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upon HI1NT1 influenza virus infection in mice
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Abstract

Seasonal influenza A virus (IAV), particularly the HINT subtype, poses a significant public health threat because of its
substantial morbidity and mortality rates worldwide. Understanding the immune response to H1N1 is crucial

for developing effective treatments and vaccines. In this study, we deciphered the single-cell transcriptomic
landscape of peripheral blood mononuclear cells (PBMCs) from H1N1-infected humans and lung tissue samples

from H1N1-infected mice by mining HIN1-related single-cell RNA sequencing data from the GEO database. We
observed similar changes in immune cell composition following HINT infection, with an increase in macrophages
but a decrease in T cells in both species. Moreover, significant transcriptional changes in bystander immune cells
upon H1NT1 infection were identified, with the upregulation of the chemokine CCL2 in human PBMCs and increased
expression of interferon-stimulated genes such as /fit3, Ifit] and Isg 15 in mouse pulmonary immune cells. Intercel-
lular cross-talk analysis highlighted enhanced interactions among bystander immune cells during HIN1 infection,
with neutrophils in humans and macrophages in mice showing the most remarkable increases in interaction intensity.
Transcription factor analysis revealed the conserved upregulation of key antiviral requlons, including STAT1 and IRF7,
in T cells across both species, highlighting their pivotal roles in antiviral defense. These results suggest that humans
and mice exhibit common immune responses to HINT infection, underscoring the similarity of vital immune mecha-
nisms across species. The conserved immune mechanisms identified in this study provide potential therapeutic
targets for enhancing antiviral immunity. Our research underscores the importance of understanding species-specific
and conserved immune responses to HIN1 and offers insights that could inform the development of novel antiviral
therapies and improve clinical outcomes for individuals affected by influenza.
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Introduction
Seasonal influenza A virus (IAV) infection results in
significant morbidity and mortality worldwide and is a
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2019; Mao et al. 2020). According to data from the World
Health Organization (WHO), there are approximately 1
billion cases of influenza globally each year, resulting in
290,000 to 650,000 respiratory deaths, with a significant
burden on healthcare systems during peak seasons. The
epidemic of HIN1 is more severe during the 2022/2023
winter season. Therefore, systematically exploring the
pathogenicity and immune response of human popula-
tions infected with HIN1 is urgently needed.

The human immune system mounts a complex and
multifaceted response to IAV infection, involving both
the innate and adaptive immune responses (Iwasaki &
Pillai 2014). Understanding these immune responses
is crucial for developing effective vaccines and treat-
ments (Krammer & Palese 2015). The innate immune
response is the first line of defense against IAV infection
and involves the activation of various immune cell types,
which recognize viral components through pattern rec-
ognition receptors and subsequently produce cytokines
and chemokines that orchestrate the antiviral response
(Hage et al. 2022). Type I interferons, in particular, play
a critical role in limiting viral replication and spread by
inducing the expression of interferon-stimulated genes
(ISGs) (Hage et al. 2022). However, the virus has evolved
multiple strategies to evade or suppress these innate
immune responses, contributing to its pathogenicity
(Kasuga et al. 2021; White et al. 2021).

Single-cell sequencing technologies, such as single-cell
RNA sequencing (scRNA-seq), have revolutionized our
understanding of the immune response to virus infec-
tion (Sun et al. 2020; Wilk et al. 2020). These technologies
allow for high-resolution analysis of gene expression pro-
files at the individual cell level, providing insights into the
heterogeneity and dynamics of immune cell populations
during infection. By applying scRNA-seq to samples from
infected individuals, researchers have identified distinct
subsets of immune cells, characterized their functional
states, and revealed novel intercellular interactions that
contribute to the immune response (O’Neill et al. 2021;
Steuerman et al. 2018; Wilk et al. 2020; Zhu et al. 2024).
Recent studies have demonstrated that heterogeneity in
innate immune induction could affect the entire course
of IAV infection (Medaglia et al. 2022). Since IAV induces
a complex immune response involving multiple cell types
and signaling pathways, comparing the viral load in dif-
ferent cells, the immune response, and intercellular com-
munication within distinct cell types is essential.

Here, we downloaded seven scRNA-seq datasets com-
prising PBMCs from HI1Nl-infected and uninfected
human subjects and lung tissue samples from HINI-
infected and uninfected mice. Our comparative analysis
revealed marked alterations in immune cell proportions,
with increases in macrophages and decreases in T cells
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postinfection in both species. Enhanced intercellular
cross-talk and upregulation of critical regulons were
observed, highlighting conserved mechanisms in anti-
viral responses. These findings provide crucial insights
into influenza immunology, informing the development
of more effective vaccines and therapeutics by identifying
universal targets for enhancing antiviral immunity.

