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ABSTRACT: The interferon-λ (IFN-λ)-regulated innate immune
responses in the airway expand our understanding toward antiviral
strategies against influenza A virus (IAV). The application of IFN-λ
as mucosal antiviral therapeutic is still challenging, and advanced
research will be necessary to achieve more efficient delivery of
recombinant IFN-λs to the damaged respiratory mucosa. In this
study, we examine the capability of IFN-λ to stimulate the innate
immune response, promoting the swift elimination of IAV in the
lungs. Additionally, we develop IFN-λ-loaded nanoparticles
incorporated into pulmonary surfactant for inhalation therapy
aimed at treating lung infections caused by IAV. We found that
inhaled delivery of IFNλ-PSNPs significantly restricted IAV
replication in the lungs from 3 days after infection (dpi), and IAV-caused lung histopathologic findings were completely improved
in response to IFNλ-PSNPs. More significant and rapid attenuation of viral RNA was observed in the lung of mice with inhaled
delivery of IFNλ-PSNPs compared to mice with recombinant IFN-λs. Inhalation treatment of IFNλ-PSNPs to IAV-infected mice can
result in the increase of monocyte frequency in concert with restoration of T and B cells composition. Furthermore, the
transcriptional profiles of monocytes shifted toward heightened IFN responses following IFNλ-PSNP treatment. These results imply
that IFN-λ could serve as a robust inducer of innate immunity in the lungs against IAV infection, and inhalation of IFN-λs
encapsulated in PSNPs effectively resolves lung infections caused by IAV through rapid viral clearance. PSNPs facilitated improved
delivery of IFN-λs to the lungs, triggering potent antiviral immune responses upon IAV infection onset.
KEYWORDS: influenza A virus, pulmonary surfactant, nanoparticle, interferon-λ, inhalation therapy

■ INTRODUCTION
The innate immune system by producing interferon (IFN)s
introduces substantial heterogeneity in host responses to viral
infections, interacting with different viruses to influence
antiviral defense mechanisms.1,2 While IFN-λ exhibits certain
functional overlaps with IFN-β, previous reports have
elucidated a distinct role for IFN-λ in orchestrating immune
defense against viral infections at mucosal and barrier
surfaces.3−5 IFN-λ possesses the ability to orchestrate
defensive immunity against respiratory viral infections and is
thought to be chiefly accountable for localized antiviral innate
immunity against influenza A virus (IAV) in the respiratory
epithelium, without inducing excessive tissue damage and
inflammation.6−9 Recently, the possibility that administration
of IFNs ameliorates the virus-cause pathologic findings in vivo
lung and strong restriction of SARS-CoV-2 replication by
exogenous compensation of IFN-λ becomes apparent.10 Our
previous studies implicated that IFN-λs might be potent
adjuvants capable of eliciting robust antiviral immunity and

intranasal application of IFN-λs augments a defense mecha-
nism against respiratory viral replication and virus-caused lung
damage.3,4,11 However, application of IFN-λ as mucosal
antiviral therapeutic is still challenging, and advanced research
will be necessary to achieve more efficient delivery of
recombinant IFN-λs to the damaged respiratory mucosa,
where respiratory virus directly invade.

The lung possesses large surface area lined with thin alveolar
epithelium, pulmonary surfactant (PS), and high permeable
and considerable vascularization, and these structural charac-
teristics are closely related to the inhaled delivery of
therapeutics to the lung.12 In particular, PS is a mixture of
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lipids (∼90%) and proteins (∼10%) which is synthesized by
type II alveolar cells and secreted into the alveolar space to
reduce the surface tension in the alveoli air−liquid interspace,
thus preventing alveolar collapse.13 While the inhaled
administration of therapeutics allows their efficient localization
to the distal lung, the successful delivery of targeted materials
often limited by a thin barrier composed of PS and optimal
concentration of therapeutics is not effectively maintained at
the level of alveolar epithelium.14,15 Hydrophobic PS proteins
B and C (PSP-B and PSP-C) incorporated in the vesicles are
responsible for maintaining the mechanical integrity of PS layer
in the dynamic environment by modulating the fusion and
spreading of PS lipids.16 Therefore, the transport of hydro-
philic agents through the PS layer is more challenging for
inhaled small molecules and proteins.17

In order to suppress the viral replication in the distal lung
with IAV infection, IFN-λs must be delivered to the surface of
infected epithelial cells in the lung without breaching the
integrity of the PS layer. Here, we prepare an inhalable
formulation of IFN-λs combined with natural PS to overcome
the PS-derived biophysical barrier for efficient pulmonary
delivery of IFN-λs throughout the alveolar region by active
interactions with the endogenous PS barrier. We synthesize
inhalable nanoparticles based on PS by interacting a prot-
amine/IFN-λs nanocomplex with PS (IFNλ-PSNPs) via
electrostatic interactions. Our results show that inhaled
delivery of IFNλ-PSNPs mediates more potent host-protective
immune responses in concert with the improvement of IAV-
caused acute lung damage in the early stages of infection. In
addition, our current research offers essential insights into the

immune response dynamics triggered by IFNλ-PSNPs, along
with the innate immune reactions regulated by IFN in the
lungs of mice infected with IAV.

