified by real-time quantitative PCR (qQPCR).

RNA interference transfection in HNEpCs
Dose-response transfection experiments were performed on HNEpCs
grown to 80% confluence in 12-well plates. Increasing doses of small
interfering RNAs (siRNAs)/miRNA mimics/miRNA inhibitors (0.1, 1, 10,
and 100 nmol; Thermo Fisher) were mixed with Lipofectamine 2000 in BEBM
and incubated at room temperature for 15 minutes. The complex was then
added to the cells in BEGM; the culture was continued for 48 hours and 72
hours for transfection of miRNA mimic/inhibitor and siRNA, respectively.
Nontargeting siRNA (siNC), random sequence miRNA mimic (miRNA mimic
negative control), and random sequence miRNA inhibitor (anti—-miR-NC) were
used as negative controls. The efficiency of transfection for targeting miR-17,
LDLR, and ICAM-1 was validated by gPCR. HNEpCs used for EV production
were grown in T-75 flasks. After transfection with the 30 nmol siRNA/miRNA
mimic/miRNA inhibitor dose for predetermined time periods (24 hours and 48
hours for miRNA mimic/inhibitor and siRNA transfection, respectively), the
in vitro poly(1:C) stimulation was performed as described above. The secreted
EVs in media were isolated, validated, and used for downstream applications.

RNA extraction, complementary DNA synthesis,
and qPCR

Total RNA was isolated from EVs using a total exosome RNA and protein
isolation kit (Thermo Fisher) in accordance with the manufacturer’s protocol.
Total RNA was extracted from cells using TRIzol reagent, mirVana miRNA
isolation kit, or TagMan fast advanced cells-to-ct kit (Thermo Fisher) in accor-
dance with the manufacturer’s protocol. The extracted RNA was treated with
RNase-free DNase I to remove contaminating genomic DNA and reverse tran-
scribed to complementary DNA template using the thermal cycler (Bio-Rad,
Hercules, Calif). For complementary DNA synthesis from miRNA, TagMan
advanced miRNA assays (Thermo Fisher) were used. Subsequently, gPCR
was performed in the Roche Light Cycler 480 PCR system (Roche, Basel,
Switzerland) with TagMan gene expression master mix. Gene-specific primers
for human 18S ribosomal RNA  (Hs99999902_s1), ICAM-1
(Hs00164932_m1), LDLR (Hs00181192_m1l), IFN-a (Hs00265051_s1),
IFN-B (Hs01077958_s1), U6 small nuclear RNA (TM: 001973), miR-17
(478447 _mir), and CoV_0OC43 (Vi0639646_s1) were used to detect the
expression. Human rhinovirus gene expression was detected via the Genesig
advanced kit (Primerdesign, London, England, United Kingdom). The 27AAC
method was used to analyze the relative changes of gene expression after
normalization to the expression of internal control.

miRNA profiling

The NanoString nCounter platform (NanoString Technologies, Seattle, Wash)
was used to evaluate miRNA expression with the nCounter human v3 miRNA
panel (NanoString Technologies). The panel includes unique tags for 799
miRBase high-confidence annotated human miRNAs and 5 housekeeping genes
for normalization of expression between samples. Each sample was analyzed by
using 100 ng of total RNA isolated from EVs for processing and overnight
hybridization at 65°C to the probe pairs, consisting of a reporter probe, which
carries the signal on its 5" end, and a capture probe, which holds biotin on its
3’ end. After hybridization, sample cleanup and counting were carried out in
accordance with the manufacturer’s protocol. Count normalization and miRNA
expression analysis were performed by nSolver 4.0 software (NanoString
Technologies).

Protein extraction

Intracellular proteins were extracted using a Pierce radioimmunoprecipi-
tation assay buffer (Thermo Fisher). Proteins in EVs were isolated using the
total exosome RNA and protein isolation kit (Thermo Fisher). Protein
concentrations were determined by a Pierce BCA protein assay kit.
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Western blot and ELISA

Proteins were separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and transferred to a polyvinylidene fluoride membrane (Thermo
Fisher). The membrane was then blocked with a StaringBlock T20 (Tris-buffered
saline) blocking buffer (Thermo Fisher) for 1 hour at room temperature and
incubated with primary antibodies in the blocking buffer overnight at 4°C as well
as secondary antibodies for 1 hour at room temperature. Primary antibodies,
including TLR3 (1:1000 dilution, #6961, Cell Signaling Technology, Danvers,
Mass), phospho-IRF3 (1:1000 dilution, #4947, Cell Signaling Technology),
IRF3 (1:1000 dilution, #11904, Cell Signaling Technology), and GAPDH
(1:1000 dilution, #2118, Cell Signaling Technology), were used. A goat anti-
rabbit IgG horseradish peroxidase—conjugated secondary antibody (1:10,000
dilution, Thermo Fisher) was also used. Pierce ECL Western blot substrate
(Thermo Fisher) was used for enhanced chemiluminescence detection of blots,
and signals were detected with a ChemiDoc MP imaging system (Bio-Rad).
Quantikine ELISA kits for ICAM-1 and LDLR (R&D Systems) were used to
determine the expression of intracellular and EV proteins in accordance with
the manufacturer’s protocol. All values were normalized to total protein concen-
tration within the same sample.

Immunogold TEM of EVs and viruses

The immunogold TEM procedure was adapted from Théry et al.** Purified
EVs were premixed with RV-1B or RV-1B, incubated for 1 hour at 37°C, and
fixed for 30 minutes at room temperature in 2% paraformaldehyde in 0.1 mol
sodium phosphate buffer (Electron Microscopy Sciences). Five microliters of
sample was absorbed onto formvar/carbon-coated electron microscopy grids
(Electron Microscopy Sciences) for 20 minutes. After absorption, the grids
were rinsed in PBS twice and then transferred to PBS/50 mmol glycine
(Sigma-Aldrich) for 4 washes. Grids were blocked in 5% BSA (Thermo
Fisher) in PBS for 10 minutes at room temperature. The grids were incubated
at 4°C overnight in the primary antibody cocktail (1:10 dilution, anti-CD81
antibody produced in rabbit; Sigma-Aldrich; 1:5, rhinovirus VP3 monoclonal
antibody; Thermo Fisher) diluted in 1% BSA in PBS. The grids were then
rinsed in 0.1% BSA in PBS 6 times. The secondary antibody cocktail (1:20
dilution, goat—anti-rabbit IgG H&L, EM-grade 15 nm; 1:20 dilution, goat—
anti-mouse IgG H&L, EM-grade 10 nm; Electron Microscopy Sciences) in
1% BSA in PBS was then applied for 1 hour at room temperature and rinsed
6 times with 0.5% BSA in PBS followed by 8 times with PBS. The grids were
incubated in 1% glutaraldehyde in 0.1 mol sodium phosphate buftfer for 5 mi-
nutes. After rinsing 8 times in deionized water, grids were contrasted in uranyl
acetate—oxalate solution and uranyl-methyl cellulose (Electron Microscopy
Sciences) for 5 minutes each. The grids were blotted on filter paper and air-
dried before imaging. The EVs and viruses were observed with an FEI Tecnai
G2 Spirit transmission electron microscope at an accelerating voltage of 100
kV interfaced with an AMT XR41 digital CCD camera (Advanced Micro-
scopy Techniques, Woburn, Mass) for digital TIFF file image acquisition. Pu-
rified mouse IgG; k isotype control and purified rabbit IgG isotype standard
(BD Biosciences, San Jose, Calif) were used as negative controls.