Results

Consistent changes in the proportions of macrophages
and T cells between human PBMCs and mouse lungs

upon H1N1 infection

To compare the immune response divergence to HIN1
infection in different species, we retrieved scRNA-seq
data related to HIN1 infection from the GEO database.
The dataset included peripheral blood mononuclear cells
(PBMCs) from two H1N1-infected individuals (IAs) and
two healthy controls (HCs), as well as immune cells from
the lung tissues of two H1N1-infected mice (mIAs) and
one healthy control mouse (mHC). During IAV infection,
PBMCs can migrate to sites of infection, such as the res-
piratory tract, which is critical for mounting an effective
immune response (Music et al. 2016; Vangeti et al. 2023).

After rigorous quality filtering and batch correction
(Fig. S1A and B), the cell types were annotated on the
basis of several marker genes. We identified T cells, B
cells, neutrophils, monocytes, macrophages, dendritic
cells, and basophils in human PBMCs and mouse lungs
(Fig. 1A-D). The bubble plot of gene expression for cell
type markers (Fig. 1E and F) and the expression heatmap
of the top five genes of each cell type (Fig. S1C and D)
confirmed the accuracy of our annotation.

Further analysis revealed changes in the composition
of immune cells during HIN1 infection (Fig. 1G and H).
Specifically, in the PBMCs of HIN1-infected humans, the
proportions of neutrophils and macrophages increased
after infection. Moreover, the percentage of T cells
decreased (Fig. 1I). In mouse lungs, the proportions of
macrophages and dendritic cells increased under HIN1
infection, with a concomitant decrease in T cells (Fig. 1J).
The increased number of macrophages but decreased
number of T cells in both species indicate that humans
and mice exhibit similar immune response character-
istics in terms of critical immune cell type composition
upon HINT1 infection.

Similar immune response of bystander cells in human
PBMCs and mouse lungs to HI1N1 infection

In PBMCs from H1N1-infected humans, no RNA counts
of influenza virus were detected. Thus, all the PBMCs of
H1N1-infected humans were designated bystander cells
(Fig. 1K). Conversely, in the lung tissues of HIN1-infected
mice, HIN1 primarily infected some phagocytes, such as
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Fig. 1 Single-cell transcriptomic landscape of human PBMCs and mouse lung tissues infected with HINT. A UMAP plot of human peripheral
blood mononuclear cells (PBMCs) from the four samples indicated with different colors. HC: Human healthy control, IA: Human IAV infection, Gene
Expression Omnibus (GEO): GSE243629. B UMAP plot of human PBMC cell clusters. C UMAP plot of mouse lung immune cells from three distinct
samples. mHC: Mouse healthy control; mIA: Mouse IAV infection; GEO: GSE184384. D UMAP plot of mouse lung immune cell clusters. E Bubble
plot of marker genes for different cell types in human PBMCs. F Bubble plot of marker genes for different immune cell types in mouse lungs. G
UMAP of human PBMC clusters in the HC and IA groups. H UMAP of mouse lung immune cell clusters in the mHC and mIA groups. I Stacked

bar plot for the proportions of different cell types in human PBMCs from the HA and IA groups. J Stacked bar plot for the proportions of different
immune cell types in mouse lung tissues from the mHC and mIA groups. K UMAP of bystander cells in PBMCs from IAV-infected humans. L UMAP
of bystander cells in lung tissues from IAV-infected mice. pDCs, plasmacytoid dendritic cells
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macrophages, neutrophils and monocytes (Fig. S1E). We
detected different expression patterns of HIN1 genes by
comparing the expression levels of eight HIN1 gene seg-
ments in these infected lung tissue cells (Fig. S1F). Spe-
cifically, the NS gene presented the highest expression in
macrophages, whereas the PB2 gene was predominantly
expressed in neutrophils (Fig. S1F).

Additionally, among the eight gene segments, only the
NP gene presented relatively high expression in T cells
(Fig. S1F). Similarly, uninfected cells in mouse lung tis-
sues were defined as bystander cells (Fig. 1L). Bystander
immune cells, although not directly infected by the
virus, play a critical role in regulating or supporting
the overall antiviral immune response and controlling
infection. These cells utilize complex signaling and inter-
cellular interactions to help establish an effective immune
defense against viral infections (Iwasaki & Pillai 2014).
To better understand the reactions of bystander immune
cells to HIN1 infection across different species, we iden-
tified the transcriptomic signatures of these cells in vari-
ous samples.