■ RESULTS/DISCUSSION
GFP-Loaded Nanoparticles Are Fabricated with PS

Constituents. To optimize the formulation of PSNPs for
inhaled delivery of IFN-λs to the distal lung of an in vivo mouse
model, we first prepared for green fluorescent proteins (GFP)-
loaded PSNPs (Figure 1a). GFP was used as a model cargo
protein because it has a molecular weight and net negative
charge comparable with those of IFN-λ2/3 (Table S1). Since
GFP (and IFN-λs) and PS were both negatively charged,
protamine, a polycationic positively charged protein that is
known as an antidote for heparin, was employed to engage
both negatively charged molecules via electrostatic inter-
actions. Various formulations of GFP-loaded PS particles were
first prepared by hydrating the dried PS film with mixture
solutions of GFP and protamine at different molar ratios.
Among them, a formulation prepared at the GFP-protamine
molar ratio of 1:10 was selected for subsequent experiments
because it showed the highest loading efficiency with the
appropriate hydrodynamic size and zeta potential (Figure
S1A−C). The size of GFP-loaded PS particles was further
controlled to the range of 100−400 nm for efficient inhalation
delivery to the alveolar region by using an extrusion method.
Hydrodynamic size, polydispersity index, and ζ potential of the
resulting GFP−loaded PS nanoparticles (GFP-PSNPs) were
268 nm, 0.25, and −24 mV, respectively, and loading efficiency
of GFPs in the PSNP was 35% (Figure 1b). TEM images

Figure 1. Preparation and characterization of GFP-loaded pulmonary surfactant nanoparticles (GFP-PSNPs). (a) Schematic illustration of GFP-
PSNPs. (b) Hydrodynamic size, polydispersity index, surface charge, and GFP loading efficiency of GFP-PSNPs. (c) Transmission electron
microscopy (TEM) image of GFP-PSNPs. (d) Colloidal stability of GFP-PSNPs in physiological condition. (e) Confocal fluorescence images of
Raw264.7 and A549 cells after GFP-PSNP treatment: nucleus (blue, Hoechst), GFP (green). (f) Cytotoxicity of GFP-PSNPs after GFP-PSNP
treatment at different concentrations. The data are presented as the mean ± SEM and analyzed by one-way ANOVA for (f).
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revealed that GFP-PSNPs appeared spherical with an
approximate physical size of 200 nm (Figure 1c) and that
the colloidal stability of GFP-PSNPs was maintained in both
nebulizing and physiological conditions (Figure 1d and Table
S2).

We next examined whether PSNPs can mediate efficient
delivery of the protein cargo to alveolar epithelial cells in an in
vitro culture system. Raw264.7 murine macrophages and A549
human lung adenocarcinoma cells were chosen as models of
alveolar macrophages and alveolar type II epithelial cells,
respectively. The cells were treated with GFP-PSNPs and
imaged using a confocal fluorescence microscope. Confocal
fluorescence microscopy revealed that GFPs were highly
localized in A549 cells, not in Raw264.7 macrophages (Figure
1e), indicating the preferential uptake in the alveolar type II
epithelial cells that are responsible for the secretion and
removal of PS. Such uptake of PSNPs did not induce
significant cytotoxicity within the tested concentrations
(Figure 1f). The GFP-protamine complexes without a PS
coating were inefficient in delivering the protein cargo to both
cells (Figure S2A,B). We then investigated whether PSNPs can
mediate the efficient localization of the protein cargo in the
lungs of C57BL/6 (B6) via inhalation delivery. In addition to
the protein cargo, distribution and retention of surfactant lipids
were tracked with DiR, lipophilic near-infrared (NIR)
fluorescent dye, embedded in the surfactant lipid bilayer.
DiR-labeled GFP-PSNPs or GFPs alone were inhaled to the
nasal cavity of mice and immunofluorescence imaging of major
organs was conducted. Fluorescence imaging of lungs revealed
that significantly larger amount of GFP-PSNPs was distributed
throughout the lung tissues while most of free GFPs was
localized in the trachea (Figure 2a). Furthermore, the GFP-

PSNP group showed higher GFP signal in the lungs over 72 h
after inhalation delivery compared to the free GFP group. In
other major organs such as liver, spleen, heart, and kidney, the
GFP signal was barely detected (Figure S3, Figure 2b). As the
inhalation dose increased, the pulmonary delivery efficiency
increased only in the lungs (Figure 2c), ensuring that the lung
was the only tissue specific for the GFP-PSNP signal.

Collectively, these results suggest that the PSNP formulation
can efficiently localize the protein cargo in an in vivo lung after
inhaled delivery.
Inhaled Delivery of IFNλ-PSNPs to the Lungs. We next

assessed whether PSNPs loaded with IFN-λs were distributed
well in the lung tissue of mice after inhaled delivery. IFNλ-
PSNPs were prepared based on the protocol for GFP-PSNPs.
Hydrodynamic size, polydispersity index, and ζ potential of the
resulted IFNλ-PSNPs were 242 nm, 0.18, and −29 mV,
respectively, and loading efficiency of IFN-λs in the PSNP was
32% (Figure 3a). TEM coupled with immunogold labeling

revealed that the IFN-λs were attached on the inside and
surface of the PSNP (Figure 3b). IFNλ-PSNPs maintained the
colloidal stability in the physiological condition (solution
containing 10% serum at 37 °C) over the tested time period
(Figure 3c). Next, we investigated whether PSNPs can mediate
the efficient localization of IFN-λs in the alveolar region of the
lungs following inhaled delivery. The lung tissues were
harvested for immunofluorescence imaging 1 and 3 days
after the inhalation of IFNλ-PSNPs or IFN-λs alone. The
results revealed that a significant fluorescence intensity of IFN-
λs was found along the alveolar surface when formulated in the
PSNP (Figure 3d). Furthermore, the level of IFN-λs in the
alveolar region increased until 3 days after the inhaled delivery
of IFNλ-PSNPs (Figure 3e). These results indicate that PSNPs
promote an efficient localization of IFN-λs in the alveolar
region of in vivo lung and IFN-λs was delivered into the lung
combined with PSNPs without breaching the integrity of
endogenous PS layer. Our data showed that PSNP formulation
enabled efficient and prolonged localization of IFN-λs along

Figure 2. Biodistribution of GFP-PSNPs after inhalation delivery. (a)
Ex vivo GFP fluorescence images of mouse lungs 1 h after inhalation
of free GFPs and GFP-PSNPs. (b) Time-dependent biodistribution of
GFPs after inhalation of GFP-PSNPs: lung (Lu), liver (Li), spleen
(Sp), heart (H), kidney (K). (c) Dose-dependent biodistribution of
GFPs after inhalation of GFP-PSNPs. The data are presented as mean
± SEM and analyzed by t-test for (a) and by two-way ANOVA for (b)
and (c) (**p < 0.01; ns, not significant).

