communications biology

Article

A Nature Portfolio journal

https://doi.org/10.1038/s42003-025-09268-1

Influenza virus and Staphylococcus

aureus super-infection disrupts spatially
coordinated cellular immunity in the

mouse lung

% Check for updates

Tianhao Liu'?%, Leigh M. Miller', Brooke P. Dresden ®!, Chongyue Zhao', Yogesh Pillai®,
Angel Rangel-Garcia®, Maria de la Luz Garcia-Hernandez ® 3, Javier Rangel-Moreno ® 2, Wei Chen® ' &
John F. Alcorn®'?®

Influenza-associated bacterial super-infections in the lung lead to increased morbidity and mortality.
Previous studies have investigated how preceding viral infection causes dysregulation of the innate
and adaptive immune systems, leading to increased susceptibility of developing secondary bacterial
pneumonia. However, these previous studies cannot account for the spatial context ofimmune cells in
lung. In our study, we employ a spatial transcriptomics platform (10X Genomics Visium) to
systematically characterize the coordination of immune cells during super-infection. We compare
deconvoluted spatial transcriptomics data between super-infection and single influenza and
methicillin-resistant Staphylococcus aureus infections. Consequently, we find that the recruitment of
neutrophils and interstitial macrophages from lung parenchyma to the airways is inhibited in super-
infection, likely impairing pathogen clearance. Additionally, by analyzing cell colocalization and
signaling, we find that the interaction between CD4* T cells, B cells, and dendritic cells is disrupted by
secondary bacterial super-infection. These findings are confirmed by immunofluorescence staining.
Our study constructs a spatial sequencing atlas of lung super-infection, highlighting how secondary
bacterial challenge significantly impacts recruitment and signaling of immune cells. These findings
provide insight into the aberrant inflammation in the super-infected lung and may aid development of
therapeutics that target key immune cell recruitment pathways.

Lower respiratory tract infections are a significant cause of morbidity and
mortality globally". Common causes of viral pneumonias include influenza
A & B viruses, respiratory syncytial virus, adenoviruses, and parainfluenza
virus. Viral infections damage the airway epithelium and create an
inflammatory environment in the lung, increasing susceptibility to
acquiring secondary bacterial pneumonia’ . Secondary bacterial pneumo-
nias are primarily caused by Streptococcus pneumoniae, Haemophilus
influenzae, and Staphylococcus aureus with methicillin resistant S. aureus
(MRSA) emerging as a leading cause™’. Secondary bacterial pneumonia with
MRSA has resulted in increased morbidity and mortality during both

seasonal influenza seasons and during the pandemics of 1918 and 2009*”.
Super-infection is characterized by excessive lung inflammation, rather than
immune deficiency. Previous studies have characterized shifts in immune
cell populations in the lung during super-infection*'°""; however, these
studies do not systemically characterize transcriptomic changes of immune
cell populations within the spatial context of lung tissue, which may con-
tribute to aberrant host defense.

The spatial distribution of immune cells in the lung has a significant
impact on the immune response. The structure of the lung is complex and
composed of a diverse framework of epithelial, stromal, and immune cells,
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Fig. 1 | Overview of the spatial transcriptomics (ST) experiment and data analyses
workflow. A Experimental design and treatment groups. The Naive group was
treated with PBS without any pathogens on days 0 and 6. The Staph (S. aureus) only
group was only infected with S. aureus on day 6. The Flu only (influenza virus) group
was only infected with the influenza virus on day 0. The Flu/Staph group was infected
with the influenza virus on day 0 and S. aureus on day 6. The samples are harvested
on day 7. Each group had eight mice. The mouse lungs were formalin-fixed and
paraffin-embedded and sliced for spatial transcriptomics sequencing or
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immunofluorescence staining. B ST and data analyses. A set of tissue slides was
stained on protein level. Another set was used for ST sequencing. Tissue slides were
manually annotated with histology images. C Region-specific analysis focusing on
airway and inflammatory regions, spatial communication between spots based on
expression of ligands and receptors, and spatial colocalization analysis reveal the
spatial coordination of immune cells in the lung. Created in BioRender. Liu, T.
(2025) https://BioRender.com/eefoi3e.

making it difficult to study the immune cells in the lung within their tissue
context. Influenza virus initially replicates in epithelial cells lining the air-
ways with most pathologic changes occurring near the airways with severe
infection resulting in interstitial inflammation, diffuse alveolar damage, and
necrotizing bronchitis'. While bacterial infections begin in the airways,
bacterial pneumonia is primarily characterized by inflammation of the lung
parenchyma and alveolar spaces’. This emphasizes the heterogeneity of the
spatial organization of immune cells in virus or bacteria-infected lung tissue.
Infection in the lung recruits immune cells, such as neutrophils, macro-
phages, dendritic cells (DCs), T cells, and B cells, causing inflammation in
both airways and lung parenchyma. However, it is unclear how influenza
and S. aureus superinfection change the spatial organization and coordi-
nation of these immune cells, which would consequently impact pathogen
clearance, tissue pathology, and immune cell responses. The goal of this
study was to systematically address two major questions with spatial
information: (1) How does preceding influenza infection disrupt sub-
sequent anti-bacterial responses? And (2) how does secondary bacterial
infection impact antiviral immunity?