First, the differentially expressed genes (DEGs) of
bystander immune cells in the H1N1-infected group,
compared with those in the normal group, were identified
across humans and mice (Table S1). The results revealed
that the number of DEGs in B, dendritic, and T cells was
relatively similar between humans and mice. However,
the number of DEGs in mouse macrophages was greater
than that in human macrophages. In addition, we found
that the number of DEGs in human monocytes and neu-
trophils was greater than that in mouse monocytes and
neutrophils (Fig. S2A). The consistency analysis of DEGs
among different types of immune cells between humans
and mice revealed that the number of homologous DEGs
across immune cell types ranged from 91-280 (Fig. S2B,
Table S1).

In the volcano plots of the DEGs, the top 3 upregulated
and downregulated genes are highlighted (Fig. 2A and B).
Under HINI infection, significant upregulation of CCL2
was observed in T cells, B cells, dendritic cells, mac-
rophages, and neutrophils in human PBMCs (Fig. 2A).
As a crucial chemokine, the elevated transcriptional level
of CCL2 prompted the active mobilization of immune

(See figure on next page.)
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cells toward the infection site, reflecting the widespread
immune activation induced by HIN1 infection. In con-
trast, in multiple bystander immune cells in mouse lung
tissue, interferon-stimulated genes, such as Ifit3, Ifitl
and Isg15, were significantly upregulated (Fig. 2B). These
genes are activated under intense interferon stimulation,
suggesting that bystander immune cells in the pulmonary
microenvironment are influenced by interferons, thereby
increasing their antiviral capabilities and reinforcing the
overall antiviral immune response.

Considering the high proportion of T cells in immune
cells and the consistent proportion change in T cells
upon HINT infection between humans and mice (Fig. 11
and J), we focused on T cells for the following analysis.
To explore pathway changes induced by HIN1 infection,
we performed KEGG and GOBP enrichment analyses on
DEGs in bystander T cells. KEGG pathway enrichment
revealed that HINI1 infection drove similar immune
responses and signaling pathway activation in bystander
T cells across both species, including the influenza A,
hepatitis C, and measles pathways. Antigen processing
and presentation pathways were also enriched, highlight-
ing the role of bystander T cells in recognizing and elimi-
nating virus-infected cells (Fig. 2C and D). GOBP analysis
revealed significant enrichment in biological processes
such as the response to viruses and the defense response
to viruses, indicating that bystander T cells initiate and
regulate antiviral defense mechanisms (Fig. 2E and F).
Overall, these analyses revealed that HIN1 infection trig-
gered complex immune signaling networks in bystander
T cells and revealed the essential role of bystander T cells
in effective antiviral defense.

Following HIN1 infection, bystander T cells from
both humans and mice presented significant upregu-
lation of several essential genes involved in antiviral
responses, including human MXI1, MX2, STAT1, 1SG20,
IRF7, RSAD?2, IFIH1, CXCL10, IFI30, and their homologs
in mice (Fig. 2G and H, Fig. S2C and D). The consistent
changes in the expression of these genes underscored
the conserved nature of immune responses to HIN1
infection across species. MX1 and MX2 are interferon-
induced GTPases known for their potent antiviral
activities against RNA viruses (Wang et al. 2020). The

Fig. 2 Differentially expressed genes (DEGs) of bystander immune cells in HIN1-infected samples from humans and mice. A Volcano plot of DEGs
in bystander immune cells from HIN1-infected individuals. B Volcano plot of DEGs in bystander immune cells from HINT-infected mice. C Circle
plot for KEGG enrichment analysis of DEGs in bystander T cells from humans. D Circle plot for KEGG enrichment analysis of DEGs in bystander T
cells from mice. E Bubble plot of the results of the GOBP enrichment analysis of DEGs in bystander T cells from humans. F Bubble plot of the results
of the GOBP enrichment analysis of DEGs in bystander T cells from mice. G Violin plots of the differential expression of antiviral response-related
genes in bystander T cells from HIN1-infected and uninfected individuals. H Violin plots of the differential expression of antiviral response-related
genes in bystander T cells from HIN1-infected and uninfected mice. HC: Human healthy control, IA: Human IAV infection, mHC: Mouse healthy