Figure 3. Physicochemical and biological characterization of IFNλ-
loaded pulmonary surfactant nanoparticles (IFNλ-PSNPs). (a)
Hydrodynamic size, polydispersity index, surface charge, and IFNλ
loading efficiency of IFNλ-PSNPs. (b) TEM image of IFNλ-PSNPs.
Black dots indicate gold nanoparticles attached to IFNλ molecules on
the surface of PSNPs. (c) Colloidal stability of IFNλ-PSNPs in
physiological condition. (d) Confocal fluorescence images of alveolar
region of the lungs 1 day and 3 days after IFNλ-PSNP inhalation:
nucleus (blue, Hoechst), IFNλ (red). (e) Quantitative fluorescence
graph of (d). Pre indicates the fluorescence before inhalation. The
results are presented as the mean ± SEM and analyzed by one-way
ANOVA for (e).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c13677
ACS Appl. Mater. Interfaces 2024, 16, 11147−11158

11149



the alveolar region and subsequently promoted the production
of ISGs from alveolar epithelial cells.
Inhaled Delivery of IFNλ-PSNPs Restricts IAV Repli-

cation in the Lungs. B6 mice were infected with IAV via
intranasal inoculation (3.6 × 103 pfu/ml) (Figure S4A) and a
significant decrease in mean body weight was observed in mice
with IAV infection from 6 days post infection (dpi) until 12
dpi (Figure S4B). The mean level of IAV RNA, viral titer, and
nucleoprotein level showed significant elevation from 3 dpi
onward, with the highest titer at 7 dpi (RNA level, 3.96 × 104;
viral titer, 6.1 × 105 pfu/mL) and gradually decreased until 14

dpi in the lung of IAV-infected mice (Figure S4C−E).
Histological analysis of the lungs also revealed the extensive
infiltration of inflammatory cells in IAV-infected mice at 7 dpi
(Figure S4F).

As a next step, IFNλ-PSNPs were administered to B6 mice
(N = 5) following IAV infection through inhaled delivery to
determine the antiviral therapeutic effect of IFN-λs (Figure
4a). B6 mice treated with IFNλ-PSNPs via inhalation did not
show noticeable weight loss until 7 days dpi. Their average
body weight remained above 20 g until 7 dpi, leading to a
100% survival rate among mice following IAV infection (Figure

Figure 4. Inhaled delivery of IFNλ-PSNPs restricts IAV replication in an in vivo lung. (a) Schematic experimental design for IAV infection and
inhaled delivery of IFNλ-PSNPs. C57BL/6 mice were administered with IFNλ-PSNPs (IFN-λ2, 1 μg; IFN-λ3, 1 μg) via inhaled delivery following
IAV infection (3.6 × 103 pfu IAV WS/33 (H1N1, 3 dpi (N = 5), 7 dpi (N = 5)). (b) Changes in the mean body weights of the mice were
compared according to IAV infection and inhaled delivery of IFN-λ. (c) IAV PA RNA levels in lung tissue, (d) viral titer in BAL fluid, and (e) IAV
nucleoprotein were determined at 0, 3, and 7 dpi. The real-time PCR results were analyzed by the Mann−Whitney U test and are presented as
mean ± SD values from three independent experiments. *p < 0.05 vs noninfected mice.

Figure 5. Inhaled delivery of IFNλ-PSNPs reduces IAV-caused lung damage in an in vivo lung. (a) H&E-stained micrographs were also generated
from lung sections of mice obtained at indicated time point of IAV infection (scale bar, 100 μM). (b) Histologic score of lung sections from mice
obtained at indicated time point of IAV infection. Micrographs shown are representative of lung sections from five mice and were used to assess
inflammation and tissue damage and to calculate a histological score.
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4b). Compared to mice infected with IAV (4.01 × 104), those
with IFNλ-PSNPs following IAV infection showed lower lung
IAV PA RNA levels (0.87 × 102) at 3 dpi (Figure 4c). Inhaled
delivery of IFNλ-PSNPs also reduced viral titer in the BAL
fluid from mice infected with IAV (Figure 4d) and attenuated
the IAV NP level significantly in the lung tissue (Figure 4e). In
addition, the abnormal histologic findings in the lung of IAV-
infected mice were completely reduced in response to
inhalation delivery of IFNλ-PSNPs from 3 days postinfection
(dpi) (Figure 5a,b). These findings demonstrated that inhaled
delivery of IFNλ-PSNPs impeded IAV replication in the lung
and improved acute viral lung infection through the rapid
induction of antiviral responses. Inhaled delivery of IFNλ-
PSNPs reduced viral replication significantly in the lung of
IAV-infected mice from 3 days after infection. In addition,
histopathologic findings of lung were completely improved in
IAV-infected mice in response to IFNλ-PSNPs at early stage of
infection. In comparison with the mice with inhalation of IFN-
λ itself, IFNλ-PSNPs exhibited more potent antiviral effect
after onset of infection after inhalation and the effect would be
prolonged until 7 days of infection in concert with minimal
viral replication and improvement of lung pathologic findings.