Currently, it is a challenge to observe immune cell populations and
their gene expression in a spatial context within tissue. Histological
approaches are commonly employed to examine pathological changes of
the lung structure following infection, but they cannot characterize the
identity and gene expression of cells. Methods to profile different subsets of
immune cells primarily include flow cytometry and transcriptomic
approaches, such as single-cell RNA sequencing (scRNA-seq), but these
methods do not preserve spatial information. Examining the position of
immune cells relative to airways or neighboring cells would provide pro-
found insight into how super-infection alters cell phenotype, location, and
signaling in the lung. Spatial transcriptomics (ST) is a technology which can
sequence the whole transcriptome and preserve the spatial information of
cells simultaneously“. In our study, we used 10x Genomics Visium, a ST
platform allowing spatial sequencing and hematoxylin and eosin (H&E)

staining on the same tissue slide™. With this technology, we aimed to
investigate how influenza and bacteria super-infection change the spatial
coordination of immune cells in the lung compared to single viral or bac-
terial infection. We then confirmed findings using traditional immuno-
fluorescence (IF) staining. This study revealed how super-infection alters the
location and crosstalk of key immune cells in the lung, such as neutrophils,
macrophages, DCs, T cells, and B cells, compared to single influenza or S.
aureus infection and highlights potential pathways for novel therapeutic
agents.

Results

Spatial transcriptomics profiling of infected mouse lungs

To examine changes in the spatial location and gene expression of immune
cells during post-influenza bacterial super-infection, C57BL/6 mice were
challenged with either PBS or influenza A/Puerto Rico/8/34 HIN1 virus for
6 days, followed by challenge with either PBS or USA300 MRSA for an
additional 24 h (day 7) (Fig. 1A). This model of non-lethal single or super-
infection in mice has been previously published in several studies'"*. As
expected, a higher bacterial burden was observed in mice with super-
infection compared to those with single infection (Supplementary Fig. 1).
Each experimental mouse group had a total of eight replicates, and lung
tissues of two replicates underwent formalin-fixed paraffin-embedded
(FFPE) processing for ST sequencing and H&E staining. The lung tissues of
other replicates were sectioned for IF and immunohistochemistry stain-
ing (Fig. 1B).

Using the ST data from all 8 lung tissue samples, gene expression and
spatial location for each spot were decoded. The spots with unique mole-
cular identifier (UMI) counts higher than 100, and the number of genes with
non-zero UMI counts higher than 100 were retained for downstream
analysis. The number of spots in each sample ranged from 3190 to 4069
(Supplementary Table 1). The proportion (density) of each cell type in each
spot was estimated with robust cell type decomposition (RCTD)", based on
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Fig. 2 | Spatial gene expression data identified various types of cells and regions in
mouse lungs with super-infection. A Unsupervised clustering of spot-level spatial
gene expression identified different anatomical structures of the infected lung.
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cell types. C Marker genes employed to identify different cell types and estimation of

C

e 0 Mzb1 Y
o1 cd19 ce
e 2 Cdsbl e
°3 cda ..
@ & ca17
° 56’ Nkg7 ° °
®
7 10029 [ ] Percent Expressed
Ear2 ) B
Clab ° . 25
Ly6c2 L L) e ® 50
[7p QT . [ ) ® 75
QD cc2ia ° ® 100
C owef .
Q cad - @ ° Average Expression
O) Pecam1 0000 2.
2.0
Inmt o0 o 15
Coll4al EN J 1.0
sl |05
i 4 0.0
Sftpc [ ] 0.5
Hopx [ ] ®
Bpifbl °
Scgblal{® @ @
Foxjl{ ®
S S & & S S NSRS
R AN O RN AL LA A
S S X i S R P e o O
I SO S RS EE” &
SO S
EETESES o’
W G s S
RS O
ST &
NI &
S S

Staph-only

cell type proportions. D The deconvolution-estimated proportion of airway epi-
thelial cells (left, sum of goblet, club, and ciliated cells) and immune cells (right, sum
of all types of immune cells) in different manually annotated regions in the lung.
E The final annotation of different regions combining both manual annotation and
cell type proportions (See Methods).

gene expression profile. Regions of airway (bronchus) and parenchymal
inflammation were annotated in a semi-manual manner with the infor-
mation of both the H&E histology image and proportion of cell types
(estimated with gene expression) (Fig. 1B). Downstream analysis focused on
airway and inflammatory regions separately. Spatial communication and
cell colocalization were employed to dissect the spatial coordination of
immune cells (Fig. 1C).

Deconvolution of spatial transcriptomics data identified spatial
distribution of cells (including airway and inflammatory regions)
in infected mouse lungs
After combining the spots of ST data from 8 samples, apparent batch effects
were observed between treatment groups, and minor batch effects were
observed between the two replicates from the same condition (Supple-
mentary Fig. 2A). To evaluate the quality of data, we corrected the batch
effect. The spots were then classified into 8 clusters (Fig. 2A). These clusters
were annotated as specific anatomical structures according to their gene
expression (Supplementary Fig. 2B). Notably, the annotation of these
clusters agreed with the histological features of the corresponding H&E
image (Supplementary Fig. 3, Fig. 2A).