control, mIA: Mouse IAV infection
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upregulation of these genes suggests an increased ability
of bystander T cells in humans and mice to inhibit viral
replication upon HIN1 infection. The increased expres-
sion of STAT1, a critical transcription factor in the inter-
feron signaling pathway, may further support the antiviral
response of bystander T cells. STAT1 mediates the tran-
scription of downstream antiviral effectors, including
MX1 and MX2, thereby reinforcing antiviral defense
mechanisms in bystander T cells (Kim et al. 2016). The
upregulation of ISG20 in both species underscores its
role as an interferon-stimulated gene with RNase activ-
ity, contributing to the degradation of viral RNA and
restricting viral replication. The coordinated increase in
IRF7 and IRF9 expression further enhances the antiviral
response by amplifying interferon production and regu-
lating downstream immune signaling pathways (Lazear
et al. 2019). The increased expression of these antiviral
genes collectively indicated that bystander T cells from
both humans and mice could activate a robust and con-
served antiviral program following HIN1 infection. The
shared upregulation of MX1, MX2, STATI, ISG20, IRF7,
and IRF9 homologous genes in both mice and humans
highlights the similarities in how bystander T cells
respond to and combat HIN1 infection. Further explo-
ration into the specific roles of these genes in bystander
T cell-mediated immunity against IAV infection will be
crucial for effectively advancing strategies to combat
influenza infections.

Enhanced cross-talk among specific bystander immune
cells in human PBMCs and mouse lungs upon H1N1
infection

In the context of IAV infection, cross-talk between vari-
ous bystander immune cells plays a pivotal role in shap-
ing the immune response. In our research, CellChat
analysis of bystander immune cells revealed intricate
interactions among multiple cell populations in both
mice and humans. In both humans and mice, the number
and strength of interactions among bystander immune
cells increased upon HINI infection (Fig. 3A and B).
To identify which intercellular interactions were most

(See figure on next page.)
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altered and contributed to the overall increase in inter-
cellular cross-talk, we generated heatmaps illustrating
the interactions among various bystander immune cells.
In human PBMCs, the most notable increase in the num-
ber of interactions with HIN1 infection was observed
between T cells and macrophages (Fig. 3C). Macrophages
displayed increased interactions with most cell types,
except for neutrophils (Fig. 3C). Monocytes also showed
increased interactions with most cell types, except
for a reduction in interactions with B cells (Fig. 3C).
The interaction intensity among neutrophils markedly
increased following HIN1 infection, suggesting that the
increased interactions among bystander immune cells
in human PBMCs after HIN1 infection are likely medi-
ated primarily by neutrophils (Fig. 3C). In mouse lung
tissues, macrophages exhibited increased internal inter-
action numbers and strengths following HIN1 infec-
tion (Fig. 3D). Additionally, the intensity of interactions
between macrophages as senders and other bystander
immune cells also increased to some extent (Fig. 3D).
The analysis of overall signaling patterns revealed sev-
eral pathways conserved between humans and mice,
including the CCL and TGEF-p pathways (Fig. 3E and
F). In control human PBMCs, the CCL signaling path-
way was predominantly active in T cells (Fig. 3E). Under
HINT1 infection, in addition to T cells, the CCL signaling
pathway was enhanced in neutrophils (Fig. 3E). Moreo-
ver, there was a marked increase in CCL pathway interac-
tions between T cells and neutrophils, as well as between
T cells and monocytes (Fig. 3G). In control mice, the CCL
signaling pathway was most active in monocytes (Fig. 3F),
with monocytes serving as the primary receivers of CCL
signals (Fig. 3H). Upon HINI infection, in addition to
monocytes, neutrophils, macrophages, and dendritic
cells also emerged as significant receivers of CCL signals,
and the interactions among various bystander immune
cells through the CCL signaling pathway became more
complex (Fig. 3H). A detailed examination of the con-
tributions of different ligand-receptor pairs in the CCL
signaling pathway across various groups revealed that in
humans, the CCL5-CCR1 ligand-receptor pair played a

Fig. 3 Intercellular cross-talk of different bystander immune cells in humans and mice infected with HIN1. A Bar plot for the overall number

of bystander immune cell interactions in HIN1-infected and uninfected humans and mice. B Bar plot for the overall strength of bystander immune
cell interactions in HIN1-infected and uninfected humans and mice. C Heatmap of the differences in the number and strength of interactions
between bystander immune cells in HINT-infected and uninfected individuals. D Heatmap of the differences in the number and strength

of interactions between bystander immune cells in HIN1-infected and uninfected mice. E Heatmap of the overall signaling patterns of bystander
immune cells in HINT-infected human samples compared with those in uninfected human samples. F Heatmap of the overall signaling patterns
of bystander immune cells in HIN1-infected mouse samples compared with those in uninfected mouse samples. G Chord plot of the CCL pathway
interactions between bystander immune cells in HINT-infected and uninfected human samples. H Chord plot of the CCL pathway interactions
between bystander immune cells in HIN1-infected and uninfected mouse samples. HC: Human healthy control, IA: Human IAV infection, mHC:

