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Comparative pathogenicity of influenza virus- 2
induced pneumonia mouse model following
intranasal and aerosolized intratracheal
inoculation
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Abstract

Background Infection of mice with mouse-adapted strains of influenza virus has been widely used to establish
mouse pneumonia models. Intranasal inoculation is the traditional route for constructing an influenza virus-induced
pneumonia mouse model, while intratracheal inoculation has been gradually applied in recent years. In this article,
the pathogenicity of influenza virus-induced pneumonia mouse models following intranasal and aerosolized
intratracheal inoculation were compared.

Methods By comparing the two ways of influenza inoculation, intranasal and intratracheal, a variety of indices such
as survival rate, body weight change, viral titer and load, pathological change, lung wet/dry ratio, and inflammatory
factors were investigated. Meanwhile, the transcriptome was applied for the initial exploration of the mechanism
underlying the variations in the results between the two inoculation methods.

Results The findings suggest that aerosolized intratracheal infection leads to more severe lung injury and higher viral
loads in the lungs compared to intranasal infection, which may be influenced by the initial site of infection, sialic acid
receptor distribution, and host innate immunity.

Conclusion Intratracheal inoculation is a better method for modelling severe pneumonia in mice than intranasal
infection.
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Introduction

Influenza virus, a prevalent respiratory pathogen, poses
a serious threat to human health and healthcare systems
due to its widespread transmission and high mortal-
ity rates on a global scale each year. The World Health
Organization (WHO) estimates that approximately one
billion individuals contract seasonal influenza annually,
with 3-5 million cases classified as severe [1, 2]. Certain
populations, such as young children, the elderly, pregnant
women, individuals with chronic illnesses, and those with
compromised immune systems, are particularly suscep-
tible to infection by the influenza virus [3-5]. In certain
instances, influenza virus epidemics may result in serious
complications and even death [6, 7].

Reliable animal models are solid foundations for influ-
enza-related basic and applied research. Small mammals
are crucial in the construction of influenza virus pneu-
monia models [8, 9]. While established models utiliz-
ing ferrets and guinea pigs exist, mice are preferred by
researchers for their cost-effectiveness and ease of man-
agement [10-12].

In the process of mouse model construction, intra-
nasal and intratracheal inoculation are two common
approaches employed to simulate the infection process.
Intranasal inoculation is characterized by simplicity and
suitability for large-scale experiments, but results may
vary depending on the manipulations of researchers [13].
In contrast, intratracheal inoculation allows for precise
administration of the virus to a precise anatomical loca-
tion, making it a more targeted approach compared to
intranasal inoculation [14]. The aerosolized intratracheal
inoculation offers advantages in terms of non-invasive-
ness, reduction of liquid particle size, and increased lung
deposition rates, thereby contributing to more precise
modelling of infection pathways and pathological pro-
cesses. The MicroSprayer (Huironghe Company, Beijing,
China) allows for the aerosolization of influenza virus
solution to directly target the lungs and closely replicate
the natural process of human infection [15-18].

In this study, C57BL/6] mice were employed to con-
struct an influenza-infected model [19]. The aim was to
compare the different pathogenic phenotypes, disease
progression, and other relevant factors resulting from
two distinct methods of inoculation (intranasal inocu-
lation and aerosolized intratracheal inoculation) in the
mouse model. Additionally, mechanisms that may con-
tribute to these observed variances were investigated.

Materials and methods

Mice and virus

Eight-week-old, wild-type, female C57BL/6] mice (Vital
River Laboratory, Beijing, China) were housed in spe-
cific-pathogen-free conditions and provided with ad libi-
tum access to food and water. The animal experiments
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were approved by the Animals Ethics Committee of the
Academy of Military Medical Sciences (approval no.
IACUC-DWZX-2023-008).

Mouse-adapted influenza A/Puerto Rico/8/34 (H1N1)
(PR8) [20] was cultured in chick embryos, and the virus-
containing allantoic fluid was harvested and stored in ali-
quots at -80 °C.