These results demonstrate that the PSNP formulation can
maximize therapeutic effects of inhaled IFN-λs by penetrating
the PS layer and interacting with influenza virus in the lung
tissue with evading alveolar macrophage uptake. Interestingly,
both PS and protamine used in our therapeutic model were
currently described in humans and it is expected to provide
evidence for the development of inhaled therapeutic agents to
suppress the respiratory virus in human lung. Since IFN-λ-
specific receptors are dominantly existed in epithelial cells, the
delivery of IFN-λs was determined to significantly increase
innate immune responses at the level of respiratory epithelium
compared to other types of IFNs.10,18

Inhaled Delivery of IFNλ-PSNPs to the Lung Induced
Rapid Innate Immune Responses during IAV Infection.
The quick transfer of antiviral properties through the
inhalation of IFNλ-PSNPs prompted us to determine whether
more potent protection could be achieved by IFN-λs
combined with PSNPs. To this end, B6 mice were
administered with IFNλ-PSNPs through inhalation and
compared the antiviral properties to IAV-infected mice with
inhaled delivery of recombinant IFN-λs (free IFN-λs) on 0, 3,
and 7 dpi (Figure 6a). The real-time PCR showed remarkably

Figure 6. IFNλ-PSNPs induced more effective antiviral immune responses in the lung of IAV-infected mice. (a) Schematic experimental design for
IAV infection and inhaled delivery of recombinant IFN-λs and IFNλ-PSNPs. C57BL/6 mice were administered with IFNλ-PSNPs (IFN-λ2, 1 μg;
IFN-λ3, 1 μg) and same concentration of recombinant IFN-λs via inhaled delivery following IAV infection (3.6 × 103 pfu IAV WS/33 (H1N1, 3 dpi
(N = 5), 7 dpi (N = 5)). (b) IAV PA RNA levels in lung tissue and (c) viral titer in BAL fluid were determined at 0, 3, and 7 dpi. (d) H&E-stained
micrographs were also generated from lung sections of mice obtained at indicated time point of IAV infection (scale bar, 100 μM). The
micrographs displayed represent lung sections from five mice, serving to evaluate inflammation and tissue damage and to determine a histological
score. Real-time PCR findings were scrutinized using the Mann−Whitney U test and are depicted as mean ± SD values derived from three distinct
experiments. *p < 0.05 vs noninfected mice.
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reduced viral RNA levels in IAV-infected mice in response to
the inhaled delivery of IFNλ-PSNPs at 3 and 7 dpi. Inhaled
delivery of same concentration of free IFN-λs also attenuated
viral RNA level at 7 dpi but significant reduction of viral RNA
was not observed in the lung of mice with free IFN-λs at 3 dpi
(Figure 6b). The increased viral titer was also reduced in the
BAL fluid of mice with inhalation of IFNλ-PSNPs following
IAV infection at 3 and 7 dpi. While inhaled delivery of free
IFN-λs could reduce the viral titer at 7 days postinfection
(dpi), it did not decrease the viral titer at 3 days postinfection
(Figure 6c). In addition, IAV-caused histopathologic findings
of lung was clearly improved with inhaled delivery of IFNλ-
PSNPs at 3 dpi, but free IFN-λs-inoculated mice still exhibited
severe inflammation in the lung after IAV infection (Figure
6d). Interestingly, the real-time PCR results showed that
mRNA levels of signature interferon-stimulated genes (ISGs)
such as Mx1, If itm1, If it2, Rsad2, Cxcl10, and Isg15 were
significantly lower in the lung except If itm1 with improvement
of IAV-caused inflammation following inhaled delivery of
IFNλ-PSNPs (Figure S5).

To assess the antiviral effect of inhaled delivery of IFN-βs,
both free IFN-λs and IFNβ-PSNPs (1 ug IFN-β1/mouse) were
administered to B6 mice through inhaled delivery with
following IAV infection. Compared to mice infected with
IAV alone (4.2 × 104), IAV-infected mice did not exhibit the
reduction of IAV RNA in response to inhalation of

recombinant IFN-βs but those infected with IFNβ-PSNPs
following IAV infection showed slightly lower IAV PA RNA
levels (2.1 × 102) in the lung at 3 dpi. However, IAV RNA
levels were not reduced in the lungs of IAV-infected mice with
inhaled delivery of both recombinant IFN-βs and IFNβ-PSNPs
at 7 days postinfection (dpi) (Figure S6A). The increased viral
titer was not reduced in the BAL fluid from mice treated with
inhalation of IFNβ following IAV infection at 3 and 7 dpi, even
if IFNβ was delivered combined with PSNPs (Figure S6B).
The extensive histologic findings in the lung of IAV-infected
mice were not improved following inhaled delivery of IFNβ-
PSNPs at 3 and 7 days postinfection (dpi) (Figure S6C).
Based on these findings, we found that inhaled delivery of IFN-
λs suppressed IAV infection in an in vivo lung, but the faster
protection might be offered against IAV when IFN-λs were
combined with PSNPs. The antiviral effect of IFN-β might be
more limited compared to IFNλ-PSNPs in IAV-infected in vivo
lung, even though it was delivered combined with PSNPs.
Until now, research on inhaled IFN-β therapy has shown a
notable antiviral impact in the lungs, leading to decreased
asthma exacerbations. The dynamics of IFN-β underscore the
possibility of using periodic prophylactic doses of exogeneous
IFN-β to regulate viral infections in the respiratory system.19

However, our data revealed that inhalation of IFNλ-PSNPs in
the lungs of IAV-infected mice exhibited a more potent effect
to improve acute IAV-caused lung damages and the potential

Figure 7. Single-cell RNA sequencing shows differential expansion of immune cells in IAV-infected mice. (a) Experimental scheme of scRNA-seq
of the whole lungs of mice. (b) Unbiased UMAP clustering of the cells in the lungs. (c) Frequencies of clusters in each mice group. (d) Ratios of
frequencies between mice groups for each cell cluster.
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of IFN-λ was sustained for a longer time than inhalation of
IFN-β, even if IFN-β was delivered into the lung combined
with PSNPs.
Single-Cell Transcriptomes of the Lung from IAV-