Mouse healthy control, mIA: Mouse IAV infection
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significant role in both control and HIN1 infection sam-
ples (Fig. S3A). In mice, the Ccl6-Ccr2 ligand-receptor
pair was predominant in the CCL pathway in both con-
trol and H1N1-infected samples (Fig. S3A). The interac-
tion network of these ligand-receptor pairs indicated
that in humans, the interaction between T cells and neu-
trophils via the CCL5—-CCRI pair increased during HIN1
infection (Fig. S3B). In mice, macrophages and mono-
cytes exhibited a notable increase in interactions through
the Ccl6—Ccr2 pair under HIN1 infection (Fig. S3B). In
addition to the CCL pathway, the TGF-$ pathway also
plays a crucial role in influenza immunity (Zhao et al.
2024). It protects the host from immune-mediated dam-
age by inhibiting excessive inflammation and promot-
ing the function of regulatory T cells. Interestingly, we
found that following HINI infection, T cells predomi-
nantly act as signal receivers in the TGF-f3 pathway for
both species (Fig. S3C-E). In humans, the primary signal
senders are neutrophils, whereas in mice, the primary
signal senders are monocytes (Fig. S3C). In both humans
and mice, the TGF-p pathway interactions were medi-
ated by the TGFBI-(TGFBRI+ TGFBR2) and Tgfbl-
(Tgfbrl+ Tgfbr2) ligand-receptor pairs, respectively
(Fig. S3D). Under HIN1 infection, T cells of both spe-
cies receive TGFBI signals by expressing TGFBRI and
TGFBR2 (Tgfbrl and Tgfbr2 in mice) receptors (Fig. S3E).

Shared upregulation of certain regulons in bystander T
cells across humans and mice

Understanding transcriptional regulation in bystander
T cells will offer critical insights into the immune
response mechanisms to HINI1 infection in different
species. We thus analyzed differentially activated regu-
lons in bystander T cells from HINI1-infected humans
and mice compared with their normal controls. Several
regulons, specifically IRF7(+) and members of the STAT
family in humans, as well as their homologous genes in
mice, were commonly upregulated in both species upon
HINI infection (Fig. 4A and B). Under HIN1 infection,
bystander T cells in human PBMCs and mouse lung tis-
sues presented significantly increased activity of IRF7(+)
and Irf7(+), STAT1(+) and Statl(+), and STAT2(+) and
Stat2(+) (Fig. 4C), indicating their crucial roles in the
antiviral response.

The increased activity of IRF7(+) and Irf7(+), as well
as that of STAT1(+) and Statl(+), in bystander T cells
from humans and mice following HIN1 infection under-
scores their essential roles in antiviral defense. IRF7 is
a key transcription factor of type I interferon responses
and is pivotal for activating interferon-stimulated genes
(ISGs) that inhibit viral replication (Zhou et al. 2022). The
concurrent upregulation of STAT1, a critical component
of the interferon signaling pathway, further enhances the
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antiviral response by driving the expression of additional
ISGs (Ren et al. 2023).

Further analysis of the IRF7(+) and Irf7(+) regu-
lon networks in humans and mice revealed numerous
shared downstream target genes, such as STATI, STAT2,
IRF7, JAK2, ISG15 and ISG20, in humans and homolo-
gous genes in mice, suggesting a conserved antiviral
defense mechanism (Fig. 4D). These genes are integral
to the interferon signaling cascade and play vital roles in
enhancing the antiviral state of T cells (Bonjardim et al.
2009; Crouse et al. 2015). For example, ISG15 and ISG20
are involved in the degradation of viral RNA, whereas
JAK2 participates in the JAK-STAT signaling pathway,
which mediates the response to interferons (Bohlen et al.
2023; Perng & Lenschow 2018; Stadler et al. 2021).

These findings provide significant insights into the
transcriptional regulation of bystander T cells during
H1N1 infection. The conserved enhancement of IRF7(+)
and Irf7(+), as well as STAT1(+) and Statl(+) activity
across different species following HIN1 infection, under-
scores the importance of these regulons in the antiviral
immune response. This conservation suggests potential
therapeutic targets for enhancing antiviral immunity in
humans by modulating the activity of these key transcrip-
tion factors and their downstream pathways.

Overall, the similar activation of regulons in bystander
T cells from H1N1-infected human and mouse sam-
ples highlights the complex transcriptional networks
that underpin the immune response to viral infections.
The integration of these results highlights how shared
regulatory mechanisms across species can inform the
development of novel therapeutic strategies to increase
the immune response against HIN1 infections. Further
investigation into these regulatory pathways will be cru-
cial for developing effective interventions to enhance
antiviral defenses and improve clinical outcomes in indi-
viduals affected by HIN1.