Aerosolization of influenza virus solutions

Influenza virus aerosolization was accomplished with
a MicroSprayer (Huironghe Company, Beijing, China).
Anesthetized mice were fixed on the operating table,
and a laryngoscope was inserted into the deep oral cavity
to expose the vocal fold. Then the needle of the Micro-
Sprayer was inserted into the trachea for rapid injection
to achieve aerosolization of influenza virus. The mean
mass aerodynamic diameter (MMAD) of the influenza
virus aerosol particles was determined using an aerody-
namic particle sizer (APS 3321, TSI, USA) with a sam-
pling time of 15 s and a sampling flow rate of 5 L/min.
The experiment was repeated three times.

Aerosol distribution of Trypan Blue and cyanine dye

Mice were anaesthetized using a 1% pentobarbital
sodium solution administered via intraperitoneal injec-
tion and immobilized on the operating table. Intranasal
inoculation was performed by instilling 50 puL of Trypan
Blue or Cy7.5 through one nostril of the mouse with a
pipette gun attached to the tip. Trypan Blue and cya-
nine dye (Cy7.5) were separately sprayed into the lungs
of mice using the MicroSprayer for aerosolized intra-
tracheal inoculation. The purpose of employing Trypan
Blue was to compare the distribution effects of intrana-
sal and aerosolized intratracheal inoculation in the lungs
through visual observation, and the difference in fluores-
cence level was presented by Cy7.5. Following the ejec-
tion of Trypan Blue, the mice were immediately executed
and their lungs were extracted. In vivo imaging of the
lungs was conducted using an IVIS Spectrum small-ani-
mal imaging system, employing excitation and emission
wavelengths of 770/820 nm after the cyanine dye inocu-
lation. The isolated lungs were subjected to the same
imaging procedure.

Animal experimental protocol

C57BL/6] mice were divided into two groups and were
respectively inoculated with influenza virus by intranasal
or aerosolized intratracheal inoculation, with virus titer
of 4.6 PFU, 83.8 PFU, 420 PFU, and 1790 PFU. Lung tis-
sues were removed for histopathological assay, and viral
titer and viral load detection was performed at 1, 3, and
5 days post-infection (dpi). Alveolar lavage fluid was col-
lected for cytokine ELISA assays at 1, 3, and 5 dpi. Lung
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wet/dry ratio was assessed at 1, 3, and 5 dpi and tran-
scriptome analysis was conducted at 5 dpi.

Plaque assay and viral load

Mice that were subjected to the aforementioned treat-
ment were euthanized, and their lungs were surgically
removed and placed in 1 mL DMEM at 1, 3, and 5 dpi.
The lung tissues were then homogenized and centrifuged
at 12,000 rpm for 10 min, repeated twice, to obtain the
supernatant. The supernatant was subsequently filtered
through a 0.22 pm filter. MDCK cells were utilized to
assess the viral titer of the supernatant. Total RNA was
extracted from 200 pL supernatant using a PureLink
RNA Mini Kit (12183018 A, Thermo Fisher), followed by
Q-PCR to detect viral load, with a nucleic acid upload of
100 ng, using primers NP-forward, 5 -GACCRATCCT-
GTCACCTCTGAC-3; NP-reverse, 5 -GGGCATTYTG-
GACAAAKCGTCTACG-3; NP-probe, TGCAGTCCTC
GCTCACTGGCACG.

Histopathological assay

Following intranasal and aerosolized intratracheal infec-
tion of C57BL/6] with PRS8, the mice were euthanized and
the lungs were removed at the indicated time points. The
lung tissues were fixed by immersion in a 4% formalin
for at least 1 day. Subsequently, the tissues were embed-
ded in paraffin to form paraffin blocks, which were then
sectioned and stained with hematoxylin and eosin. The
histopathology score was primarily determined by assess-
ing the degree of alveolar wall thickening, inflammatory
cell infiltration, perivascular edema, haemorrhage, and
bruising through a 4-point scoring system [21]. The more
severe the above lesion, the higher the histopathological
score.

Lung wet/dry ratio

The wet/dry ratio of the lungs was applied to estimate
pulmonary edema. On days 1, 3, and 5 post-challenge,
the right lung tissues were excised, dried with a clean
paper towel, and instantly weighed for wet lung weight
(W), followed by incubation of the lungs at 80 'C for 48 h
to acquire dry weight (D). Ultimately, the lung W/D ratio
was calculated.