In addition to the rough annotation of anatomical structures, we also
did cell-type-level annotation by estimating the proportion (or density) of
each cell type in each spot in ST data (Fig. 2B). The density was estimated

with spatial deconvolution with a reference scRNA-seq mouse lung dataset
with influenza virus infection (Supplementary Fig. 4A). The estimated
proportion of interstitial macrophages (IMs), airway epithelial cells (goblet
cell, club cell, and ciliated cell), and other cell types aligned well with the
observation on histology images (Fig. 2B, Supplementary Fig. 4B-D). The
markers used to identify these cell types were shown in Fig. 2C. A higher
proportion of immune cells and airway epithelial cells were observed in
manual-annotated inflammatory regions and airway regions (Fig. 2D,
Supplementary Data 1).

The information of cell type proportion (gene expression information)
and manual annotation (histological morphology) was combined to
annotate the airway and inflammatory regions (Fig. 2E, Supplementary
Fig. 4E). Downstream analyses focused on regions near the airway and
parenchymal inflammatory regions because they are the initial target of
pathogens and the primary region of immune cell infiltration. Distinct
patterns of inflammation in these two regions were observed between single
bacterial and single viral infection (Supplementary Fig. 5). During influenza
infection, we observed increased pathology and presence of influenza virus
near the airways; however, infection with S. aureus resulted in a more diffuse
pattern with some bacteria invading the airways (Supplementary Fig. 6).
Following infection, immune cell populations were elevated in regions both
adjacent toand distant from the large airways, but the alveolar epithelial cells
(AT1, AT2) were reduced in infected mice (Supplementary Fig. 7). This
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suggests that airway associated infection and inflammation ablated par-
enchymal alveolar cells. Overall, these data demonstrate that the spatial
distribution of cells was significantly changed by infection, necessitating the
analysis of airway and parenchymal inflammatory regions separately. We
next compared the spatial distribution and coordination of immune cells
between single-infection and super-infection samples.

Neutrophil recruitment to the lung in response to S. aureus is
attenuated in super-infection

Neutrophils are activated in the early stage of viral or bacterial infection and
are an important component of innate immunity for host defense. The
airway epithelium is the primary site of viral infection (Supplementary
Fig. 6). Immune cells migrate from the pulmonary vasculature to the central
airways in both bacterial and viral infection. Thus, we focused on airway
regions and inflammatory regions in vascular-rich lung parenchyma, which
are major sites of immune cell infiltration.

The proportion of neutrophils in regions near airways was reduced in
super-infection compared with single bacterial infection, suggesting
decreased neutrophil recruitment to airways during super-infection
(Fig. 3A, Supplementary Data 2, Supplementary Fig. 8A). Similarly, the
proportion of neutrophils in the inflammatory regions of the lung par-
enchyma also decreased during super-infection compared with single
bacterial infection (Fig. 3B, Supplementary Data 3, Supplementary Fig. 8B).
This is supported by quantification of neutrophils (Ly6G") by IF staining
(Fig. 4). A significant reduction in the density and area of neutrophils
(Ly6G™ cells) was observed in regions near large airways and the par-
enchyma (Fig. 4F, G) in super-infected lungs versus single infection. This
was readily apparent in regions where both the influenza virus and S. aureus
were present (co-infection). Impaired neutrophil recruitment to important
sites of infection (airway, parenchyma) may contribute to dysregulation of
immunity and increased bacterial burden in superinfection’.

Further, we estimated the spatial cell communication in the airway
epithelium and parenchymal inflammatory regions with COMMOT?". We
identified that three signals correlated with neutrophils (CXCL5-CXCR2,
CXCL1-CXCR2, and TNF-TNFR, Supplementary Fig. 9) were also reduced
in super-infection. Signaling via the CXCL5-CXCR2 axis, a crucial pathway
for neutrophil recruitment originating from the airway epithelium, was
significantly reduced in the airway epithelium in samples with super-
infection compared to those subjected to bacterial infection alone (Fig. 3C,
Supplementary Fig. 10). Additionally, the signal received in parenchymal
inflammatory regions through CXCL1-CXCR2 and the TNF-TNFR axis
was also reduced in the super-infection group compared with single bac-
terial infection (Fig. 3D, E, Supplementary Fig. 10, Supplementary Data 4).
The decreased signals related to CXCR?2 in the airway and parenchymal
regions indicated a chemotactic deficiency for recruitment of neutrophils.
The reduction of TNF signals received by parenchymal inflammatory
regions suggests a weakened defense against S. aureus. Our data show that
the recruitment of neutrophils to the sites of infection is inhibited in super-
infection infection, which could impair the host anti-bacterial immune
responses.

Macrophage recruitment in response to influenza infection is
aberrant in super-infection
IMs, found in the lung parenchyma and bronchial interstitium, are a crucial
immune cell population for controlling viral spread and inflammation in the
lung™. The proportion of IMs in regions proximal to airways was reduced in
super-infection compared to single influenza virus infection (Fig. 5A,
Supplementary Data 5, Supplementary Fig. 11A). Similarly, the proportion
of IMs in inflammatory regions of the lung parenchyma was also lower in
super-infection compared to single viral infection (Fig. 5B, Supplementary
Data 6, Supplementary Fig. 11B). These data indicate that secondary bac-
terial challenge inhibits recruitment of IMs to infected regions in the lung.
Critical cell-to-cell signals for the recruitment of monocytes/IMs were
also reduced in super-infection compared to single influenza infection. The
CCL5-CCR5 signaling pathway was reduced in the airway epithelium

during super-infection (Fig. 5C, Supplementary Fig. 12). The inflammatory
regions of the lung parenchyma also received less signal through VCAM and
CCL2-CCR2, which direct macrophages to infected regions (Fig. 5D, E,
Supplementary Data 7, Supplementary Fig. 12). VCAM is important for the
adhesion of monocytes to endothelial cells, which facilitates the recruitment
of monocytes from blood to tissue and their differentiation into IMs.
Notably, these three signals are also correlated with IMs in the ST data
(Supplementary Fig. 9). The reduction of these 3 signals in regions near
airway or parenchymal inflammatory regions likely impairs chemotaxis and
extravasation of monocytes and IMs, reducing recruitment of IMs in the
super-infected lung.