Statistical analysis

At least 3 independent experiments were performed. Data points were
expressed as mean values plus or minus standard errors of the mean (means *
SEMs). To determine statistical significance, Student 7 test or analysis of vari-
ance (1-way or 2-way ANOVA) followed by Tukey multiple comparison test
was performed by GraphPad Prism 8 software (GraphPad Software, La Jolla,
Calif). Differences were considered statistically significant if P <.05.

RESULTS
TLR3 stimulation induces nasal epithelial EV
secretion

The first experiment was designed to determine whether nasal
epithelial EV secretion was influenced by TLR3 stimulation.
Validation of EV isolation and purification procedures was

HUANG ET AL 513

performed as described in the Methods in this article’s Online
Repository (available at www.jacionline.org). We confirmed that
purified EVs displayed EV-enriched marker CD81 and lacked
expression of endoplasmic reticulum protein markers calnexin
and GRP94 as well as Golgi marker GM130 (see Fig E1 in the On-
line Repository). Poly(I:C) was used to activate the TLR3
signaling pathway, as it is a canonical TLR3 agonist and has
been commonly used to mimic the response to RNA viral infec-
tions.” Using primary HNEpCs, we demonstrated that poly(I:C)
was capable of stimulating nasal epithelial EV secretion in both
time- and dose-dependent manners (Fig 1, A). We found that
poly(I:C) began promoting EV secretion at 5 hours after stimula-
tion, with a peak release effect observed at 24 hours. The 2.5 pg/
mL dose exhibited the most significant induction, with a peak ef-
fect of approximately 1.6-fold at 24 hours relative to vehicle con-
trols (P <.005) without inducing cytotoxicity, as determined by
MTS assay (Fig 1, B).

After confirmation that poly(I:C) exposure induced an increase
in nasal epithelial EV secretion, we next validated that this effect
was mediated by activating the TLR3-IRF3 signaling axis. In the
presence of poly(I:C), pretreating the cells with a TLR3/dsRNA
complex inhibitor downregulated the protein expression of TLR3
and phospho-IRF3 (Fig 1, C and D) and negatively affected the
poly(I:C)-stimulated effect on EV secretion (Fig 1, E). The total
number of secreted EVs was comparable to that of unstimulated
controls (P > .05). However, when cells were pretreated with
the cocktail of TLR3/dsRNA complex inhibitor and IRF3 agonist
KIN1148, the blocking of the TLR3-IRF3 signaling axis and
reduction in EV secretion induced by the competitive binding
to TLR3 were completely abrogated (Fig 1, C-E).

Having confirmed that poly(I:C) stimulated the secretion of
nasal epithelial EVs through the TLR3 signaling pathway, we
next characterized TLR3-stimulated EVs compared to unstimu-
lated control EVs. TLR3-stimulated EVs exhibited an average
particle size of 177.5 %= 20.1 nm and a negative surface charge
with zeta potential of —10.88 = 1.31 mV (Table I). Using cryo-
genic TEM, we confirmed that TLR3-stimulated EVs appeared
as single or double membranous vesicles with the expected size
of approximately 100 nm (Fig 1, F).** Finally, we explored the
interepithelial transport kinetics of TLR3-stimulated EVs to
primary autologous HNEpCs. After fluorescent labeling, TLR3-
stimulated EVs were exposed to cultured HNEpCs over 60 mi-
nutes at 37°C. As shown in Fig 1, G, the EV-derived fluorescent
tag was detected intracellularly within 10 minutes, indicating
rapid cellular uptake, which then progressively diffused
throughout the cytoplasm over 60 minutes. Furthermore, we
found that EV uptake was significantly suppressed by 87.5%
(P <.001) and 41.3% (P <.01) when cells were incubated at a
low temperature of 4°C and pretreated with chlorpromazine,
respectively, confirming that energy-dependent and clathrin-
mediated endocytosis was involved in EV internalization in
HNEpCs (Fig 1, H). Of note, the properties of TLR3-stimulated
EVs were not significantly distinct from those of unstimulated
control EVs (see Fig E2 in the Online Repository at www.
jacionline.org).

TLR3-stimulated EVs exhibit potent antiviral
activity against respiratory viruses

Having confirmed that TLR3 stimulation significantly
increased nasal epithelial EV secretion, we next studied whether
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FIG 1. TLR3stimulation induces nasal epithelial EV secretion. (A) Dose and time responses in numbers of EVs
secreted from HNEpCs stimulated with a TLR3 agonist poly(l:C). ***P<.005 and *P<.05 (2-way ANOVA fol-
lowed by Tukey test); data represent4independent experiments (means + SEMs). (B) Cell viability of HNEpCs
after TLR3 stimulation. **P<.01 (2-way ANOVA followed by Tukey test); data represent 4 independent exper-
iments (means + SEMs). (C) Western blot analysis of TLR3 and phospho-IRF3 protein expression in poly(l:C)
stimulated HNEpCs with or without pretreatment of TLR3/dsRNA complex inhibitor (10 pumol) and IRF3
agonist (KIN1148, 10 wmol). (D) Quantification of protein expression of phospho-IRF3 normalized to total
IRF controls and TLR3 normalized to GAPDH controls by densitometry analysis. **P < .01 and *P < .05
(1-way ANOVA followed by Tukey test); data represent 3 independent experiments (means = SEMs). (E)
Numbers of EVs secreted from poly(l:C)-stimulated HNEpCs with or without TLR3 signaling pathway interro-
gation. ¥**P<.01 and *P<.05 (1-way ANOVA followed by Tukey test); data represent 3 independent experi-
ments (means = SEMs). (F) Representative cryogenic electron microscopic images of TLR3-stimulated
EVs; scale bar = 50 nm. (G) Representative confocal microscopic images of fluorescent dye-labeled TLR3-
stimulated EV uptake in HNEpCs over 60 minutes; scale bar = 100 p.m. (H) Representative confocal micro-
scopic images of fluorescent dye-labeled, TLR3-stimulated EV uptake in HNEpCs for 60 minutes in different
conditions (37°C vs 4°C and with or without pretreatment of clathrin-mediated endocytosis inhibitor (chlor-
promazine [CPZ], 25 umol) and quantitative analysis of corrected fluorescence integrated density indicating
percentage of EV internalization in HNEpCs; scale bar = 100 um. ****P <.001 and **P<.01 (1-way ANOVA
followed by Tukey test); data represent 6 independent experiments (means + SEMs).
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TABLE |. Particle size and zeta potential of EVs secreted from
HNEpCs

EV Particle size (d-nm) Zeta potential (mV)
Control 179.8 £ 5.5 —15.35 = 0.49
TLR3 stimulated 177.5 = 20.1 —10.88 = 1.31

these EVs displayed intrinsic antiviral activity. We first
established an infection model in primary HNEpCs with 3
different common respiratory viruses, including coronavirus
CoV_0C43, minor group rhinovirus RV-1B, and major group
rhinovirus RV-16, as model upper respiratory tract pathogens.
We validated the viral infectivity in host cells by determining
TCIDs of 3 types of viruses. As shown in Fig 2, A, all 3 types
of viruses produced cytopathic effects in primary HNEpCs in a
dose-dependent manner; the TCIDs, values were 55-, 4778-,
and 591-fold dilution for CoV_0OC43, RV-1B, and RV-16,
respectively. Virus-induced cytopathic effects were also further
confirmed by changes in host cell morphology, including vacuo-
lization of cytoplasm, rounding, and sloughing (Fig 2, B). To
validate the production of dsRNA in viral infections, we per-
formed immunofluorescence staining on primary HNEpCs
exposed to viruses at their TCIDso. No fluorescence signal
was observed in uninfected control cells, whereas perinuclear
pattern of dsRNA staining was detected in infected cells at
96 hours after virus exposure (Fig 2, B). Intracellular mRNA
levels of IFN-oo and IFN-B at 96hours after infection were
consistently and significantly higher than those of uninfected
controls, indicating successful induction of cytopathic effects
and host cell immune responses (Fig 2, C, P <.05).