ELISA

Bronchoalveolar lavage fluid (BALF) was collected at 1,
3, and 5 dpi. The BALF was obtained by instilling 800 pL
PBS into the trachea of mice, followed by three repeated
lavages. The collected fluid was then transferred into 1.5
mL EP tubes and centrifuged at 4°C for 10 min at 3000 g.
The concentration of cytokines in the BALF was deter-
mined using a mouse ELISA kit (Solarbio, Beijing, China)
in accordance with the provided instructions. The ELISA
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assay included the measurement of IL-6, IL-17 A, MPO,
ICAM-1, and IL-1p.

RNA extraction, library preparation and sequencing
TRIzol Reagent (Invitrogen, USA) was used to extract
total RNA from lung tissues [22]. After RNA extraction,
DNase I was used to carry out DNA digestion. Utiliz-
ing a Nanodrop One C Spectrophotometer (Thermo
Fisher Scientific Inc.), A260/A280 values were exam-
ined to assess the purity of the RNA. RNA Integrity was
confirmed by 1.5% agarose gel electrophoresis. Qubit3.0
was implemented to quantify the qualified RNAs using
the Qubit” RNA Broad Range Assay kit (Life Technolo-
gies, Q10210). As directed by the manufacturer, 2 pg total
RNAs were used to prepare the stranded RNA sequenc-
ing library using the KCTM Stranded mRNA Library
Prep Kit for Illumina®. 200-500 bps PCR products were
enriched, quantified, and then sequenced on a DNBSEQ-
T7 sequencer with PE150 model.

RNA-Seq data analysis

First, low-quality reads were removed and reads tainted
with adaptor sequences were trimmed from the raw
sequencing data using Trimmomatic. With STRA soft-
ware and default parameters, clean data were mapped
to the mouse reference genome. Following the count of
reads mapped to each gene’s exon regions using feature-
Counts, RPKMs were determined. The edgeR software
was used to identify genes that were expressed differently
between groups. The statistical significance of variations
in gene expression was assessed using a fold-change cri-
teria of two and a p-value cutoff of 0.05. KOBAS soft-
ware was implemented to perform gene ontology (GO)
analysis and Kyoto encyclopedia of genes and genomes
(KEGG) enrichment analysis for differentially expressed
genes (DEGs). A p-value limit of 0.05 was used to deter-
mine statistically significant enrichment. Using rMATS
with a 0.05 FDR value threshold and a 0.05 absolute value
of Ay, alternative splicing events were found.

Statistical analysis
All data were analysed with GraphPad Prism 8.0 soft-
ware. Unless specified, the data are presented as the
meantSD in all experiments. Comparisons between.
survival curves were analyzed using the log-rank
test. Except for survival analysis, analysis of variance
(ANOVA) was used to determine statistical significance
between two groups at multiple time points, and t-test
was used to analyze statistical differences between the
two groups (n.s., not significant; *, P<0.05; **, P<0.01; ***,
P<0.001).
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Fig. 1 Characterization of influenza virus aerosolization. (A) Physical diagram of nebulizer (Created with bioRender.com). (B) The mean mass aerodynamic
diameter of the influenza virus liquid nebulized by the MicroSprayer as calculated by aerodynamic particle sizer. (C) Schematic diagrams of intranasal (i.n.)
and aerosolized intratracheal (i.t.) inoculation. (D) Trypan Blue was inoculated into mouse lungs by intranasal (top) and intratracheal (bottom) inoculation,
respectively (n=4 per group). (E-F) Cyanine dye was inoculated into mouse lungs either by intranasal and intratracheal inoculation (n=5 per group), and
images were taken under IVIS Spectrum small-animal imaging system. (E) The top and bottom row indicated the supine and lateral image of intranasal
(left) and intratracheal (middle) mice respectively, and the corresponding comparison of fluorescence intensity was shown (right). (F) The left column
indicated the fluorescence area of the isolated lung of intranasal (top) and intratracheal (bottom) mice, and the comparison of fluorescence intensity was
shown (right). Significance was calculated by unpaired t-test (n.s., not significant; *, P<0.05; **, P<0.01; ***, P<0.001)