Discussion

scRNA-seq has revolutionized our understanding of
complex biological processes by enabling gene expression
analysis at the individual cell level. This technology has
provided profound insights into various biological phe-
nomena, including intercellular heterogeneity, develop-
mental processes, and disease mechanisms, particularly
viral infections (Park et al. 2020; Sun et al. 2020). Recent
studies have demonstrated the power of scRNA-seq in
exploring the pathogenesis of influenza virus (Boyd et al.
2020; Dai et al. 2023; O’Neill et al. 2021; Steuerman et al.
2018). For example, scRNA-seq has been used to pro-
file host and viral transcripts simultaneously, providing
a comprehensive view of the host’s response to influ-
enza virus infection and how the virus adapts to and
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evolves within the host (O'Neill et al. 2021; Steuerman  human subjects and lung tissue samples from HINI1-
et al. 2018). Here, we downloaded 7 scRNA-seq datasets  infected and uninfected mice. Our study reveals several
comprising PBMCs from H1Nl-infected and uninfected key findings regarding the response and interaction of
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immune cells during HIN1 infection, emphasizing the
crucial roles of bystander cells by profiling their immune
characteristics, intercellular cross-talk, and transcription
factor regulation.

We also found that the changes in immune cell popu-
lations following HIN1 infection differ between mice
and humans, which may be attributed primarily to the
distinct characteristics of the samples used (PBMCs
from humans and lung tissues from mice). Addition-
ally, species-specific adaptations may also contribute to
these observed differences. Humans and mice have dis-
tinct immune system architectures, including differences
in cytokine signaling, cell receptor expression, and tran-
scription factor expression, which may explain the diver-
gent immune responses. These interspecies differences
highlight the challenges of directly translating findings
from mouse models to humans. Despite these differ-
ences, the shared immune response patterns, particu-
larly in T cells, support the conservation of core immune
mechanisms. Further elucidation of the commonalities
and differences in immune responses between humans
and mice following HIN1 infection can provide deeper
insights for personalized treatment of HIN1 infection in
humans.

Our analysis indicated that both human PBMCs and
mouse lung tissues exhibited similar shifts in immune
cell composition following HIN1 infection. Notably, we
detected an increased proportion of macrophages but a
marked reduction in the T-cell proportion. These find-
ings suggest fundamental similarities in the immune
response mechanisms between these species. The
increase in macrophages indicates their function in anti-
gen presentation and cytokine production, which are
essential for coordinating the adaptive immune response
(Gordon & Pluddemann 2018). Interestingly, despite
their expected accumulation at infection sites, the reduc-
tion in T-cell proportions suggests complex regulation
of T-cell dynamics that might involve migration patterns
or local tissue-specific signals. This phenomenon could
be attributed to the apoptosis or migration of T cells to
other tissues and the potential suppression of T-cell pro-
liferation by viral infection (Pizzolla & Wakim 2019).

Bystander immune cells, which are not directly
infected by the virus, play a critical role in supporting
the overall antiviral response. Our study revealed that
these cells, notably T, B, and dendritic cells, presented
significant transcriptomic alterations upon HIN1 infec-
tion. The upregulation of the chemokine CCL2 in human
PBMCs and the expression of interferon-stimulated
genes (ISGs), such as Ifit3, Ifitl and Isgl5, in mouse lung
tissues highlights the importance of these signaling mol-
ecules in mobilizing and activating bystander immune
cells. Chemokines such as CCL2 are crucial for recruiting
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monocytes and other immune cells to the site of infec-
tion, thereby enhancing the immune response (Desh-
mane et al. 2009). Similarly, ISGs are vital in establishing
an antiviral state within cells, limiting viral replication
and spread (Schoggins & Rice 2011).

Successful virus control and elimination require con-
certed cooperation across diverse immune cell types.
Our intercellular cross-talk analysis revealed a sub-
stantial increase in interaction numbers and strengths
among bystander immune cells following HIN1 infec-
tion. In human PBMCs, neutrophils demonstrated the
most notable increase in interaction strength, whereas
macrophages showed increased interactions in mouse
lung tissues. This adaptation may be due to the evolu-
tionary strategies developed by different species to com-
bat viral infections. The activation of the CCL signaling
pathway in multiple cell types underscores the critical
role of chemokine signaling in mediating these interac-
tions (Russell et al. 2017). Enhanced cross-talk between
immune cells facilitates a coordinated response, allowing
different cell types to synergize in combating the virus.
This intricate communication network is vital for prac-
tical immune function. Such dynamic intercellular com-
munication is essential for mounting a swift and robust
immune response, facilitating viral clearance, and limit-
ing virus spread.