Resident alveolar macrophages (AMs) in the lung proliferate in the
early stages of infection and may play a role in our model. We observed a
lower proportion of AMs in influenza infection and super-infection, com-
pared with lung tissues without infection or those with only bacterial
infection (Supplementary Fig. 13). This indicated that AMs were depleted by
preceding viral infection, which is consistent with previous findings in whole
lung samples'".

Spatial coordination between CD4" T cell and B cells or DCs is
disrupted in super-infection

After observing deficiencies in innate immune cell spatial recruitment
during super-infection, we next aimed to characterize changes in adaptive
immune cells during super-infection compared to single viral infection.
Similar as IMs, the proportion of CD8" T cells was decreased in super-
infection compared with single influenza infection (Supplementary Fig. 14).

The maturation of adaptive immune cells largely relies on signals from
other immune cells, so we focused on the spatial coordination between
lymphocytes and other immune cells (CD4" T cells, B cells, DCs, and IMs).
We calculated the spatial correlation between all immune cells in the
inflammatory regions of each sample (Supplementary Fig. 15). High spatial
correlation indicates that both types of cells tend to colocalize in one spot.
We then focused on samples with influenza infection, where activation of
adaptive immunity was expected. The colocalization between CD4" T cells
and some antigen-presenting cells (B cells, DCs, and IMs) observed during
influenza infection was reduced in super-infection compared with single
influenza infection.

Specifically, the spatial correlation between CD4" T cells and B cells
was reduced in super-infection samples compared with single virus infec-
tion samples (Fig. 6A, C, Supplementary Data 8, Supplementary Fig. 16B).
CD4" T cells interact with B cells to promote the formation of B cell memory
and antibody production, and this interaction also impacts the maturation
and differentiation of CD4" T cells. Similarly, the spatial correlation between
CD4" T cells and DCs (Fig. 6B, Supplementary Fig. 16A, C, D) and that
between CD4" T cells and IMs (Supplementary Fig. 17) were reduced in
super-infection compared to single viral infection, but the colocalization
between CD4" T cells and B cells was more significantly reduced (Fig. 6A,
C). The disruption of CD4" T cell and B cell interaction was further evi-
denced by a reduction of ICOS and CD40 signaling (Fig. 6D, Supplementary
Data 9, Supplementary Fig. 16E), which are critical for CD4" T cell polar-
ization and B cell antibody production, in super-infection compared to
single viral infection”.

The interaction between CD4" T cells and other immune cells with
antigen-presenting functions, including B cells, DCs, and IMs, is critical for
polarization of CD4" T cells. Thus, we also profiled the spatial distribution of
polarized CD4" T cells, Th1 and Th17 cells, which are important in defense
against viral and bacterial infections. Th1 cells are important for cellular
immunity to viral infection. The expression of transcriptomic markers for
Th1 cells in airway regions decreased in super-infection compared to single
viral infection (Fig. 6E, Supplementary Data 10, 11). The markers for Th17
cells, which are significant in bacterial infection, also decreased during
super-infection compared to single bacterial infection (Fig. 6E). These data
show that the colocalization of CD4" T cells with other immune cells (B
cells, DCs, and IMs) is disrupted during super-infection, which may nega-
tively impact the interaction between T and B cells.
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C The strength of the CXCL5-CXCR2 signal sent from the airway epithelium in S (S.
aureus only) and FS (influenza virus/S. aureus). D The strength of the CXCL1-
CXCR?2 signal received by inflammatory regions in the lung parenchyma. E The
strength of the NF signal received by inflammatory regions in the lung parenchyma.
The signal strength in C, D, E is estimated with COMMOT, which considers the
spatial location (See “Methods”).

Super-infection inhibits influenza virus-induced formation of
follicle-like immune hubs in the mouse lung

Interactions between CD4" T cells, DCs, and B cells are common in lym-
phoid follicles, which are sites of CD4" T cell and B cell activation and
memory formation, and these lymphoid follicles can form in the lung during
infection**°, Thus, we identified the follicle-like immune hubs (precursor

to inducible bronchus-associated lymphoid tissue, iBALT) in the inflam-
matory regions of infected mouse lung with the expression of CXCLI13.
CXCL13 is an important chemokine expressed by follicular DCs, a key
immune cell population for the formation of lymphoid follicles. We
observed that these follicle-like immune hubs, characterized by high
expression of CXCL13 and enrichment of CD4" T cells, B cells, and DCs,
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Fig. 4 | Inmunofluorescence staining of neutrophils in mouse lung with super-
infection or single infection. Representative 200x pictures show Ly6G neutrophils
near bronchi of A mock-infected mice, B influenza A-infected bronchi, C influenza-
infected bronchi with low bacterial infection, D influenza A-infected bronchi and
parenchymal tissue with areas of profuse bacterial infection, and E parenchymal
tissue infected with S. aureus. Bronchi are depicted with a white asterisk. Scale bars
represent 100 um. Morphometric analysis shows F neutrophils per mm” and G area
covered by Ly6G stain in peri-bronchial areas of non-infected and infected mice.