Results

The aerosolized solution is delivered to the mouse lung in
a targeted and quantitative manner with a more uniform
distribution

The physical diagram of the nebulizer was shown in
Fig. 1A. The mean mass aerodynamic diameter of aero-
solized virus particles was 6.22+0.13 pm, closely aligning
with the range of particles that settle in the lungs during
normal human respiration (Fig. 1B) [23, 24]. The sche-
matic of intranasal and aerosolized intratracheal inocu-
lation was shown in Fig. 1C. Intranasal inoculation was
achieved by pipetting 50 uL liquid twice into the one-
sided nostril of the mice. For aerosolized intratracheal
inoculation, the needle of the MicroSprayer was inserted
through the mouse trachea, and a quantitative amount
of liquid (50 puL) was aerosolized directly into the lungs
through a rapid lever push.

To assess the particle distribution within the lungs
under different inoculation methods, C57BL/6] mice
were inoculated with Trypan Blue and Cy7.5, respec-
tively. Intratracheal administration of Trypan Blue
resulted in a uniform dye distribution throughout all
lung lobes, encompassing a significant portion of the
lungs, whereas Trypan Blue administrated intranasally
primarily localized at the junction between the lungs and
the bronchi (Fig. 1D). Consistent with the above results,
the mice inoculated with Cy7.5 intratracheally showed a
higher fluorescence area and intensity in the lungs in vivo
(Fig. 1E) and ex vivo (Fig. 1F) compared to mice received
intranasal inoculation. The results indicated that aerosol-
ized intratracheal inoculation was more effective in pen-
etrating into the lungs of the mice and achieving uniform
particle distribution compared to intranasal inoculation.

Aerosolized influenza results in higher fatality and more
significant weight loss

Mice were infected by multiple doses of influenza virus
by intranasal and aerosolized intratracheal inoculation.
The effects of various doses on time to death and percent
survival were presented in Fig. 2A. At infectious doses of
83.8 PFU and 420 PFU, the mortality both reached 100%
after intratracheal inoculation, while intranasal admin-
istration resulted in death rates of 0% and 60%, respec-
tively. Intranasal inoculated mice exhibited prolonged
survival compared to intratracheal inoculated mice when
administered a dose of 1790 PFU, despite both groups

ultimately reaching 100% mortality. Weight loss was
observed earlier in the mice underwent intratracheal
inoculation compared to those received intranasal inocu-
lation when administered the same dosage (Fig. 2B). With
the exception of 1790 PFU, the degree of weight loss in
mice following intratracheal inoculation was more pro-
nounced than that following intranasal inoculation, with
a statistically significant difference observed.

Higher viral load and titer were observed upon aerosolized
intratracheal inoculation

To compare the viral load and viral titer levels of the
two inoculation methods, C57BL/6] mice were infected
intranasally or intratracheally with 4.6 PFU, 83.8 PFU,
420 PFU, and 1790 PFU of influenza virus, respectively.
Viral load was detected by applying Q-PCR to viral RNA
extracted from 200 pL supernatant of grinding fluid
obtained from the entire lung. MDCK cells were utilized
to assess the viral titer of the supernatant from homog-
enized lungs. The supernatant was serially diluted by
DMEM containing 1% TPCK trypsin for plaque assay.
The viral load results shown in Fig. 3A indicated that
at the doses of 83.8 PFU and 420 PFU, the viral load via
intratracheal inoculation was significantly higher than
that via intranasal inoculation. The results of the viral
titer demonstrated a correlation with the viral load. Mice
infected by intratracheal inoculation exhibited higher
viral titers in the lungs compared to those infected via
intranasal inoculation, with statistically significant differ-
ences observed (Fig. 3B).

Aerosolized influenza leads to more pronounced
histopathological lesion

To compare the extent of pathological damage caused by
two different virus inoculation methods, the left lungs
of mice were removed at 1, 3 and 5 dpi. Pathological
changes in the lungs of mice infected with multi-dose
influenza virus were shown in Fig. 4A. Histopathologi-
cal scores (Fig. 4B) and lung wet/dry ratio (Fig. 4C) were
both higher after intratracheal inoculation than intrana-
sal inoculation at the same viral dose.