After validation of the infection model in primary HNEpCs, we
next evaluated the in vitro antiviral activity mediated by TLR3-
stimulated EVs using the culture model. We found that exposure
to TLR3-stimulated EVs resulted in a significant reduction in
intracellular virus mRNA levels relative to untreated cells in-
fected with the same virus titer, indicating suppressed virus repli-
cation (Fig 2, D, P <.001). Moreover, TLR3-stimulated EVs
blocked viral infection in a dose-dependent manner and resulted
in 38.37%, 72.59%, and 61.51% inhibition of the replication of
CoV_0C43 (P <.05), RV-1B (P <.001), and RV-16 (P <.001),
respectively, even at the lowest concentration of 2.5 X 10°/mL
(Fig 2, D). In contrast, unstimulated control EVs had negligible
effects on suppression of viral infection. No significant difference
in virus mRNA level was observed between untreated infected
cells and those treated with unstimulated control EVs, suggesting
that TLR3 stimulation may alter cargo in EVs and confer
enhanced antiviral properties to EVs (Fig 2, E, P >.05).

TLR3 stimulation upregulates miR-17 in EVs, which
confers enhanced antiviral activity

Having demonstrated that TLR3-stimulated EVs exhibited
antiviral activity against multiple common respiratory viruses, we
next explored the potential antiviral mechanisms with a focus on
the role of miRNAs. We sought to profile the miRNA expression
changes in EVs using NanoString to understand the correlation
between differentially expressed miRNAs and antiviral effects of
TLR3-stimulated EVs. Fig 3, A, shows distinct expression pat-
terns with 594 miRNAs upregulated in TLR3-stimulated EVs
compared to control EVs. Hierarchical cluster analysis reveals

HUANG ET AL 515

that miRNA expression levels of individual TLR3-stimulated
EV samples were well correlated with each other and different
from control EV samples. This is represented by the common no-
des joining the samples, which have closest distance according to
miRNA expression. After confirmation of differential miRNA
profiles of EVs with and without TLR3 stimulation, data were
analyzed by volcano plot, and 6 miRNAs that are significantly up-
regulated after TLR3 stimulation and are associated with antiviral
roles were highlighted (Fig 3, B). Among these miRNAs, miR-17
has previously been reported to suppress virus replication during
URIs,*%?7 so it was therefore selected for further validation as a
mechanism-of-action target.

Using gPCR, we again verified that TLR3 stimulation
significantly increased the expression of miR-17 in EVs
compared to the unstimulated control (Fig 3, C, P < .001).
Transfection of synthetic miR-17 mimic into primary HNEpCs
efficiently upregulated the expression of miR-17 in a dose-
dependent manner (see Fig E3, A, in the Online Repository at
www.jacionline.org). The highest concentration of 100 nmol
was chosen and was used in the subsequent antiviral experi-
ments as a result of its significance relative to vehicle control
(P <.05). We found that transfection of miR-17 mimic sup-
pressed virus RNA replication with significantly reduced intra-
cellular virus mRNA levels of CoV_0OC43 (P < .01), RV-1B
(P <.05), and RV-16 (P < .05) in host cells, confirming the
robust antiviral activity of miR-17 against respiratory viruses
(Fig 3, D). As a secondary validation, we used a mirVana
miR-17 inhibitor to achieve specific knockdown of miR-17 in
TLR3-stimulated EVs. Transfection of miR-17 inhibitor into
donor HNEpCs significantly downregulated the expression of
miR-17 in a dose-dependent manner (Fig E3, B). Because the
highest dose of 100 nmol exhibited over 99% efficacy in inhib-
iting miR-17 expression without causing cytotoxicity, it was
used to produce TLR3-stimulated miR-17 knockdown EVs
(anti-miR-17 EVs). Fig 3, E, confirms that transfection of
miR-17 inhibitor at 100 nmol significantly downregulated the
expression of miR-17 in TLR3-stimulated EVs, as quantified
by using qPCR (P < .001). Remarkably, intracellular virus
mRNA levels of CoV_0C43 (P <.05), RV-1B (P <.05), and
RV-16 (P < .05) in recipient infected cells after exposure to
anti-miR-17 EVs were significantly higher than those treated
with TLR3-stimulated nontargeting negative control EVs
(anti-miR-NC EVs), indicating that the abundance of miR-17
in EVs induced by TLR3 stimulation confers enhanced antiviral
activity (Fig 3, F).

TLR3-stimulated EV surface receptor-virus
interactions contribute to antiviral activity and
prevent virus entry into host cells

Because EVs have been previously shown to inhibit infections
by blocking the virus protein binding with its cellular receptor in
host cells,”” we analyzed the levels of LDLR, ICAM-1, and
N-acetylneuraminic acid (NANA), which are involved in
receptor-mediated endocytosis of RV-1B, RV-16, and
CoV_0C43, respectively. We found that TLR3 stimulation
significantly upregulated LDLR in EVs at both the transcriptional
(Fig 4, A, P <£.005) and translational (Fig 4, B, P <.001) level
compared to unstimulated controls, suggesting that TLR3 stimu-
lation promotes the packaging of surface receptor proteins within
EVs. Similarly, TLR3 stimulation induced an abundance of
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FIG 2. TLR3-stimulated EVs exhibit potent antiviral activity against respiratory viruses. (A) Viral ToxGlo
assay determining TCIDs, of coronavirus CoV_0C43, minor group rhinovirus RV-1B, and major group rhino-
virus RV-16 in HNEpCs; data represent 3 independent experiments (means + SEMs). (B) Representative
bright-field and fluorescent microscopic images of HNEpCs infected with CoV_0C43, RV-1B, or RV-16 (vi-
rus-infected cells stained with double-strand RNA antibody and DAPI); scale bar = 100 um. (C) qPCR anal-
ysis showing mRNA levels of type | interferons in virus-infected HNEpCs at different time points after
infection. *P<.05 and ***P<.005 (1-way ANOVA followed by Tukey test); data represent 3 independent ex-
periments (means + SEMs). (D) qPCR analysis showing virus mRNA levels in HNEpCs infected by viruses
(TCIDso) after preincubation with TLR3-stimulated EVs at different concentrations (2.5 X 10%mL to 1.25 X
10"%mL). *P < .05 and ****P < .001 (1-way ANOVA followed by Tukey test); data represent 3 independent
experiments (means = SEMs). (E) gPCR analysis showing virus mRNA levels in HNEpCs infected by viruses
after preincubation with control or TLR3-stimulated EVs at the concentration of 1.25 X 10'%mL. ****P< 001
(1-way ANOVA followed by Tukey test); data represent 3 independent experiments (means + SEMs).
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FIG 3. TLR3 stimulation upregulates miR-17 in EVs, which confers enhanced antiviral activity. (A) Heat map
showing clustering of control and TLR3-stimulated EVs according to different miRNA expression patterns.
(B) Volcano plot of differentially expressed miRNAs in control and TLR3-stimulated EVs. Significantly
changed miRNAs after TLR3 stimulation were defined as P < .01. (C) qPCR analysis showing increased
miR-17 expression in EVs after TLR3 stimulation. ****P < .001 (2-tailed Student t test). (D) gPCR analysis
showing reduced virus mRNA levels in HNEpCs infected with CoV_0OC43, RV-1B, or RV-16 when transfected
with miR-17 mimic compared to miRNA mimic negative control. **P < .01 and *P < .05 (2-tailed Student t
test). (E) qPCR analysis showing miR-17 levels in TLR3-stimulated EVs with (anti-miR-17) or without
(anti-miR-NC) knockdown of miR-17. ****P < 001 (2-tailed Student t test). (F) gPCR analysis showing
increased virus mRNA levels in HNEpCs infected by CoV_0C43, RV-1B, or RV-16 when preincubated viruses
with TLR3-stimulated anti-miR-17 EVs compared to TLR3-stimulated anti-miR-negative control EVs.
*P < .05 (2-tailed Student t test); data represent 3 independent experiments (means + SEMs).
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FIG 4. TLR3-stimulated EV surface receptor-virus interactions contribute to antiviral activity and prevent
virus entry into host cells. (A and B) qPCR and ELISA analysis showing increased LDLR mRNA (A)and protein
(B)levels in EVs after TLR3 stimulation. ****P<.001 and *** P<.005 (2-tailed Student ttest). (C) gPCR analysis
showing reduced virus mRNA levels in HNEpCs infected by RV-1B after preincubation with TLR3-stimulated
EVs relative to control EVs and coincubation (physical mixture). *P < .05 for comparison between physical
mixture and preincubation (2-way ANOVA followed by Tukey test). (D) gPCR analysis showing reduced virus
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ICAM-1 mRNA (Fig 4, I, P <.05) and protein (Fig 4, J, P <.001)
in EVs. NANA was undetectable in both unstimulated control and
TLR3-stimulated EVs for technical reasons; however, the amount
of intracellular NANA was significantly increased on TLR3 stim-
ulation (see Fig E4 in the Online Repository at www.jacionline.
org; P <.001).