Mice were mock infected (filled circles) or infected with influenza A (empty circles),
S. aureus (filled diamonds), or co-infected with influenza A and S. aureus: peri-
bronchial areas with dominant influenza infection (filled squares) or with viral/
bacterial co-infection (empty squares). n = 1-3 200x pictures per mice from 4 mice
per group. Statistical significance was calculated by a two-tailed ¢-test. *p < 0.05;
*¥p < 0.005; ****p < 0.0001. The error bar indicates the standard deviation of the
data from different mice.

were found only in super-infection and single viral infected samples
(Fig. 7A, B, Supplementary Data 12). The abundance of these follicle-like
immune hubs was significantly reduced in super-infected samples com-
pared to single viral infected samples. The signal of CXCL13-CXCR5, which
is important for the formation of lymphoid follicles, was also reduced in
super-infection (Fig. 7C, D, Supplementary Data 13). Specifically, the
CXCL13-CXCR5 signal was sent from immune hubs to nearby regions in
influenza virus-infected samples. However, the directionality of this signal in
super-infected samples was not clear due to a weak signal (Fig. 7C). Further,
the signal for other immune hub-associated ligand and receptor pairs was
similar in influenza virus versus super-infected lungs (Fig. 7E, Supple-
mentary Data 14). These cytokine or chemokine pairs are spatially corre-
lated with T cells, B cells, and lymphatic endothelial cells (Supplementary
Fig. 18). It is possible that inhibited formation of these immune hubs may

decrease the formation of iBALT in the lung, which are important sites for
antigen-specific T and B cell formation”. Decreased formation of immune
hubs enriched with T cells (CD3") and B cells (CD19") was also observed in
IF-stained slides (Fig. 8A). There was a significant reduction in the abun-
dance of T cells and B cells in super-infection compared with single influ-
enza infection (Fig. 8B, C, Supplementary Data 15).

Discussion

Given the continued prevalence of seasonal influenza and the emergence of
COVID-19, which are frequently coupled with secondary bacterial infec-
tion, there is increased interest in examining how viral infection impacts
secondary bacterial pneumonia. Further, how bacterial super-infections
alter immunity against preceding viral pathogens is less understood. Pre-
vious knowledge regarding super-infections in the lung has primarily relied
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inflammatory regions in samples infected with the influenza virus or infected with

0.16

both influenza virus and S. aureus. C The proportion of CD4" T cells and B cells in
spots in inflammatory regions. D The strength of the signal ICOS-ICOSL in the
inflammatory regions. The size of the dot indicates the proportion of spots with non-
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airways for each sample.
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on the use of single cell suspensions or homogenized lung tissue*™"*. To our
knowledge, this is the first bioinformatic study to systematically examine the
immunological interactions that occur during superinfection within the
spatial architecture of the lung.

Previous studies have shown that immune responses to bacterial
infections in the lung are impaired by preceding viral infections'®'”**.
Several mechanisms for susceptibility have been proposed, including dys-
regulation of innate and adaptive immune mediators that promote anti-
bacterial immunity. Recruitment of neutrophils to the lung is impaired
during superinfection compared to single viral or bacterial infection™"".
Alternatively, neutrophil numbers in bronchoalveolar lavage were shown to
be greater in super-infected mice versus single infection with either influ-
enza virus or S. aureus'’’. However, we observed decreased recruitment of
neutrophils to the airway or inflammatory regions during super-infection
compared to single bacterial infection in a region-specific manner (both ST
and IF staining). This is likely due to impaired cell-to-cell communication
(CXCL5-CXCR2, CXCL1-CXCR2) in the lungs during superinfection
compared to single bacterial infection. Interestingly, these signals were
directly associated with neutrophils in our data, suggesting a key role in the
regulation of these cells. Additionally, expression of CXCLS5 is concentrated
around the airways, whereas the chemokine receptor is found in par-
enchymal regions with inflammation, suggesting migration of neutrophils
towards the airways during bacterial infection. This is consistent with pre-
vious findings that observed decreased neutrophil recruitment in the lungs

during post-influenza super-infection with S. pneumoniae due to type I
IFNs induced by influenza infection, attenuating neutrophil chemokine
pathways'’. Additionally, rescuing these pathways by adding exogenous KC
(CXCL1) and MIP2 (CXCL2) during super-infection restored neutrophil
function and reduced lung bacterial burden". Therefore, targeting the
chemokine-chemokine receptor pathways found in our analysis may also
restore proper neutrophil localization.