Aerosolized influenza virus infection triggers higher levels
of inflammatory factors

To assess the early immune response in infected mice,
cytokines including IL-6, IL-1B, and IL-17 A were
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Fig. 2 Survival and weight change curve plots for multi-dose influenza viruses. (A-B) C57BL/6J mice (5 per group) were infected intranasally or intratra-
cheally with 4.6 PFU, 83.8 PFU, 420 PFU, and 1790 PFU of influenza virus, respectively, and monitored daily for 14 days for survival (A) and weight loss (B).
Any mouse which lost > 25% initial body weight was euthanized. Log-rank test or two-way ANOVA was used to determine statistical significance among
different groups (n.s., not significant; *, P<0.05; **, P<0.01; ***, P<0.001)
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Fig. 3 Comparison of viral load and titer in mice after intranasal and aerosolized intratracheal inoculation with PR8. (A-B) C57BL/6J mice (n=5 per sam-
pling time) were inoculated with PR8 via intranasal and intratracheal inoculation, and the viral load (A) with a detection limit of 1 copy/100 ng and viral
titer (B) with a detection limit of 50 PFU/mL were determined by RT-qPCR and plaque assay, respectively, at the indicated time. The infected doses in the
graph from left to right are 4.6 PFU, 83.8 PFU, 420 PFU and 1790 PFU in sequence. Significance was calculated by two-way ANOVA (n.s., not significant; *,
P<0.05; **, P<0.01; *** P<0.001)

assayed and analyzed. These pro-inflammatory factors elevated levels of cytokines than those infected via intra-
are involved in immune cell activation and viral clearance  nasal inoculation (Fig. 5). Specifically, the expression
during the influenza infection process. The mice infected  level of multiple cytokines, including IL-6 and IL-17 A,
via intratracheal inoculation expressed significantly increased significantly at 3 and 5 dpi in intratracheal
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bronchial epithelial cell necrosis. Scale bar: 50 um

inoculated mice compared to intranasal inoculated mice.
Besides, the expression of IL-1f increased significantly at
3 dpi. These findings demonstrated that aerosolized PR8
could induce more robust immune responses in mice. In
addition to the cytokines mentioned above, the expressed
levels of neutrophil myeloperoxidase (MPO) and inter-
cellular cell adhesion molecule-1 (ICAM-1) were com-
pared between intranasal and aerosolized intratracheal
inoculation. MPO is crucial in influenza-induced severe
pneumonia, as it mediates the production of a tissue-
damaging factor named hypochlorous acid when released
extracellularly [25]. In addition, MPO plays an important

role in the killing of microorganisms by neutrophils [26].
The lung ICAM is indispensable for innate leukocyte
migration into influenza-infected lungs and long-term
antiviral cellular immunity [27]. The expression levels
of MPO and ICAM-1 in intratracheal inoculated mice
remained higher than that in intranasal inoculated mice.
These findings suggested that aerosolized influenza virus
infection led to more severe tissue damage accompa-
nied by a more intense antiviral response of the mouse
organism.
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Fig. 5 Comparison of inflammatory responses in the lungs of mice (n=5 per group per sampling time) infected with PR8 virus intranasally or intratrache-
ally. Comparison of inflammatory factors in PR8-infected mice in BALF: BALF was collected at the indicated times. Inflammatory factor expression was
recorded as the lowest limit of detection when the value converted by substituting the OD value into the standard curve was less than the lowest limit

of detection. Significance was calculated by two-way ANOVA (n.s., not significant; *, P<0.05; **, P<0.01; ***, P<0.001)

Intratracheal inoculation of aerosolized PR8 leads to robust
innate immune responses in the lungs