Infected Mice Show Enhanced Interferon Responses
after Inhaled Delivery of IFNλ-PSNPs. To investigate the
detailed immunological changes by inhaled delivery of IFNλ-
PSNPs in the lungs of IAV-infected mice, we performed
scRNA-seq using the 10× Genomics platform. The whole
lungs were harvested from the 3 groups of mice: uninfected
control (N = 2), IAV infection only (N = 2), and IAV infection
with inhaled IFNλ-PSNPs (N = 2) at two different time points,
before the infection (0 and 3 dpi (Figure 7a). A total of 19 740
cells were acquired after quality-control. After batch correction

with Harmony,20,21 unsupervised clustering with uniform
manifold approximation and projection (UMAP) distinguished
15 distinct clusters, which were annotated with corresponding
cell types using representative marker genes (Figures 7b and
S7). To analyze dynamic changes of immune response induced
by IFNλ-PSNPs, we compared the relative frequency of
immune cells among the control group and IAV infection with
or without IFNλ-PSNPs groups. In contrast to control mice,
the immune cell components were mainly comprised of
neutrophils, monocytes and macrophages in the lungs of mice
with IAV infection and with IAV plus inhaled delivery of IFNλ-
PSNPs (Figure 7c). Both classical and other nonclassical
monocytes were abundant in the lungs of IAV-infected mice,
and this was more prominent in the lungs of mice with IAV

Figure 8. Single-cell RNA sequencing reveals the effects of PSNP on monocytes in IAV-infected mice. (a) GSEA using interferon-mediated
signaling pathway gene set on each cell cluster of IAV only and PSNP mice show significant enrichment in monocytes of PSNP mice. (b) Classical
and intermediate monocytes in PSNP are significantly enriched in interferon-response and effector functions-related gene sets.
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infection plus IFNλ-PSNPs treatment (Figure 7d). The
composition of T and B cells were decreased in the lungs of
IAV-infected mice compared with control group, but they were
increased in response to inhaled delivery of IFNλ-PSNPs
compared with only IAV infection group (Figure 8a). To
further characterize the increased subtypes of monocytes in the
IAV infection plus IFNλ-PSNPs treatment group compared
with the IAV infection-only group, the differentially expressed
genes (DEGs) for monocytes were analyzed in terms of gene
ontology (GO) biological process database and hallmark gene
sets using gene set enrichment analysis (GSEA) (Figure 8b).
Among the subtypes of monocytes, classical monocytes
exhibited marked enrichment of genes related to cytokine
stimulation and production involved in inflammatory response,
pattern recognition receptor signaling pathway and leukocyte
degranulation. Moreover, intermediate monocytes showed
significant enrichment of genes related to viral clearance such
as type I IFN response, cytokine stimulation, and phagocytosis
engulfment (Figure 8b). Furthermore, both classical and
intermediate monocytes exhibited prominent enrichment of
genes involved in interferon responses such as “interferon-γ
response” and “interferon-α response”. Taken together, our
results suggest that inhalation treatment of IFNλ-PSNPs to
IAV-infected mice can result in the increase of monocyte
frequency and enhanced IFN responses in concert with
restoration of T and B cells composition.

Our findings suggest that prominently increased monocytes
in response to IFNλ-PSNPs at 3 dpi may be effective in
eliminating IAV and this is supported by the IFNλ-PSNP-
stimulated restoration of T and B cell composition in the lung.
Based on scRNA-seq data, we could infer that the proliferating
monocyte cluster was dominant in the lung of IAV-infected
mice, and the variability of monocyte composition was
lessened in response to inhaled delivery of IFNλ-PSNPs. We
found that IFNλ-PSNP-responsive monocytes exhibited DEGs
enriched in GO terms mainly associated with “regulation of
membrane invagination”, “positive regulation of phagocytosis
engulfment”, “interferon-γ response”, and “interferon-α
response” at the early stage of infection. Inhaled delivery of
IFNλ-PSNPs might alter the proportions of immune cells in
concert with transcriptional changes in the lung of IAV-
infected mice. Therefore, our current investigation offers
crucial insights into the immune response patterns triggered by
IFNλ-PSNPs, alongside the innate immune reactions in the
lungs of mice infected with IAV, regulated by IFN. As like
immune-modulatory treatments, inhalation therapy of IFN-λ is
thought to provide a more effective therapeutic option for the
treatment of lung infections caused by respiratory viruses, and
this proposes important insights to aid the future design of the
innate immune inducer acting locally on the respiratory tract.

■ CONCLUSION
In the present study, we found that inhaled delivery of IFN-λs
induced potent antiviral immune responses in the lung and
improved lung damage at an early stage of IAV infection when
they were loaded with PSNPs. The present study implies that
IFNλ-PSNPs are a potential therapeutic for controlling acute
viral lung infection through the robust of innate immune
responses in an in vivo lung and proves the usefulness of
PSNPs as a vehicle of inhaled drug delivery to the alveolar
lesion of lung. When a respiratory virus enters the host via the
mucosal epithelium of oral and nasal cavities, it first initiates
the protective mechanisms in the upper and lower respiratory