In addition to the aberrant recruitment of neutrophils in super-
infection, we also profiled macrophages. The proportion of AMs was
decreased in influenza infection and super-infection compared to unin-
fected controls and single bacterial infection. This finding is consistent with
prior work and may increase susceptibility to secondary bacterial infection'".
Additionally, we observed an increased proportion of IMs near airways and
immune regions during single influenza infection compared with super-
infection and all other groups. The CCL5-CCR5, CCL2-CCR2,and VCAM-
VLA4 pathways, which are key regulators of macrophage migration in the
lung, were impaired during super-infection compared to single influenza
infection”. While CCL5 can be expressed by a variety of cell types, the main
expressers during influenza virus infection appear to be airway epithelial
cells and other cells proximal to the airways, such as T cells and
macrophages™. However, expression of VCAM and CCR2 is upregulated in
parenchymal areas with inflammation during influenza virus infection. This
suggests that the impaired recruitment of IMs in the lung during super-
infection is likely due to impaired cell-to-cell communication networks.

Communications Biology | (2025)8:1837

10


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-09268-1

Article

Interestingly, these key mediators are most associated with IMs in our data.
IMs are key immune cells for control of viral infection, and deficiency could
result in increased viral burden in superinfectionzz. Overall, we demon-
strated that recruitment of key innate immune cells involved in bacterial or
viral clearance was impaired in super-infection, suggesting a mechanism for
impaired innate immunity during influenza-associated secondary bacterial
pneumonia’.

We have also profiled adaptive immune cells. Following influenza
infection, lymphocyte aggregation occurs primarily near the bronchi in the
lung, eventually forming iBALT”. While iBALT is typically not observed
until 14 days post-influenza infection, we observed aggregation of lym-
phocytes (follicle-like immune hubs) in the super-infected and single
influenza virus-infected samples at day 7 post-infection. During the early
stages of iBALT formation, CXCL13-producing follicular DCs attract
CXCR5" lymphocytes”. Therefore, the concentrated CXCL13 expression in
the immune hubs of the lung samples is consistent with early formation of
iBALT. During the formation of iBALT or other lymphocyte aggregations, B
cells co-localize with CD4" T cells and follicular DCs, which can be seen in
the influenza virus-infected samples. Interestingly, co-localization of CD4*
T cells with B cells and ICOS signaling decreased during super-infection
compared to single virus infection, potentially impacting T and B cell dif-
ferentiation and responses to subsequent infection. Additionally, the overlap
of CXCL13 and CXCR5 decreased in super-infection compared to influenza
virus infection, further suggesting that the integrity of these immune hubs
within the tissue is impaired due to secondary bacterial pneumonia.
Compromised immune hub integrity could hinder the polarization of CD4*
T cells to Th1 and Th17 phenotypes. Previous findings from Kudva et al.
demonstrated that previous influenza infection impairs the Th17 pathway
(IL-17A, IL-22, IL-23, and RORe) activation during super-infection, which
is a crucial pathway for promoting immunity to S. aureus'”. Prior work
employed analysis of lung homogenates. We also observed a decrease in
Th17 signal in the super-infection samples compared to the single bacterial
infection samples in this ST study, potentially increasing susceptibility to
severe bacterial pneumonia. Similarly, we observed that secondary bacterial
challenge decreased Th1 expression compared with single viral infection
samples, likely impacting anti-viral responses during super-infection.
Additionally, we observed a decrease in the proportion of CD8" T cells in
super-infection compared to single virus infection, which could impact
protection for preceding viral infection'>**. Overall, we found that secondary
bacterial challenge impacts the spatial location of adaptive immune cells in
the lung, which may affect T and B cell memory formation and
differentiation.

We have recognized limitations of this study. The 10x Genomics
Visium ST platform can only measure gene expression in spots with a 55 pum
diameter, so each spot will capture multiple cells. This could limit the
accuracy of analyses. Although some high-resolution technologies have
come out, such as 10x Genomics Visium HD and Xenium, these technol-
ogies suffer from the problem of low efficiency in capturing molecules. As a
result, we used the 10x Genomics Visium platform for this study. To reduce
the effect of low resolution, we used scRNA-seq reference data to decon-
volute the cell type proportion of each spot™. With the future advancement
of ST technologies, we will be able to further elucidate the molecular
mechanisms driving the disruption of important pathways in the lung
during superinfection.

Overall, our study presents a spatial sequencing atlas of the mouse lung
with single viral or bacterial infection or super-infection. We demonstrated
that super-infection significantly alters the recruitment and cell-to-cell
signaling of both the innate and adaptive immune cell compartments. This
immune dysregulation correlates with altered bacterial burden and
increased severity of superinfection. Additionally, the disruption of immune
hub integrity during super-infection may impact adaptive immune cell
activation and differentiation, affecting future responses to infection in the
lung. This ST study further characterizes the dysregulation of immune cells
in superinfection, compared with bacterial or viral single infection, pro-
viding insight into the development of novel therapeutic agents. Based on

the findings from our study, we propose that developing therapeutics to
target crucial immune cell recruitment pathways may improve patient
morbidity and mortality outcomes from superinfection.

Methods

Mouse model of super-infection

Mice used in this study were 10-12-week-old male C57BL/6 mice purchased
from Jackson Laboratories (Bar Harbor, ME). On day 0, mice were inocu-
lated by oropharyngeal aspiration with 50 pL of PBS vehicle or 1000 PFUs of
influenza A/Puerto Rico/8/34 HIN1 virus. On day 6, mice were inoculated
by oropharyngeal aspiration with 50 pL of PBS vehicle or 5 x 107 CFUs of
USA300 MRSA suspended in PBS and harvested a day later. In total 32 mice
were used with 8 mice per infection group. ST was performed on 2 mice per
condition selected from 4 mice based upon histology clarity and depth.
Immunostaining was performed on 4 mice per condition. No animals or
data points were excluded from analyses. Formal randomization was not
performed, confounders were not formally controlled, and samples were not
blinded for ST. For immunostaining, images were obtained and scored in a
sample blinded manner. All mice were maintained under specific-pathogen
free conditions at UPMC Children’s Hospital of Pittsburgh, and all animal
studies were conducted with approval from the University of Pittsburgh
Institutional Animal Care and Use committee (protocol #23073501).
Humane endpoints include weight loss greater than 25% of initial weight.
No mice met this condition in the study. Mice were euthanized via pento-
barbital injection followed by exsanguination. We have complied with all
relevant ethical regulations for animal use.