After determining that TLR3 stimulation upregulated LDLR
and ICAM-1 in EVs, we next studied whether the enrichment in
surface receptor proteins was associated with intrinsic antiviral
activity mediated by TLR3-dependent EVs. We found TLR3-
stimulated EVs exhibited more robust antiviral effects against
RV-1B (Fig 4, C, P <.05) and RV-16 (Fig 4, K, P <.05) when they
were preincubated with viruses for 1 hour at 37°C before exposure
to recipient host cells relative to coincubation (physical mixture
of EVs and viruses). This suggests that TLR3-stimulated EV sur-
face receptor protein—virus interactions could suppress viral in-
fections by functioning as decoys, thereby preventing virus
from binding with its cellular receptor in human host cells. In
contrast, unstimulated control EVs showed no significant effect
on blocking viral infections, regardless of whether EVs were pre-
incubated with virus es (Fig 4, C and K, P >.05).

RV-1B and RV-16 primarily utilize LDLR and ICAM-1 as their
initial tethering receptors, respectively, for cell entry. We
demonstrated that RV-1B and RV-16 infection in primary
HNEpCs could therefore be blocked by soluble recombinant
human protein recombinant human LDLR (Fig 4, D, P <.05) and
recombinant human ICAM-1 (Fig 4, L, P <.01), respectively. To
explore the role of LDLR and ICAM-1 in EVs in suppression of
viral infections, we used siRNAs targeting the LDLR or ICAM-1
mRNA sequences to specifically silence gene expression in
TLR3-stimulated EVs. The gene-silencing efficiency of siRNAs
was confirmed by qPCR. The transfection of LDLR or ICAM-1
siRNA into primary HNEpCs showed efficient silencing of the
target mRNA level in a dose-dependent manner (Fig E3, C and
D). Because of the moderate cytotoxicity we observed at the high-
est concentration of 100 nmol, the final concentration of 30 nmol
was selected and used in the next experiment to produce
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gene-knockdown EVs. As shown in Fig 4, E and M, both
LDLR (P <.001) and ICAM-1 (P <.005) siRNAs significantly
downregulated target proteins in TLR3-stimulated EVs, as quan-
tified by LDLR and ICAM-1 ELISA assays.

After validation of gene-knockdown EVs, we evaluated the
mechanism of surface receptor proteins in neutralizing virus
binding with its cellular receptor and mediating the antiviral
activity of TLR3-stimulated EVs. Using immunogold labeling
and TEM, we found that 10 nm nanogold particles labeling
rhinovirus surface protein VP3 largely localized to the membrane
of TLR3-stimulated negative control (siNC) EVs, where 15 nm
nanogold particles labeling CD81 presented (Fig 4, F). The number
of 10 nm nanogold particles, which labeled RV-1B and bound to
CD81 positively stained TLR3-stimulated LDLR-silencing
(siLDLR) EVs, significantly decreased compared to that of
TLR3-stimulated siNC EVs (Fig 4, F, and see Fig ES5, A, in the On-
line Repository at www.jacionline.org; P <.01). These observations
confirmed that robust binding between RV-1B and TLR3-
stimulated EVs occurred after preincubation and was associated
with LDLR in EVs. In addition, we found that intracellular virus
mRNA level of RV-1B was significantly increased when host cells
were exposed to RV-1B, which was preincubated with TLR3-
stimulated siLDLR EVs relative to TLR3-stimulated siNC EVs
(Fig 4, G, P <.05). This suggested that knockdown of LDLR in
EVs weakens the interaction between RV-1B and TLR3-stimulated
EVs, thereby facilitating virus entry into host cells. No significant
difference in virus mRNA level was observed between TLR3-
stimulated siLDLR EVs and control counterparts in the absence
of preincubation (Fig4, G, P>.05). Additionally, the LDLR protein
level in recipient cells was not significantly altered on administra-
tion of siLDLR EVs compared to siNC EVs, suggesting that the
blocking effect of EVs was principally dependent on their binding
affinity with viruses rather than their modulation of receptor levels
on target cells (Fig 4, H, P > .05). Similar results were detected
regarding the effect of ICAM-1 knockdown on TLR3-stimulated
EV surface receptor—virus interactions and consequent antiviral ac-
tivity against RV-16 (Fig 4, N-P, and Fig E5, B).