tract.22−24 The respiratory epithelium houses a distinct innate
immune system designed to counteract invasion by respiratory
viruses. Heightened innate immune reactions alleviate the
disease burden in infected persons by strengthening antiviral
defenses and enhancing tolerance to the illness.25−31 The
heightened secretion of IFN facilitates innate immune
reactions, assisting in the elimination of viruses in the nasal
or respiratory epithelium.3,4,32 The established literature
extensively discusses the functions of both IFN-α and -β in
orchestrating the innate immune response and governing the
subsequent adaptive immune activation.33,34 In recent findings,
it was discovered that IFN-λs can trigger antiviral immune
reactions within the respiratory epithelium of live lungs, and
augmenting IFN-λ levels can shield the host from the spread of
respiratory viruses.35−37 Previous studies from our research
team indicate that IFN-λ may exert a more pronounced
protective effect on the innate immune response during
respiratory viral infections targeting the nasal epithelium.
Additionally, administering IFN-λs intranasally proved to be
more effective in controlling acute respiratory viral infections
in animal models.4,7 We hypothesized that the close relation-
ship with IFN-λ could potentially aid the host respiratory tract
in limiting influenza virus infection. Our findings indicated that
administering IFN-λs through inhalation led to a near-
complete reduction in viral titer in the lungs of mice infected
with IAV, accompanied by a significant decrease in lung
inflammation mediated by ISGs.

Alveolar type II epithelial cells secret high levels of ISGs in
response to respiratory virus infection and subsequent
secretion of IFNs,38,39 and delivering the considerable amount
of IFN-λs into the alveolar region can further enhance antiviral
activity against IAV. The efficacy of inhaled IFN-λs depends
upon their loco-regional distribution in the lungs, and an
efficient mediator might be required to deliver IFN-λ through
the PS barrier to the distal lung in human. Although various
nanoparticle formulations have been developed for inhalation
delivery, their efficient transport to the alveolar epithelium was
impeded by alveolar macrophages and a thin and continuous
PS layer,40,41 thus reducing the therapeutic efficacy. Therefore,
we developed a nanoparticle formulation composed of
clinically used exogenous PS for efficient inhaled delivery of
IFN-λs.

The fact that viral lung infection can be suppressed only with
simultaneous administration seems to have limitations as a
drug that can actually be applied to the human respiratory
tract. However, the respiratory mucosa of humans and the lung
tissue of mice are thought to have different characteristics, and
since humans are fully equipped with other immune functions
at the respiratory mucus, pulmonary surfactant, and nasal
mucosa, it is believed that IAV infection does not progress as
rapidly as in mice. Therefore, the progression of IAV infection
could be restricted even if IFNλ-PSNPs are delivered 1−2 days
after the beginning of IAV replications. We are confident that
an inhalation delivery of IFNλ-PSNP, rather than an oral pill or
intramuscular injection, can further reduce the activation time
of the antiviral mechanism and become a more effective agent
for the control of viral infections.

The current data showed that PSNPs enabled more efficient
delivery of IFN-λs to the targeted alveolar region and activated
potent antiviral immune responses after the onset of IAV
infection. Our work has provided further insight into rapid
antiviral strategies involving inhaled delivery of IFNλ-PSNPs in
an in vivo lung to treat IAV-caused lung infection.
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■ EXPERIMENTAL SECTION
Viruses and Reagents. The influenza A virus (A/Wilson-Smith/

1933 (A/WS/33) H1N1, ATCC, Manassas, VA, USA) was employed
to induce acute respiratory infection in this study. Virus stocks were
cultivated in Madin−Darby canine kidney cells using virus growth
medium following a standardized protocol.42 After a 48 h incubation
at 37 °C, the supernatants were collected and centrifuged at 5000 rpm
for 30 min to eliminate cellular debris. Virus stocks were then assessed
for titration on MDCK cells through a TCID assay and stored at −80
°C.
Mice and Virus Inoculation. 7-week-old C57BL/6J (B6) male

mice, weighing between 19 and 23 g, obtained from Orientalbio
(Seoul, Korea) were employed as wild-type (WT) mice. These B6
mice, like other commercially available inbred mouse strains, carry a
nonfunctional Mx1 gene, which originates from mice that are resistant
to influenza. All experimental procedures were approved by the
Institutional Review Board of the Seoul National University College
of Medicine (IRB number 1709-049-883), and the research protocols
adhered to the approved guidelines. For viral infections, WT mice
were intranasally inoculated with IAV (3.6 × 103 pfu in 30 μL of
PBS). Following euthanasia, bronchoalveolar lavage (BAL) fluid was
collected from the lungs using 1000 μL of 0.5 mM ethylenediamine-
tetraacetic acid (EDTA) in phosphate buffered saline (PBS) after
tracheal cannulation. The BAL fluid was utilized for enzyme-linked
immunosorbent assay (ELISA) to measure secreted protein levels and
plaque assay for viral titers determination. Additionally, mouse lungs
were harvested for real-time polymerase chain reaction (PCR),
immunohistochemistry, and single-cell RNA sequencing (scRNA-
seq).
Real-Time PCR. Lung samples were harvested from mice infected

with WS/33 (H1N1) for 3, 7, 10, or 14 days, and TRIzol (Invitrogen)
was used to extract total RNA. Following this, cDNA synthesis was
performed using 3 μg of RNA, Moloney murine leukemia virus
reverse transcriptase, and random hexamer primers obtained from
PerkinElmer Life Sciences (Waltham, MA, USA) and Roche Applied
Science (Indianapolis, IN, USA). The PCR amplification was carried
out using TaqMan Universal PCR Master Mix (PE Biosystems, Foster
City, CA, USA) as directed by the manufacturer. Each amplification
reaction, a total of 12 μL in volume, contained 2 μL of cDNA from
the reverse transcription mixture, a TaqMan hybridization probe (at
200 nM), and oligonucleotide primers (at a final concentration of 800
nM). The IAV level was monitored using a quantitative PCR for the
PA gene (segment 3) with forward and reverse primers and probe 5′-
ggccgactacactctcgatga-3′,5′-tgtcttatggtgaatagcctggttt-3′, and 5′-agcag-
ggctaggatc-3′, respectively. Primers targeting mouse Mx1, Ifitm1, Ifit2,
Rsad2, Cxcl10, and Isg15 were acquired from Applied Biosystems
(Foster City, CA, USA). Real-time PCR analysis was conducted using
the PE Biosystems ABI PRISM 7700 sequence detection system. The
thermal cycling conditions comprised an initial step at 50 °C for 2
min, followed by denaturation at 95 °C for 10 min, and then 40 cycles
of denaturation at 95 °C for 15 s and annealing/extension at 60 °C for
1 min. All PCR assays were quantitative and employed plasmids
containing the target gene sequences as standards. Triplicate reactions
were performed for each sample, and the resulting real-time PCR data
were normalized to the expression level of the housekeeping gene
glyceraldehyde phosphate dehydrogenase (GAPDH, 1 × 106 copies)
to account for variations among samples.
Preparation of PSNPs Loaded with GFP or IFN-λs. A 120 mg