Sample collection and processing

Following euthanasia, the left lung lobe was inflated and fixed in 10% neutral
buffered formalin solution for 48 h before transfer to 70% ethanol for tissue
processing. Tissues were sent to the Histology Core at UPMC Children’s
Hospital of Pittsburgh, where they were paraffin-embedded and sectioned
on 10x Genomics Visium slides and H&E stained following 10x Genomics
Visium Spatial FFPE tissue processing protocol (Pleasanton, CA). H&E-
stained slides were imaged at 40x magnification on a Leica Aperio CS2
digital slide scanner. The images were analyzed in QuPath™, an open-source
software used to analyze whole image slides. Qupath has built-in algorithms
to detect cells and tissues, which can be classified using a machine learning
based algorithm to identify objects using training datasets. For this study,
control (uninfected) and influenza virus-infected lung sections were used to
train Qupath 0.5.0 to identify healthy parenchyma, inflammation/immune
cell infiltration, airways, and blood vessels. Lung sections were manually
traced in the Qupath software, and the Qupath cell detection algorithm was
applied to identify all lung nucleated cells. The trained machine learning
algorithm was then applied to all lung sections included in this study to
identify which lung nucleated cells were airways, blood vessels, healthy
parenchyma, and inflammation/immune cell infiltration. A heatmap indi-
cating areas of inflammation was overlayed onto the lung images. In
addition, lung pathology was scored in a sample-blinded fashion using a
0-4 scale for inflammation associated with airways, vasculature, or
parenchyma.

IHC staining of mouse lung lobes

Unstained 5 pm sections of left lobes from mice infected as above were de-
paraffinized and rehydrated in subsequent washes of xylene, 100%, 95%,
70%, and 50% ethanol and diH,O. Antigen retrieval was performed using
sodium citrate buffer (10 mM sodium citrate, 0.05% Tween, pH = 6.0) at
60 °C. Slides were blocked for 1h at room temperature (RT) in 1x Tris-
buffered saline (TBS) with 1% bovine serum albumin (BSA) and 10%
donkey serum. Slides were then incubated overnight at 4 °C with primary
antibody in 1x TBS with 1% BSA at the following dilutions: 1:300 of goat
polyclonal anti-influenza A virus (ab20841, Abcam, Waltham, MA) or
1:200 rabbit polyclonal anti-S. aureus antibody (ab20920, Abcam, Waltham,
MA). Slides were washed three times for 5 min with 1x TBS. Slides were
incubated for 1 h at RT with secondary antibody in 1x TBS with 1% BSA at
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the following dilutions: 1:1000 donkey anti-goat IgG H&L (ab6886, Abcam,
Waltham, MA) or 1:500 donkey anti-rabbit IgG H&L (ab6803, Abcam,
Waltham, MA). Slides were developed with Fast Red substrate kit (ab64254,
Abcam, Waltham, MA) for 15 min (influenza) or 20 min (S. aureus). Slides
were counterstained with H&E counterstain kit (ab245880, Abcam, Wal-
tham, MA) and were mounted with aqueous mounting media (ab64230,
Abcam, Waltham, MA) and allowed to dry overnight before imaging.

Immunofluorescence staining

Five micrometers formalin-fixed paraffin sections were incubated at
60 °C overnight for deparaffinization. The tissue sections were quickly
transferred to xylene and gradually hydrated by sequential transfer to
absolute alcohol, 96% alcohol, 70% alcohol, and finally water. Subse-
quently, the sections were immersed in Antigen Unmasking Solution
(Vector Laboratories, Burlingame, CA) and boiled for 2 h. Nonspecific
binding was blocked with 5% normal donkey serum in TBS containing
0.5% Triton X-100 for 40 min at RT in a humidified chamber. Primary
antibodies at appropriate concentrations were then added to these sec-
tions and incubated at 4 °C overnight. This was followed by washing with
PBS and incubation with a secondary antibody at RT for 2 h. Finally, the
slides were rinsed for 1 h in PBS and mounted with Vectashield antifade
mounting medium with DAPI (OM-1200, Vector Laboratories, Burlin-
game, CA). Images were acquired with a Zeiss Axioplan 2 microscope
connected to a Hamamatsu camera.

Raw sequencing data processing

Raw sequencing data were processed with Space Ranger (10x Genomics,
Pleasanton, CA). Sequencing reads were mapped to the mouse genome
reference. The output from Space Ranger contained a gene x spot matrix
and the x and y location for each spot. The raw counts of genes of all spots
from 8 samples were pooled together and normalized. The sum of counts for
all genes was normalized in each spot.