The identification of the conserved upregulation of
crucial transcription factors, such as STATI and IRF7,
in bystander T cells from both humans and mice under-
scores their pivotal roles in antiviral immunity. These
transcription factors are integral to the interferon signal-
ing pathway, driving the expression of ISGs that inhibit
viral replication. The shared upregulation of genes such
as MX1, MX2, STATI, ISG20, IRF7 and IRF9 in humans
and their homologous genes in mice emphasized the
conserved nature of the antiviral response across spe-
cies. These findings suggest potential therapeutic tar-
gets for enhancing antiviral immunity by modulating
the activity of these key transcription factors and their
downstream pathways. For example, targeting the STAT1
pathway could amplify the antiviral response, providing
an approach to increase immunity against IAV (Ivashkiv
& Donlin 2014; Schoggins 2014). Therefore, a better
understanding of the conserved mechanisms of immune
responses across species can help identify universal anti-
viral therapy targets. Targeted regulation of STATI and
IRF7 enhances ISG activity and thus improves the capac-
ity of bystander T cells.

Several studies have validated the critical roles of
potential therapeutic targets in antiviral immune
responses, particularly in the context of IAV infection.
For example, Hemann et al. demonstrated that IFN-\
coordinates innate and adaptive immune responses by
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regulating DC migration and the IL-10 immunoregula-
tory network, leading to effective antiviral T-cell immu-
nity during IAV infection (Hemann et al. 2019). As the
critical transcription factor in the interferon signaling
pathway, Syk-induced STAT1 activation is critical for
initial antiviral immunity during IAV infection (Liu et al.
2021). Mutations in IRF7 can hinder sufficient inter-
feron generation, resulting in severe influenza infection
(Ciancanelli et al. 2015). ISG15, an interferon-induced
ubiquitin-like protein, inhibits a wide range of viruses,
including IAV, by conjugating with target proteins (Zhao
et al. 2013). These studies strongly support the feasibility
of these potential therapeutic targets for anti-IAV infec-
tions. However, further functional confirmation experi-
ments for these potential therapeutic targets need to be
performed in the future.

Conclusion

In conclusion, our study highlights the commonality of
immune responses to HIN1 infection in humans and
mice, emphasizing the critical roles of bystander immune
cells, intercellular cross-talk, and transcription fac-
tor regulation. These findings will support the develop-
ment of novel therapeutic strategies to enhance antiviral
defenses and improve clinical outcomes for individuals
affected by HIN1. By leveraging the conserved mecha-
nisms identified in this study, we can advance our under-
standing of viral immunology and lay the foundation for
more effective treatments against influenza and other
viral infections.

Methods

scRNA-seq data acquisition and quality control

The scRNA-seq data from humans and mice were down-
loaded from the GEO database with accession numbers
GSE243629 (Zhang et al. 2023) and GSE184384 (Beppu
et al. 2023), respectively. Human single-cell transcrip-
tomic data were processed via CeleScope (version 2.0.7)
for alignment and quantification, with the reference
genome and annotation files (GRCh38.p14) obtained
from  GENCODE  (https://www.gencodegenes.org/
human/, Release 45). Mouse single-cell transcriptomic
data were processed via Cell Ranger (version 7.2.0) for
alignment and quantification, with the reference genome
and annotation files (GRCm39) obtained from GEN-
CODE (https://www.gencodegenes.org/mouse/, Release
M35). The HIN1 reference genome data were down-
loaded from NCBI via data from the PR8 strain. Subse-
quent dimensionality reduction and clustering analyses
were conducted via the Seurat package (version 5.0.1)
(Hao et al. 2024) in R (V. 4.3.2). Initially, genes expressed
in fewer than three cells per sample were filtered out, and
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low-quality cells were removed on the basis of gene count
and mitochondrial contamination. The filtering crite-
ria for human samples were as follows: genes with gene
counts between 350 and 5000, UMI counts greater than
460, logl0GenesPerUMI greater than 0.835, and mito-
chondrial gene content less than 20%. For mouse sam-
ples, the criteria were cells with gene counts between 70
and 6000, UMI counts greater than 80, logl0Genes per
UMI greater than 0.835, and a mitochondrial gene con-
tent less than 10%.

Dimensionality reduction and clustering analysis

After data filtering, human and mouse samples were pro-
cessed. The data were normalized via the normalizeData
function to convert raw counts to a comparable scale
across cells. The ScaleData function was subsequently
applied to center and scale the expression data for each
gene to adjust for variability due to sequencing depth and
technical noise, thus facilitating dimensionality reduc-
tion and clustering analyses. The top 2000 highly variable
genes were identified via the FindVariableFeatures func-
tion with the variance-stabilizing transformation ("vst")
method. PCA was performed via the RunPCA function
on the identified highly variable genes. We used the Har-
mony package (version 1.2.0) (Korsunsky et al. 2019) to
correct batch effects and align cells from different sam-
ples. A K-nearest neighbor graph was constructed via
the FindNeighbors function on the basis of the first 30
Harmony-corrected principal components. The cell clus-
ters were identified via the FindClusters function across
a range of resolutions (0.1-0.6). Finally, we utilized
the RunUMAP function to generate uniform manifold
approximation and projection (UMAP) plots for data
visualization.