portion of bovine PS (Newfactan, Yuhan, South Korea) was dissolved
in a 12 mL mixture of chloroform (8 mL) and methanol (4 mL) to
prepare a 10 mg/mL stock solution. Protamine sulfate (Sigma-
Aldrich, MO, USA) was dissolved in deionized water to prepare a 5
mg/mL stock solution. GFP- or IFNλ-PSNP were prepared based on
thin-film hydration method. In brief, 5 mg of PS was dried in the lipid
film overnight. The PS film was hydrated with a mixture solution of
GFP (50 μg/mL) or IFN-λ2 and IFN-λ3 (50 μg/mL, R&D system,
Minnesota, USA) and protamine sulfate at different molar ratios to
the cargo protein (1:1, 1:5, 1:10, and 1:20) and then extruded
through a 400 nm membrane at 45 °C. To remove unencapsulated

proteins, the extruded solution was dialyzed overnight using a dialysis
membrane (100 kDa MWCO, Spectrum Labs). Hydrodynamic size
and ζ potential of cargo proteins and PSNPs were measured using a
dynamic light scattering (DLS) instrument (Malvern Instruments).
Loading efficiency of GFP and IFN-λs was determined by using
fluorescence spectrometer (SpectraMax Gemini, Molecular Devices)
and Duoset ELISA (DY1789B, R&D systems), respectively. To
examine the colloidal stability, GFP-PSNPs or IFNλ-PSNPs were
incubated in distilled water containing 10% FBS at 37 °C and the
hydrodynamic size change was monitored for 2 h.
Transmission Electron Microscopy. The physical size and

morphology of GFP-PSNPs and IFNλ-PSNPs were observed with a
field emission-transmission electron microscope (FE-TEM, JEOL
USA Inc., Peabody, MA, USA). In brief, 1 mg/mL of PSNPs was
mixed with 10% formalin at 1:1 volume ratio for 15 min and applied
on a Formvar-carbon coated grid for 1 h. After washing with
deionized water three times, the grid was stained with 2%
phosphotungstic acid solution for 2 min and dried for 10 min. The
grid was then observed with a FE-TEM (200 kV). Loading of IFN-λs
in the PSNP was observed with TEM coupled with immunogold
labeling. In brief, IFN-λ2/3 antibody (R&D system) was labeled with
20 nm gold nanoparticles (GNPs) using an InnovaCoat GOLD kit. 1
mg/mL of PSNPs was mixed with 10% formalin at 1:1 volume ratio
for 15 min and applied on a Formvar-carbon coated grid for 1 h. After
washing with deionized water three times, the grid was treated with
1% BSA blocking solution for 30 min. After washing with deionized
water three times, the grid was treated with 5 μg/mL of GNP-labeled
IFN-λ2/3 antibody for 1 h at room temperature. After washing with
deionized water three times, the grid was stained with 2%
phosphotungstic acid solution for 2 min and dried for 10 min. The
grid was then observed with a FE-TEM (200 kV).

In Vitro Cellular Experiments. A549 human lung adenocarcino-
ma cells and Raw264.7 murine macrophages were cultured in RPMI
and DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin under a humidified 5% CO2 atmosphere at 37 °C,
respectively. For cytotoxicity, A549 cells were seeded in in a 96-well
plate (5000 cells/well). The cells were treated with GFP-PSNPs at
different PS concentrations for 1 h and further incubated for 24 h.
The cell viability was then examined by MTT assay. For fluorescence
imaging, the cells were seeded in a 6-well plate (20 000 cells/well).
The cells were treated with GFP-PSNPs at a PS concentration of 0.2
mg/mL for 24 h. After washing with PBS three times, a confocal
fluorescence microscope (Nikon Corp., Tokyo, Japan) was used to
image the cells.
Inhaled Delivery of PSNPs in IAV-Infected Mice. To examine