A

mRNA levels in HNEpCs infected by RV-1B, which were preincubated with recombinant human LDLR
(rhLDLR) relative to PBS. *P <.05 (2-tailed Student t test). (E) ELISA analysis confirming reduced LDLR pro-
tein levels in TLR3-stimulated EVs when transfected with LDLR siRNA (siLDLR) compared to negative con-
trol (siNC). ****P<.001 (2-tailed Student ttest). (F) TEM images demonstrating the binding between RV-1B
and siLDLR or siNC EVs with immunogold labeling of rhinovirus marker VP3 (10 nm nanogold particles) and
EV marker CD81 (15 nm nanogold particles) localizing to the EV membrane; white arrows indicate 15 nm
nanogold particles; black arrows, 10 nm nanogold particles; scale bar = 100 nm. (G) qPCR analysis showing
abrogation of antiviral activity in HNEpCs infected by RV-1B after preincubation with TLR3-stimulated
siLDLR EVs relative to siNC EVs. *P < .05 for comparison between physical mixture and preincubation (2-
way ANOVA followed by Tukey test). (H) ELISA analysis showing intracellular LDLR protein levels in recip-
ient cells after incubation with siLDLR or siNC EVs. (I and J) gPCR and ELISA analysis showing increased
ICAM-1 mRNA (I) and protein (J) levels in EVs after TLR3 stimulation, respectively. ****P < .001 and *P <
.05 (2-tailed Student t test). (K) gPCR analysis showing reduced virus mRNA levels in HNEpCs infected by
RV-16 after preincubation with TLR3-stimulated EVs relative to control EVs and coincubation (physical
mixture). *P < .05 for comparison between physical mixture and preincubation (2-way ANOVA followed
by Tukey test). (L) gPCR analysis showing reduced virus mRNA levels in HNEpCs infected by RV-16, which
were preincubated with rhICAM-1 relative to PBS. **P<.01 (2-tailed Student t test). (M) ELISA analysis con-
firming reduced ICAM-1 protein levels in TLR3-stimulated EVs when transfected with ICAM-1 siRNA (sil-
CAM-1) compared to siNC. ***P < .005 (2-tailed Student t test). (N) TEM images demonstrating the
binding between RV-16 and silCAM-1 or siNC EVs with immunogold labeling of VP3 and CD81; scale
bar = 100 nm. (O) gPCR analysis showing abrogation of antiviral activity in HNEpCs infected by RV-16 after
preincubation with TLR3-stimulated silCAM-1 EVs relative to siNC EVs. *P < .05 for comparison between
physical mixture and preincubation (2-way ANOVA followed by Tukey test). (P) ELISA analysis showing
intracellular ICAM-1 protein levels in recipient cells after incubation with silCAM-1 or siNC EVs. Data shown
in this figure represent at least 3 independent experiments (means = SEMs). rh, Recombinant human; si,

small interfering.
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Cold exposure impairs TLR3-dependent EV
secretion and miR-17 abundance, which abrogates
antiviral activity

Next, we analyzed the effect of reduced temperature on TLR3-
dependent EV function. We first sought to verify in vivo intranasal
temperature gradients in healthy human subjects after cold air
exposure at the most proximate point of mucosal contact, namely
the inferior turbinate. We confirmed that the intranasal tempera-
ture at the level of anterior and midinferior turbinate dropped
6.4°C (P <.001) and 4.7°C (P <.001) maximum, respectively, after
areduction in ambient temperature from 23.3°C to 4.4°C (see Fig
E6 in the Online Repository at www.jacionline.org). We therefore
applied a similar reduction of 5°C to the subsequent in vitro cul-
ture experiments. As shown in Fig 5, A, TLR3-stimulated EV
secretion was significantly impaired at 32°C relative to 37°C
(P <.05). To validate this result, we repeated the experiment in
live human turbinate mucosal tissues, a clinically relevant
ex vivo model, and found that TLR3 stimulation induced a signif-
icant increase in EV secretion at 37°C (P <.01), while the cool
temperature of 32°C significantly impaired TLR3-dependent
EV secretion (Fig 5, B, P <.05).

The following set of experiments was designed to further
investigate the influence of cold exposure on antiviral activity
mediated by TLR3-stimulated EVs with a focus on how miR-17
regulates the temperature-dependent phenotype. As shown in Fig
5, C-E, TLR3-stimulated EVs produced at 37°C were more effi-
cient in inhibiting viral infections by CoV_0OC43 (Fig 5, C,
P <.05), RV-1B (Fig 5, D, P <.05), and RV-16 (Fig 5, E,
P <.05) relative to 32°C. We then analyzed the composition of
TLR3-stimulated EVs secreted at both temperatures. Fig 5, F, re-
veals that TLR3 stimulation at 37°C significantly increased the
expression of miR-17 in EVs compared to the unstimulated con-
trol (P <.001). Incubation at the lower temperature of 32°C signif-
icantly diminished the TLR3-dependent miR-17 upregulation
(P <.01). Consistent results were observed when the experiment
was performed in live human turbinate mucosal tissues (Fig 5, G),
demonstrating that the enhancement in EV secretion and antiviral
miRNA packaging stimulated through the TLR3 signaling was
dependent on the ambient temperature.
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Because of the diminished abundance of miR-17 in TLR3-
dependent EVs under cold exposure, we next sought to determine
whether miR-17 was associated with the temperature-dependent
antiviral activity mediated by TLR3-stimulated EVs. As shown in
Fig 5, H-J, specific knockdown of miR-17 in TLR3-stimulated
EVs permitted higher levels of viral infection, particularly at
37°C, and rescued the temperature-dependent phenotype. In addi-
tion, exposure to anti-miR-17 EVs produced at 37°C or 32°C did
not cause any significant differences in virus mRNA level in host
cells (P > .05). These results demonstrate that the reduction in
antiviral activity of TLR3-stimulated EVs produced at 32°C
was strongly correlated with the impaired TLR3-dependent abun-
dance of miR-17 induced by cold exposure.

Cold exposure reduces TLR3-dependent
upregulation of EV surface receptor proteins and
impairs antiviral activity mediated by surface
receptor-virus interactions

In our final set of experiments, we explored how cold exposure
affects TLR3-dependent upregulation of EV surface receptor
proteins and the antiviral activity mediated by surface receptor—
virus interactions. Fig 6 shows that both gene (Fig 6, A, P <.005)
and protein (Fig 6, B, P <.001) expression of LDLR in EVs was
significantly increased on TLR3 stimulation at 37°C compared to
unstimulated controls, while the TLR3-dependent upregulation
of LDLR proteins was significantly impaired when EVs were
secreted from HNEpCs incubated at 32°C (P <.01). These results
were consistent with the effects of low ambient temperature on
TLR3-dependent EV secretion (Fig 5, A) and upregulation of
miR-17 (Fig 5, F). We then repeated this experiment using live
human turbinate mucosal tissues and observed similar results
(Fig 6, O). Likewise, TLR3-dependent upregulation of [ICAM-1
in EVs was also significantly diminished by cold exposure in
both in vitro (Fig 6, D and E) and ex vivo (Fig 6, F) settings.
Our findings suggest that the enhanced packaging of surface re-
ceptor proteins LDLR and ICAM-1 within EVs resulting from
TLR3 activation was dependent on ambient temperature.

o
]