Cell type annotation and proportion analysis

Cell type annotation was performed to identify and clas-
sify the various cell populations within the scRNA-seq
data. Initially, marker genes for each cell population were
calculated via the FindAllMarkers function in Seurat.
Following the identification of marker genes, prelimi-
nary cell type annotation was conducted via the SingleR
package (V. 2.4.1) (Aran et al. 2019). To ensure accurate
and comprehensive cell type annotation, the initial anno-
tations were refined by cross-referencing the identified
marker genes with annotations available in the Cell-
Marker 2.0 database (Hu et al. 2023). After the cell type
annotations were finalized, the proportions of each cell
type within each sample were calculated via the dplyr
package (V. 1.1.4). To visualize the distribution and pro-
portion of different cell types, stacked bar plots were gen-
erated via the ggplot2 package (V. 3.4.4).
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DEG analysis and pathway enrichment analysis

To identify DEGs under HIN1 infection, we utilized the
Seurat package’s FindMarkers function. This function
was employed to perform differential gene expression
analysis on the scRNA-seq data. To visualize the DEGs,
we used the scRNAtoolVis package (V. 0.0.7) (https://
github.com/junjunlab/scRNAtoolVis) to generate vol-
cano plots. Additionally, violin plots of DEGs were cre-
ated via the ggpubr package (V. 0.6.0), with statistical
significance assessed via Student’s ¢ tests. The signifi-
cance levels were denoted as follows: P<0.05 (*), P<0.01
(**), P<0.001 (***), and P<0.0001 (****). Genes with an
average log2-fold change (avg log2FC) greater than or
equal to 1 and a p value less than or equal to 0.01 were
selected for further analysis. These DEGs were subjected
to KEGG pathway analysis and gene ontology biologi-
cal process (GOBP) annotation via the clusterProfiler
(V. 4.10.0) package (Wu et al. 2021; Yu et al. 2012). The
enrichment analysis results were visualized via the Gop-
lot package (V. 1.0.2) (Walter et al. 2015) and ggplot2.

Intercellular cross-talk analysis

To analyze intercellular cross-talk, we employed the
CellChat package (version 1.6.1) (Jin et al. 2021), which
provides a comprehensive framework for investigating
intercellular communication from scRNA-seq data. For
our analysis, we utilized the "Secreted Signaling" database
from CellChatDB.human and CellChatDB.mouse, which
focuses on signaling pathways mediated by secreted mol-
ecules, a crucial aspect of intercellular interactions within
the immune system. Using CellChat, we computed the
probabilities of communication between different cell
types and identified fundamental signaling interactions
during the immune response to infection. The analy-
sis allowed us to map the intricate network of signals
exchanged among immune cells, revealing insights into
how these interactions are altered upon infection. The
results of the intercellular cross-talk analysis were visu-
alized via the built-in functions provided by CellChat,
which effectively highlighted the significant signaling
pathways and the strength of interactions between cell

types.

Transcription factor regulation analysis

For transcription factor regulation analysis, we utilized
the pySCENIC (version 0.12.1) workflow (Aibar et al.
2017), a comprehensive tool for inferring gene regula-
tory networks and identifying active transcription fac-
tors from scRNA-seq data. The analysis involved several
vital steps to ensure accurate and robust identification
of transcription factor activity and its regulatory tar-
gets. Initially, we constructed a coexpression network
via GRNBoost, which infers regulatory relationships
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on the basis of single-cell gene expression matrices.
Following network construction, we performed motif
enrichment and target gene prediction via RcisTar-
get. This step involves scanning the regulatory regions
of coexpressed genes to identify known transcription
factor binding motifs, thereby predicting which tran-
scription factors are likely to regulate these genes. To
quantify the activity of the identified regulons (tran-
scription factors and their target genes), we employed
AUCell, which evaluates the enrichment of regulon
target genes within each single-cell expression profile.
Subsequent visualization of the results was performed
in R. The transcription factor regulatory networks were
visualized via the igraph package (version 1.6.0), which
enabled the creation of detailed network diagrams
illustrating the interactions between transcription fac-
tors and their target genes.
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WHO World Health Organization

ISGs Interferon-stimulated genes
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IA Human IAV infection

mHC Mouse Healthy control

mIA Mouse IAV infection

DEGs Differentially expressed genes
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