To further elucidate the mechanism of the difference
in transcript levels between intranasal and aerosol-
ized intratracheal administration of the virus, the lung
transcriptome of mice infected with influenza virus
was determined at 5 dpi. Mice that received intranasal
inoculation were designated as the control group, while
those that underwent aerosolized intratracheal inocula-
tion were assigned to the experimental group. Principal
component analysis (PCA) was performed using nor-
malized counts to assess the transcriptome data quality
(Fig. 6A). The data indicated that compared to intranasal
inoculation, the expression of 895 genes increased and
the expression of 314 genes decreased after aerosolized
intratracheal inoculation (Fig. 6B). In addition, KEGG
pathway enrichment revealed differences in multiple
inflammatory pathways, including the NOD-like recep-
tor signalling pathway, JAK-STAT signalling pathway,
Toll-like receptor signalling pathway, IL-17 signalling
pathway, neutrophil extracellular trap formation, and
other immune pathways (Fig. 6C). The findings presented
above aligned with prior results indicating that intratra-
cheal inoculation induced a more intense inflammatory
response and greater pathological damage. Furthermore,
GO analysis performed at the bioprocess level revealed
that mice that received intratracheal inoculation exhib-
ited enhanced leukocyte recruitment, proliferation,
migration and pro-inflammatory cytokine production,
along with increased expression of extracellular matrix
(ECM) components, in comparison to intranasal inocu-
lation (Fig. 6D). In comparison to intranasal inoculation,
aerosolized intratracheal inoculation in mice resulted
in a significant up-regulation of genes in the lungs.

Specifically, 13 genes were found to be involved in the
inflammatory process, including proinflammatory fac-
tor production, neutrophil recruitment, delayed neutro-
phil apoptosis, and ECM protease. Additionally, 9 genes
were significantly down-regulated, primarily affecting the
composition of the ECM (Fig. 6E).

Discussion
Infection of mice with mouse-adapted strains of influ-
enza virus has been widely employed to establish mouse
pneumonia models. Intranasal inoculation is the tradi-
tional route for constructing an influenza virus-induced
pneumonia mouse model, while intratracheal inocula-
tion has been gradually applied in recent years. In this
study, we compared two mouse models inoculated with
influenza virus by intranasal or aerosolized intratracheal
routes. Aerosolized intratracheal inoculation resulted in
higher lethality and more rapid weight loss compared to
intranasal inoculation. Additionally, intratracheal inocu-
lation led to higher viral load and titer in the lung, accom-
panied by more pronounced pathological changes and
a more intense inflammatory response. Similar results
have been observed in ferrets. Ferrets have been shown
to mimic the pathogenic mechanism of human infec-
tion with influenza most closely. Studies have shown that
high morbidity and mortality in ferrets infected with low
pathogenicity avian influenza viruses can be achieved by
the intratracheal route [28]. And there are data suggest-
ing that intratracheal inoculation may be more suitable
for investigating influenza virus-induced lower respira-
tory tract disease in ferret models of influenza infection
compared to intranasal inoculation [29].

It was found that the influenza virus tends to replicate
at a higher level in the lungs compared to nasal tissues,
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Fig. 6 DEGs in PR8-infected C57BL/6J mice after aerosolized intratracheal inoculation obtained by RNA-seq compared to intranasal inoculation. (A)
Principal component analysis of normalized RNA sequencing results for each group. (B) Numbers of DEGs after aerosolized intratracheal inoculation of
PR8 compared to intranasal inoculation. (C) Visualization of KEGG pathway enrichment of upregulated genes at 5 dpi in the intratracheally inoculated
lungs. Bubble map cells are coloured according to their p-value. (D) GO terms in biological processes describing genes that are genetically up-regulated
and down-regulated at 5 dpi. Bubble map cells are coloured according to their p-value. (E) Heatmap displayed the expression patterns of the associated
23 differential genes. Bar graph indicated the fold-change of the expression of the same genes in mouse lungs after aerosolized intratracheal inoculation
compared to intranasal inoculation. Heatmap cells are coloured according to their Z-value