Clustering of ST data and correction of batch effect

The top 2000 highly variable genes were selected with the function
“FindVariableFeatures” in Seurat package (Version 4.4.0)”*". Principal
component analysis was performed on these highly variable genes. The
FindNeighbors function in Seurat package was employed to construct the
nearest neighbor graph. Then the spots in each sample were classified
into several clusters with “FindClusters” in the Seurat package. The
clusters were classified by their characteristics of gene expression in an
unsupervised way. The summary of gene expression for each cell was
visualized in two dimensions with function “RunUMAP”. To evaluate
the ability of ST to classify different anatomical structures, different
samples were integrated and homogeneous clusters were identified. The
package harmony (version 0.1.1)%, rliger (version 2.1.0)", PRECAST
(version 1.6.6)" and “MNN” function of the package batchelor (version
1.16.0)* were employed to correct the batch effect. The parameters for
batch corrections models were tuned with the performance to avoid over-
correction. The parameters are listed (harmony: Lambda = 1, theta = 0.7,
rliger: k = 25, lambda = 4, PRECAST: K = 11, MNN: k = 20, d = 30). After
integrating all the samples, the marker genes for each cluster were
identified with the “FindMarker” function in Seurat with Wilcoxon test.
The clusters were annotated according to the marker genes for specific
anatomical regions.

Cell type deconvolution for each spot

The proportion of each cell type in each spot was estimated with RCTD".
The reference scRNA data were employed to derive the gene expression
features for each cell type, which were employed to infer the cell type
composition in each spot. The reference of scRNA data was a public dataset
of mouse lung with influenza virus infection™. The cell type in scRNA data
was reannotated according to the marker gene for each cluster. RCTD
deconvolution was performed with R package spacexr (version 2.2.1) with
default parameters.

Manual annotation for airway and inflammatory regions

First, airway regions were manually annotated; then, gene expression
information was included by considering the cell type proportion estimated
from RCTD deconvolution. The spots with at least one type of airway
epithelial cell in the top 2 dominant cells of these spots were classified as
airway regions. Manual annotation was compared with the annotation
based on gene expression side by side. The slides were relabeled in loupe
browser with the consideration of both gene expression and histology
images. The airway regions classified by gene expression have overlap with
the airway regions on histology image in re-check. Some small airways were
missed in the first manual annotation. These regions were added to airway
regions on re-check. The inflammatory regions were also annotated follow
the same workflow. The spots with the sum of proportion of all immune
cells larger than 35% were classified as inflammatory regions.

Airway and parenchyma inflammatory region classification

The distance from each spot to the nearest airway region was calculated. The
spots within 50 um from airway regions were classified as peri-airway
regions. The proportion of IM and neutrophils of spots in peri-airway
regions were compared between different groups. The inflammatory
regions in lung parenchyma were defined as inflammatory regions which
are more than 50 um away from the airway regions. The proportion of
neutrophils and IMs in these regions was compared between different
groups.

Spatial cell communication and signaling analysis

Spatial communication between two spots was estimated with COMMOT
(Version 0.0.3)”'. All ligand receptor pairs in the CellChat database which
are expressed in more than 5% of the spots were included in the analyses®.
This method provides the signal strength for each ligand receptor pair and
between every two spots. COMMOT considered both the spatial relation-
ship between spots and the expression of genes corresponding to these
ligand receptor pairs. The strength of specific ligand receptor pairs of spots
in peri-airway regions or those of spots in parenchymal inflammatory
regions was compared between different groups.

Spatial colocalization analysis

Pearson’s correlation between the proportions of two types of immune cells
across spots in inflammatory regions in each sample was calculated. The
proportions of each cell type in inflammatory regions within each sample
were independent variables. High correlation between two types of cells
indicated that they exist in one spot. However, the proportion of two types of
cells in those spots was a dependent variable. So, the normally distributed
gene module scores for marker genes of CD4" T cell (Cer7, Tcf7, Cd4, I17r,
Cd3d), B cell (Ms4al, Cd19, Ighm, Bankl, Pax5), and classical DC (Itgae,
Xcrl, Clec9a, Itgax, Cd74, H2-Ebl, H2-Abl, H2-Aa) were employed to
model the colocalization between cells. The gene module scores of two types
of cells were normally distributed and independent, which made it rea-
sonable to use a linear regression model. Similarly, the high correlation
between gene module scores of the two types of cells indicated that these two
types of cells colocalize in one spot. All analyses were performed with R
(Version 4.3.0).

Statistics and reproducibility

We used a two-sample ¢-test to evaluate the difference between cell type
proportions in between each experimental condition (two mice per con-
dition). Spatial deconvolution with RCTD estimated the proportion of each
cell type in each spot. ¢-test was performed on the spot level proportions of
each sample with ST data. For IF data, the area and density of specific
markers were quantified in each lung section. 1-3 pictures were taken for
each mouse, and 4 mice were included from each condition. Two-sample -
test was performed on area or density of specific markers. The data met the
following assumptions: they were continuous, independent, normally dis-
tributed, and the variances were equal. The study was repeated in groups of
16 mice (4 per condition). R software was used throughout.
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Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All spatial transcriptomics data of mouse lung in this study is available in
zenodo (https://zenodo.org/records/17486453)*. The source data for fig-
ures is provided in the Supplementary Data file.

Code availability
All code, documentation, and tutorial are available at https://github.com/
TianhaoLiu829/Superinfection_ST.git.
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