the colloidal stability under nebulization, the hydrodynamic sizes of
GFP-PSNPs before and after nebulization were measured using a DLS
instrument (Malvern Instruments). To study the distribution of GFPs
in the lung, BALB/c mice were nebulized with GFPs or GFP-PSNPs
at a GFP concentration of 15 μg/mL by using the SCIREQ
“InExpose” system (SCIREQ, Montreal, QB, Canada). At 1 h after
nebulization, mice were transcardially perfused with PBS under
anesthesia, and lungs were harvested for fluorescence imaging. The
GFP fluorescence in the lungs was imaged by using an in vivo
fluorescence imaging system (IVIS spectrum, PerkinElmer, Walsham,
MA, USA). To study the time-dependent biodistribution of PSNPs,
GFP-PSNPs were labeled with 1,1′-dioctadecyl-3,3,3′ ,3′-
tetramethylindotricarbocyanine iodide (DiR, Thermo Fisher Scien-
tific). In brief, 2 μg of DiR was added to the PS solution (5 mg PS)
before drying into the lipid film and the following procedure for GFP-
PSNP preparation was the same as the above-mentioned procedure.
BALB/c mice were nebulized with DiR-labeled GFP-PSNPs at a PS
concentration of 1 mg/mL. Mice were transcardially perfused with
PBS under anesthesia immediately, at 1, 6, and 24 h after nebulization
and major organs including liver, lung, spleen, heart, and kidney were
harvested for fluorescence imaging. The DiR and GFP fluorescence in
the major organs was imaged by using NIR fluorescence imaging
system (Li-COR Biosciences) and IVIS spectrum, respectively. To
study the biodistribution of PSNPs at different PS concentrations,
BALB/c mice were nebulized with DiR-labeled GFP-PSNPs at PS
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concentrations of 1 mg/mL, 2 mg/mL, and 4 mg/mL. To study the
cellular distribution of IFN-λs in the lung tissue, BALB/c mice were
nebulized with IFN-λs or IFNλ-PSNPs at an IFN-λs concentration of
1 μg/mL. Mice were transcardially perfused with PBS under
anesthesia on 1 day and 3 days after nebulization. Lungs were
harvested and embedded in optical cutting temperature (OCT)
compound. Lung tissue slices were prepared and fixed in 10% (v/v)
neutral buffered formalin for 10 min. After washing with PBS three
times, the lung tissue slices were treated with 0.2% Triton X-100
(Sigma-Aldrich) for 10 min. After washing with PBS three times, the
lung tissue slices were treated with 5% BSA blocking solution for 30
min. After washing with PBS three times, the lung tissue slices were
treated with 5 μg/mL of IFN-λ 2/3 primary antibody (R&D systems)
overnight at 4 °C. After washing with PBS three times, the lung tissue
slices were treated with 2 μg/mL of Alexa Fluor 647-labeled
secondary antibody (A-21247, Thermo Fisher scientific) for 30 min
at room temperature. After being washed with PBS three times, the
lung tissue slices were imaged using a confocal fluorescence
microscope (Nikon, Japan). To study antiviral effects of inhaled
IFN-λs and IFNλ-PSNPs, B6 mice were infected with IAV (3.6 × 103

pfu/30 μL, WS/H1N1) and immediately nebulized with IFN-λs or
IFNλ-PSNPs at an IFN-λs concentration of 1 μg/mL. Lungs were
harvested immediately and 3, 7, 10, and 14 days after inhalation.
Immunohistochemistry and Histological Analysis. Lung

tissues were fixed in 10% (v/v) neutral buffered formalin and
embedded in paraffin. The paraffin-embedded tissue sections were
stained with hematoxylin and eosin (H&E) solution from Sigma-
Aldrich (St. Louis, MO, USA). Evaluation of inflammatory cells in
H&E-stained lung sections was performed using a semiquantitative
scoring system in a blinded manner, as previously outlined.
Histopathological analysis included the examination of lung sections
from a minimum of three B6 mice, with scores ranging from zero to
three points based on the degree of inflammatory cell infiltration into
lung tissue: 0 for normal, 1 for a single-layer ring of inflammatory
cells, 2 for a ring of inflammatory cells two to four cells deep, and 3 for
a ring of inflammatory cells exceeding four cells deep. The histological
score for control hamster lung tissue treated with PBS/PBS
consistently registered zero points. Evaluation entailed the examina-
tion of at least five different regions within similar sections from each
hamster, with a minimum of three hamsters analyzed per condition.
Inflammatory cell infiltration was quantified by a blinded examiner
and expressed as the number of cells per high-power field.
Western Blot Analysis. The expression of the IAV NP protein

was evaluated through Western blot analysis. Lung tissue from mice
was lysed using 2× lysis buffer containing 250 mM Tris-Cl (pH 6.5),
2% SDS, 4% β-mercaptoethanol, 0.02% bromophenol blue, and 10%
glycerol. A total of 30 μg of protein from the cell lysate was
electrophoresed in 10% SDS gels and subsequently transferred to
polyvinylidene difluoride membranes in Tris-buffered saline (TBS; 50
mM Tris-Cl, pH 7.5, 150 mM NaCl) at room temperature for 1 h.
Subsequently, the membrane was left to incubate overnight with a
primary antibody (dilution 1:500) in Tween-Tris buffered saline
(TTBS; 0.5% Tween-20 in TBS). After rinsing with TTBS, the blot
underwent a 1 h incubation at room temperature with a secondary
antirabbit or antimouse antibody (dilution 1:1000, sourced from Cell
Signaling, Beverly, MA, USA) in TTBS. Visualization was achieved
using an ECL system (Amersham, Little Chalfont, U.K.).
Statistical Analyses. A graphical representation of a representa-

tive experiment, consisting of five mice per group, was generated from
three repeated experiments. The in vivo results of real-time PCR are
presented as mean ± SD values obtained from five individual mice,
and differences between treatment groups were assessed using
repeated measure two-way analysis of variance (ANOVA). Single-
cell RNA sequencing data were analyzed using two-sample t tests.
Statistical analyses were conducted using GraphPad Prism (version 8;
GraphPad Software, La Jolla, CA, USA), with significance determined
at p < 0.05.
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O.; Echaide, M.; Pérez-Gil, J.; Casals, C.; Müller, R.; Lehr, C. M. The
interplay of lung surfactant proteins and lipids assimilates the
macrophage clearance of nanoparticles. PLoS One 2012, 7,
No. e40775.

(16) Guagliardo, R.; Pérez-Gil, J.; De Smedt, S.; Raemdonck, K.
Pulmonary surfactant and drug delivery: Focusing on the role of
surfactant proteins. Control Release 2018, 291, 116−126.

(17) Carregal-Romero, S.; Groult, H.; Cañadas, O.; A-Gonzalez, N.;
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