despite being inoculated via intranasal inoculation [30].
For instance, mice infected with A/Korea/01/2009
(HIN1) virus via intranasal inoculation exhibited high
virus replication in lungs and low replication in nasal tis-
sues [30]. With intranasal inoculation, the influenza virus
replication initially occurred in the nasal cavity and sub-
sequently spread to the lungs after virus shedding. That
means that a reduced amount of virus reaches the distal
lungs through intranasal inoculation. Intratracheal inoc-
ulation allows the influenza virus to directly reach the
lungs of mice, bypassing the spreading process. Since the
two inoculation methods contribute to the difference in
the initial site of infection, aerosolized intratracheal inoc-
ulation ensured greater exposure of the virus to the lungs
and was more stable compared to intranasal inoculation,
explaining precisely why the lung viral titer and load
remained higher in the intratracheally-inoculated lungs.
In addition, the distribution of sialic acid receptors
varies throughout the respiratory system. It has been
proved that PR8 binds preferentially to a2,3-linked sialic
acid receptor [31]. It was mentioned that it is now gen-
erally accepted that mice have more a2,3-linked sialic
acid receptors distributed in their lungs [32]. Given this,
in combination with the fact that the initial site of infec-
tion is different between the two methods of inocula-
tion, aerosolized intratracheal inoculation exposes more
a2,3-linked sialic acid receptors, which results in a higher
amount of invading virus and more viral replication.
Regarding the comparison between aerosolized intra-
tracheal inoculation and intratracheal instillation, pre-
liminary results from other research models in our
laboratory have shown that there was no significant dif-
ference in survival and pathological changes between
aerosol and droplet methods of intratracheal inocula-
tion [33]. Moreover, intratracheal instillation was prone
to cause unilateral pneumonia, stress, hypoxia and even
death in mice. In contrast, aerosolized intratracheal inoc-
ulation demonstrated better lung distribution, pathologic
homogeneity, and reproducibility among animals. To
simulate aerosolized infections, some researchers have
also infected mice via animal nose-only aerosol exposure
device to mimic natural inhalation [34, 35]. However, it is
difficult to quantify and therefore produces inconsistent
results. Aerosolized intratracheal inoculation can pro-
vide stable results, thus becoming a more adopted way of
aerosolizing infected mice. Secondly, intratracheal inocu-
lation in earlier studies was invasive [36, 37]. Aerosolized

intratracheal inoculation employed in this study was
non-invasive and can be independently performed by lab
researchers with minimal training. Compared to previous
studies [13, 29, 38, 39], the transcriptome was applied in
our study for the first time to investigate the mechanisms
of intranasal and intratracheal inoculation.

As revealed by GO analysis of transcriptomes, the posi-
tive regulation of innate immunity was essential in the
early stages of influenza virus infection in mice. Com-
pared to intranasal infection, aerosolized intratracheal
inoculation induced a stronger innate immune response.
From the transcriptome results in Fig. 6E, “neutrophil
activation” was manifested by elevated expression of
genes including activated inflammatory pathways (Ccl4,
1l1b, Clec4d, Cxcl3, and Caspl), neutrophil extracellu-
lar trap formation (Nc¢f2, Cybb, Itgh2, Selp, Clec7a, and
Casp4), and delayed apoptosis (Bcl2a1b), all of which are
associated with lethal endpoints in animal models [40—
43]. Neutrophil extracellular trap formation represents
a novel mechanism of cell death, wherein neutrophils
release DNA fibres carrying MPO and other enzymes in
response to infection or stimuli [44]. The protein level of
MPO in the BALF of mice subjected to aerosolized intra-
tracheal inoculation was higher than those of mice inoc-
ulated intranasally, consistent with the trend observed at
the transcript level. ECM is a critical regulator of tissue
morphogenesis and repair [45, 46]. Genes related to ECM
synthesis were highly expressed in the lungs of mice
inoculated intranasally compared to those inoculated via
aerosolized intratracheal infection. Hence, we speculated
that the mice subjected to intranasal inoculation had
already entered the repair phase at 5 dpi.

Conclusion

In conclusion, aerosolized intratracheal infection leads
to more severe lung injury and higher viral loads in the
lungs compared to intranasal infection, which may be
influenced by the initial site of infection, sialic acid recep-
tor distribution, and host innate immunity. Intratracheal
inoculation is a better method for modelling severe pneu-
monia in mice than intranasal infection.
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