FIG 5. Cold exposure impairs TLR3-dependent EV secretion and miR-17 abundance, which abrogates
antiviral activity. (A) Numbers of TLR3-stimulated EVs secreted from HNEpCs at 37°C or 32°C. *P < .05 for
comparison between control and TLR3-stimulated EVs; #P < .05 for comparison between TLR3-stimulated
EVs produced at 37°C and 32°C (2-way ANOVA followed by Tukey test); data represent 4 independent exper-
iments (means + SEMs). (B) Numbers of TLR3-stimulated EVs secreted from human turbinate mucosal ex-
plants at 37°C or 32°C. **P < .01 for comparison between control and TLR3-stimulated EVs; #P < .05 for
comparison between TLR3-stimulated EVs produced at 37°C and 32°C (2-way ANOVA followed by Tukey
test); data represent 5 independent experiments (means = SEMs). (C-E) gPCR analysis showing increased
virus mRNA levels in HNEpCs infected with CoV_0C43 (C), RV-1B (D), or RV-16 (E) after preincubation with
TLR3-stimulated EVs produced at 32°C relative to 37°C. *P < .05 (2-tailed Student t test); data represent 3 in-
dependent experiments (means = SEMs). (F) gPCR analysis showing impaired miR-17 upregulation in
TLR3-stimulated EVs secreted from HNEpCs at 32°C relative to 37°C. ****P <.001 for comparison between
control and TLR3-stimulated EVs; ##P < .01 for comparison between TLR3-stimulated EVs produced at 37°C
and 32°C (2-way ANOVA followed by Tukey test); data represent 3 independent experiments (means +
SEMs). (G) gPCR analysis showing impaired miR-17 upregulation in TLR3-stimulated EVs secreted from hu-
man turbinate mucosal explants at 32°C relative to 37°C. **P < .01 for comparison between control and
TLR3-stimulated EVs; #P < .05 for comparison between TLR3-stimulated EVs secreted at 37°C and 32°C
(2-way ANOVA followed by Tukey test); data represent 5 independent experiments (means = SEMs).
(H-J) gPCR analysis showing reduced virus mRNA levels in HNEpCs infected with CoV_0C43 (H), RV-1B
(1), or RV-16 (J) after preincubation with TLR3-stimulated anti-miR-NC EVs produced at 37°C. Antiviral effect
is lost after preincubation with anti-miR-17 EVs produced at 37°C or either EV condition at 32°C. *P<.05 for
comparison between TLR3-stimulated EVs secreted at 37°C and 32°C (2-way ANOVA followed by Tukey
test); data represent 3 independent experiments (means = SEMs).
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FIG 6. Cold exposure reduces TLR3-dependent upregulation of EV surface receptor proteins and impairs
antiviral activity mediated by surface receptor-virus interactions. (A and B) Reduced LDLR mRNA (A) and
protein (B) levels in TLR3-stimulated EVs secreted from HNEpCs at 32°C relative to 37°C. ****P <.001 and
***P<.005 for comparison between control and TLR3-stimulated EVs; ####P<.001 for comparison between
TLR3-stimulated EVs secreted at 37°C and 32°C (2-way ANOVA followed by Tukey test); data represent 3 in-
dependent experiments (means = SEMs). (C) gPCR analysis showing reduced LDLR mRNA levels in TLR3-
stimulated EVs secreted from human turbinate mucosal explants at 32°C relative to 37°C. *P < .05 for com-
parison between control and TLR3-stimulated EVs (2-tailed Student ttest); data represent 5 independent ex-
periments (means = SEMs). (D and E) Reduced ICAM-1 mRNA (D) and protein (E) levels in TLR3-stimulated
EVs secreted from HNEpCs at 32°C relative to 37°C. ****P<.001 and *P<.05 for comparison between control
and TLR3-stimulated EVs; ####P < .001 for comparison between TLR3-stimulated EVs secreted at 37°C and
32°C (2-way ANOVA followed by Tukey test); data represent 3 independent experiments (means = SEMs).
(F) gPCR analysis showing reduced ICAM-1 mRNA levels in TLR3-stimulated EVs secreted from human
turbinate mucosal explants at 32°C relative to 37°C. *P < .05 for comparison between control and TLR3-
stimulated EVs (2-tailed Student t test); data represent 5 independent experiments (means = SEMs). (G
and H) gPCR analysis showing abrogation of reduced virus mRNA levels in HNEpCs infected by RV-1B
(G)/RV-16 (H) after preincubation with TLR3-stimulated siNC EVs at 37°C relative to siLDLR (G)/silICAM-1
(H) EVs when performed at 32°C. *P < .05 for comparison between TLR3-stimulated EVs produced at 37°C
and 32°C (2-way ANOVA followed by Tukey test); data represent 3 independent experiments (means *+
SEMs).
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Considering the discovery that TLR3-stimulated EV surface
receptor—virus interactions contributed to the antiviral activity
and prevented virus entry into host cells, we also explored
whether this contribution could be affected by reduced ambient
temperature. Fig 6 shows that TLR3-stimulated siNC EVs ex-
hibited significantly enhanced antiviral activities against RV-1B
(Fig 6, G, P <.05) and RV-16 (Fig 6, H, P <.05) when produced
at 37°C relative to 32°C. The results were consistent with our find-
ings that cold ambient temperature impaired the production of
surface receptor proteins within EVs induced by TLR3 stimula-
tion and led to less efficient cargo packaging in EVs (Fig 6,
A-F). Moreover, the significant reduction in antiviral activity of
TLR3-stimulated EVs as a result of the cold ambient temperature
was partially eliminated on silencing LDLR (Fig 6, G, P >.05) or
ICAM-1 (Fig 6, H, P>.05) in EVs, suggesting a robust correlation
between temperature-dependent antiviral activity mediated by
TLR3-stimulated EVs and packaging of surface receptor proteins
within EVs. It bears noting that the decrease in ambient tempera-
ture from 37°C to 32°C during preincubation of EVs with viruses
did not significantly affect the viral binding affinity and antiviral
activity of TLR3-stimulated EVs (see Fig E7 in the Online Repos-
itory at www.jacionline.org; P >.05).

DISCUSSION

URI is the most frequent manifestation of infectious disease,
including the common cold. Seasonal variation in URIs has been
well documented, with increased infectious transmission noted
during winter.”® Moreover, epidemics caused by respiratory vi-
ruses, such as common cold virus, severe acute respiratory syn-
drome coronavirus (SARS-CoV), and the recent SARS-CoV-2,
appear to spike during the colder months. The mechanisms under-
lying the evident seasonality of respiratory viruses have been
debated for many years. Changes in environmental factors and
human behavior are the 2 most common arguments. Recent
research has highlighted the importance of environmental factors,
particularly ambient temperature, in modulating host immune re-
sponses to URIs.”'**® However, the biological mechanism un-
derlying the correlation between antiviral host responses and
the seasonality of respiratory viruses remains largely unknown.

Our group was the first to discover the innate antibacterial
activity of human nasal mucosa—derived EVs. Our previous
studies demonstrated that TLR4 activation resulted in a release
of EV swarms from the nasal mucosa, which had profound
antimicrobial effects within the mucus blanket.”’ Concurrently,
other teams have reported that IFN-« induced cell-to-cell transfer
of antiviral miRNAs via EVs directed against hepatitis vi-
ruses.”” ' In addition, EVs have been shown to play a role in
the pathogenesis of respiratory viral infections, and EV proteins
exert direct virion neutralization by binding to virus ligands via
surface receptors and block their entry to host cells.”*** Collec-
tively, these findings led us to hypothesize a previously unknown
role of nasal epithelial EVs in innate antiviral immunity and sea-
sonality of respiratory viral infections. In this conception, TLR3
stimulation induces a swarm-like secretion of nasal epithelial
EVs with antiviral activity against respiratory viruses, which is
diminished by cold air conditions.

We first studied the role of TLR3 stimulation in regulation of
nasal epithelial EV secretion. We used primary HNEpCs isolated
from healthy human nasal mucosa to mimic in vivo exposure to
inhaled respiratory viruses. This is physiologically and clinically
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relevant, as the mucosa of inferior turbinate within the anterior
nasal cavity represents the primary deposition site of inhaled
pathogens from the external environment.** Poly(I:C), a canoni-
cal TLR3 agonist, was used in our study to model generic respi-
ratory viral infection. TLR3 is an established pathway of innate
antiviral response to both rhinovirus and coronavirus in airway
epithelium.""*> We found that poly(I:C) stimulation over 24 hours
at a concentration of 2.5 pg/mL resulted in a significant increase
in basal EV release rate. The higher dose did not induce a further
enhancement due to the accompanied cytotoxicity. The increased
EV secretion was regulated by the TLR3 signaling, and IRF3 was
involved in the downstream signaling cascade. These findings are
consistent with TLR3 as an established pattern recognition recep-
tor capable of rapidly recognizing and responding to virus
dsRNA, a pathogen-associated molecular pattern (aka PAMP)
associated with RNA viral infections."® Using a validated fluores-
cent tag, we also demonstrated that TLR3-stimulated EVs could
be quickly taken up by autologous cells with clathrin-mediated
endocytosis involved in EV internalization. The rapid kinetics
of intracellular transport supports our hypothesis that EVs
secreted from TLR3-stimulated cells in the nasal cavity could
transfer their antiviral cargo into neighboring recipient cells and
help restore the antiviral state in infected cells before being elim-
inated by mucociliary clearance.

Next, we explored whether TLR3-stimulated EVs displayed
intrinsic antiviral activity against respiratory viruses. We estab-
lished an infection model in primary HNEpCs with 3 different
common respiratory viruses. The viral infectivity in host cells was
validated through determination of TCIDsq and confirmation of
successful induction of cytopathic effects as well as host immune
responses. We then investigated the antiviral functions mediated
by TLR3-stimulated EVs in this infection model. Remarkably,
we found potent, broad-spectrum, and dose-dependent antiviral
activity of TLR3-stimulated EVs against both coronavirus and
rhinovirus. In contrast, exposure to unstimulated control EVs at
the same concentration had negligible effects on suppression of
viral infection. This relative lack of activity observed among unsti-
mulated EVs further confirms that TLR3 stimulation confers
enhanced antiviral properties to the nasal epithelium—derived EVs.

In light of the findings that TLR3-stimulated EVs exerted
antiviral activity, we next examined whether TLR3 stimulation
was capable of modulating the packaged cargo within EVs and
explored an additional role of TLR3-stimulated EVs in viral
infection via miRNA transfer to recipient cells. Previous studies
have reported that miRNAs in EVs play important regulatory
roles in target cells and may be valuable tools for the treatment of
certain diseases, including viral infections.*' To study miRNAs
associated with the antiviral effects of TLR3-stimulated EVs,
we performed miRNA profiling. We were able to identify a num-
ber of differentially expressed miRNAs in TLR3-stimulated EVs
relative to unstimulated controls and selected miR-17 for a further
investigation because if its validated antiviral roles in URIs.”*’
We then confirmed that miR-17 had direct antiviral activities
against common cold viruses, and its abundance correlated with
a proportionate enhancement in antiviral effects of TLR3-
stimulated EVs using synthetic mimics and inhibitors. It is
commonly believed that miRNAs block virus replication through
targeting specific cellular factors or by binding directly to virus
genomes./‘m’47 Previous studies have shown that miR-17 inhibits
human immunodeficiency virus and hepatitis C virus replication
through targeting p300/CBP-associated factor (aka PCAF) and
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mitogen-activated protein kinase kinase kinase 8 (aka MAP3KS),
respectively.”®*’ More recently, miR-17 upregulation as a means
of host immune response has been seen during URIs.”” Studies
have also demonstrated that miR-17 targets multiple genomic re-
gions (replicase polyprotein ORFlab and spike protein) within
coronavirus, deactivates virus proteins, and suppresses virus
replication.3 %37 However, further studies are needed to under-
stand the detailed antiviral mechanisms of miR-17 against other
respiratory viruses, particularly the ones used as model pathogens
in our present study.

The next set of experiments was designed to examine a
parallel mechanism of TLR3-mediated antiviral defense of
EVs through direct binding of mucus-suspended virions. Our
studies demonstrate that TLR3 stimulation led to significant
abundance of surface receptor proteins in EVs, including
LDLR and ICAM-1. TLR3-stimulated EVs thereby functioned
in a decoy-like manner by directly binding to rhinovirus and
competing with host cell surface LDLR and ICAM-1 to inhibit
infection by RV-1B and RV-16, respectively. Although we did
not directly explore this effect in this study, it may extend to
other respiratory viruses that similarly utilize LDLR or ICAM-
1 as their initial tethering receptor. Recent studies have shown
that SARS-CoV-2 infections can be blocked by human recom-
binant soluble angiotensin converting enzyme 2 (ACE2) and
even more expeditiously by exosomal ACE2.**>' The possible
mechanism is that receptor proteins presented on nano-size
EVs might amplify the space interval in suppressing virus ac-
cess to its host cell surface. Moreover, given that a single EV
is capable of carrying a broad array of proteins, surface recep-
tor proteins in EVs might possess greater efficiency to block
viral infection than receptor proteins in other forms (eg, solu-
ble proteins and protein conjugates), especially in the presence
of more than one type of virus.

A major goal of this work was to explore whether antiviral
activity of EVs is affected by the cold air conditions typical of
seasonal environmental fluctuations. In this study, we confirmed
an in vivo temperature reduction of approximately 5°C experi-
enced by the nasal cavity in cold ambient environments in healthy
human subjects through endoscopically guided measurements.
When this nasal temperature reduction was applied to in vitro cul-
ture, we determined that cold exposure largely impaired the anti-
viral activity of TLR3-dependent EVs. In addition, the secretion
of EVs and abundance of antiviral miR-17 as well as surface re-
ceptor proteins LDLR and ICAM-1 that resulted from TLR3 stim-
ulation were greater at the warm temperature of 37°C relative to
those at the cool temperature of 32°C. More importantly, the
temperature-dependent antiviral effects of TLR3-stimulated
EVs were partially abrogated upon silencing these antiviral com-
ponents in EVs. The confluence of these observations suggests
that the potent antiviral functions mediated by TLR3-dependent
EVs are impaired by cold air conditions via a 41.9% decrease
in total EV release as well as reduced miRNA packaging
(23.8%) and antiviral surface receptor binding activity (24.4%
and 77.2%) of individual EV.

Similar to our results, a prior study has reported that the
antiviral defense response elicited by rhinovirus infection is
temperature dependent.'' Incubating mouse airway cells at the
relatively reduced temperature of the nasal cavity during virus
replication resulted in lower levels of RIG-I-like receptor, aka
RLR, ligand accumulation, impaired RLR function, and
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decreased IFN responsiveness, leading to less robust antiviral
gene expression and restriction of virus. Many respiratory vi-
ruses initiate infection in the nasal cavity, which is the first re-
gion of contact of inhaled respiratory pathogens and is highly
sensitive to changes in ambient air temperature. The diminished
innate immune responses to viral infections at cool temperatures
could thereby create a more permissive environment for virus
replication compared to warm temperatures. These concepts
led us to consider the possibility that inhaling cool air in the
winter season might impair the antiviral immune defense func-
tions mediated by TLR3-stimulated EVs and decrease resistance
to infections by reducing the host cell temperature within the
anterior nasal mucosa. Our observations revealed that exposure
to cold resulted in increased host susceptibility to respiratory vi-
ruses, providing a potential immunologic mechanism for sea-
sonal variation in URIs.

Conclusions

Our findings not only shed light on the role of EV swarms in
TLR3-dependent antiviral innate immune responses within the
human nasal epithelium but also contribute to our fundamental
understanding of the mechanism of seasonal variation in URI
prevalence. We have shown that activation of nasal epithelial TLR3
by inhaled respiratory viruses leads to increased secretion of EVs
with an abundance of antiviral components, including miR-17,
LDLR, and ICAM-1. The EV swarms exhibit potent antiviral
activity and protect the host from infection through transfer of
antiviral miRNAs and direct binding of mucus-suspended virions.
Moreover, these functions are impaired by cold exposure via a
reduction in total EV secretion and diminished miRNA packaging
as well as antiviral binding affinity of individual EV. Lending
particular strength to our conclusions was that we were able to
investigate the mechanisms of EV-mediated antiviral innate im-
mune defense in primary human epithelial cells and to corroborate
invitro data with live human nasal mucosal tissues taken from fresh
surgical specimens. EVs have been utilized as drug delivery sys-
tems with therapeutic potential against various diseases. We specu-
late that the therapeutic efficacy of nasal epithelial EVs can be
further potentiated through codelivery of additional antiviral
agents. Integration of EVs and antiviral agents may allow us to
develop new treatments for respiratory viral infections and reduce
the potential adverse effects from both therapeutics.

We thank Philip Seifert (Schepens Eye Research Institute of Massachu-
setts Eye and Ear Infirmary) for his technical expertise and mentoring in
immunogold TEM. We also thank the Institute for Chemical Imaging of
Living Systems at Northeastern University for consultation and imaging
support.

Key messages

o Nasal epithelial EVs participate in TLR3-dependent anti-
viral immunity.

o Nasal epithelial EVs protect the host from respiratory
viral infections through functional delivery of miRNAs
and direct virion neutralization.

o Cold exposure impairs antiviral immune defense func-
tions mediated by nasal epithelial EVs.
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METHODS

Temperature measurement of human nasal cavity
Four healthy volunteers were recruited with a total of 8 nasal cavities
measured. Exclusion criteria included history of nasal obstruction, nasal
surgery, smoking, asthma, symptoms of cold or sinus infection, immuno-
deficiency, or current fever. The nasal mucosal temperature measurement
protocol was adapted from previous studies.”'"*? Before measurement, all
subjects spent 15 minutes acclimating to ambient temperature (23.3°C)
and humidity (57%), breathing quietly while upright. Nasal mucosal tem-
perature was measured with a thermocouple wire probe (mini-Type K,
thermocouple thermoelectric wire consisting of chromel and alumel;
Reed Instruments, Lake Forest, Ill) coupled to a thermocouple thermom-
eter (mini—Type K, Extech Instruments, Lake Forest, I11) used for temper-
ature recording. The system was calibrated and NIST certified (FLIR
Systems, Nashua, NH) to +0.3% reading + 1°C accuracy in the range
of —93 to 1000°C. Temperature measurements were performed by placing
the thermocouple gently on the nasal mucosal surface. The volunteer’s
head was fixed, and the sensor was consecutively positioned in the nasal
valve area close to the head of the inferior turbinate and midinferior turbi-
nate. The sensor was inserted into the nasal cavity under direct endoscopic
visualization by a trained otolaryngologist to ensure anatomic-site and
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technique consistency between subjects. The nasal cavity of each volun-
teer was examined without decongestion or topical anesthesia. The
mucosal temperatures at each site of the nasal cavity were recorded for
30 seconds without interruption of nasal breathing.

Subsequently, all subjects were exposed to cold temperature (4.4°C) and
humidity (90%) for 15 minutes, breathing quietly while upright. A new mea-
surement cycle was then performed, respecting the same conditions described
for thermocouple placement. No mucosal irritation due to the thermocouple
contact was visualized. To ensure proper environmental conditions, simulta-
neous relative humidity and temperature detection was measured by a cali-
brated indoor thermometer and humidity monitor (AcuRite Pro, Lake
Forest, I11). Therefore, relative humidity between 1% and 99% could be eval-
uated. The monitor had a humidity accuracy of =2% relative humidity and a
temperature accuracy of +0.3°C.

REFERENCES
El. Bailey RS, Casey KP, Pawar SS, Garcia GJIM. Correlation of nasal mucosal tem-
perature with subjective nasal patency in healthy individuals JAMA Facial Plast
Surg 2017;19:46-52.
E2. Lindemann J, Keck T, Scheithauer MO, Leiacker R, Wiesmiller K. Nasal
mucosal temperature in relation to nasal airflow as measured by rhinomanometry
Am J Rhinol 2007;21:46-9.
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FIG E1. Validation of EV isolation and purification procedures. (A) EV isola-
tion yield measured with a CD81 exosome ELISA complete kit (System Bio-
sciences). (B) EV purity measured with a calnexin ELISA kit (MyBiosource,
San Diego, Calif). All values were normalized to total protein concentration
within the same sample with a Pierce BCA protein assay kit (Thermo
Fisher). *P < .05 and ****P < .001 (2-tailed Student t test); data represent
3 independent experiments (means = SEMs). (C) Western blot analysis
showing GM130 and GRP94 protein expression in HNEpC-derived EVs
and cell lysates as well as loading control of the membrane proteins labeled
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FIG E2. Characterization of control EVs secreted from HNEpCs without TLR3 stimulation. (A) Representative
cryogenic electron microscopic images of EVs secreted from HNEpCs without TLR3 stimulation (unstimu-
lated control EVs); scale bar = 100 nm. (B) Representative confocal microscopic images of fluorescent
dye-labeled control EV uptake in HNEpCs over 60 minutes; scale bar = 100 um. (C) Representative confocal
microscopic images of fluorescent dye—labeled control EV uptake in HNEpCs for 60 minutes in different con-
ditions (37°C vs 4°C and with or without pretreatment of clathrin-mediated endocytosis inhibitor (chlor-
promazine [CPZ], 25 pmol) and quantitative analysis of corrected fluorescence integrated density
indicating percentage of EV internalization in HNEpCs; scale bar = 100 pm. ****P < 001 and **P < .01
(1-way ANOVA followed by Tukey test); data represent 3 independent experiments (means + SEMs).
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FIG E3. Dose responses in RNA expression levels in HNEpCs transfected
with RNA interference tools. (A and B) gPCR analysis showing miR-17 levels
in HNEpCs transfected with miR-17 mimic (A) and inhibitor (B) at concentra-
tions ranged from 1 nmol to 100 nmol. (C and D) qPCR analysis showing
LDLR (C) and ICAM-1 (D) mRNA levels of HNEpCs transfected with LDLR
(C) and ICAM-1 (D) siRNA at concentrations that ranged from 1 to 100
nmol. ¥****P < 001, ***P < .005, **P<.01, and *P<.05 (1-way ANOVA fol-
lowed by Tukey test); data represent 3 independent experiments (means =
SEMs).
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FIG E4. Quantification of intracellular NANA levels. The amount of
intracellular NANA with or without TLR3 stimulation was quantified with
a sialic acid assay kit (Sigma-Aldrich). ****P < .001 (2-tailed Student t test);
data represent 3 independent experiments (means = SEMs).
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FIG E5. Quantification of TEM images of TLR3-stimulated EVs with immunogold labeling. (A) Quantification
of the ratio of number of 10 nm nanogold particles (VP3" RV-1B) to number of 15 nm nanogold particles
(CD81" exosomes); 42 double-positive (VP3*/CD81%) clusters were analyzed for each group. **P < .01
(2-tailed Student t test). (B) Quantification of the ratio of number of 10 nm nanogold particles (VP3* RV-
16) to number of 15 nm nanogold particles (CD81* EVs); 47 double-positive (VP3"/CD817) clusters were
analyzed for each group. ****P < .001 (2-tailed Student t test).
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FIG E6. Temperature of nasal mucosa in healthy human volunteers.
Intranasal temperature measured in healthy human volunteers in an
ambient (23.3°C) or cold (4.4°C) environment. ****P < .001 (2-tailed Student
t test); data represent 4 independent experiments (means = SEMs).
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FIG E7. Impact of pre-incubation temperature on the antiviral activity of TLR3-stimulated EVs mediated by
surface receptor-viral interactions. Real-time qPCR analysis showing comparable viral mRNA levels in
HNEpCs infected by CoV_0C43 (A), RV-1B (B), and RV-16 (C) following pre-incubation at 37 °C or 32 °C with
TLR3-stimulated EVs produced at 37 °C; P> .05 (2-tailed Student t-test). Data shown in this figure represent 3
independent experiments (mean = SEM).
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