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Spatial visualization

provides insight into immune
modulation by an L-DBF vaccine
formulation against Shigella
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Shigellosis remains a global public health problem, especially in regions with poor
sanitation measures. Our prior work has demonstrated the protective efficacy of
a three-dose regimen of L-DBF, a recombinant fusion of IpaD and IpaB from
Shigella flexneri with the LTA1 moiety of enterotoxigenic E. coli labile toxin. Here,
we investigate how a two-dose regimen (one prime and one booster) of L-DBF,
formulated in an oil-in-water emulsion called ME, modulates immune responses
in the lung using a spatial transcriptomics approach. Our findings show
significant changes in the lung immune landscape following the vaccination,
including increased expression of B cell markers, antigen presentation genes, and
T cell-associated markers. Our analysis also revealed significant reprogramming
of fibroblasts and cardiomyocytes, showing that fibroblasts are shifted from
extracellular matrix production to immune modulation, while cardiomyocytes
enhanced the signaling for immune cell recruitment and vascular stability. The
communication between alveolar type 2 (AT2) cells and cardiomyocytes also
increased, reflecting coordinated support for immune readiness and maintaining
tissue integrity. These findings underscore the potential of L-DBF/ME vaccination
to enhance both humoral and cellular immunity, as well as to reshape lung
immune architecture while enhancing immune readiness, thereby offering a
promising approach for effective protection against Shigella infections.
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Introduction

Shigella is a human-adapted intracellular pathogen that causes
severe diarrhea and dysentery, leading to an estimated 270 million
infections and 212,000 deaths worldwide annually (1). The genus
includes S. dysenteriae, S. flexneri, S. boydii, and S. sonnei, which are
classified into over 50 serotypes based on O-antigen structure (1). S.
flexneri is particularly prevalent in low- and middle-income
countries, posing a significant public health challenge (2). Despite
the substantial global burden of Shigella infections, no licensed
vaccine is available (3). Developing an effective vaccine against
Shigella is crucial for improving global health, especially in
vulnerable populations (4).

A key element of Shigella pathogenicity is its type III secretion
system (T3SS, see Supplementary Table S1), which delivers
virulence factors into host cells to evade immune detection and
establish infection (5). Two crucial components of the T3SS, the
needle tip protein IpaD and the translocator protein IpaB, are
highly conserved across all Shigella serotypes, making them
promising targets for a serotype-independent subunit vaccine (1,
5). Our previous studies have shown that intranasal administration
of IpaD and IpaB (6), or the IpaD-IpaB fusion (DBF) (7), combined
with the mucosal adjuvant dmLT (double mutant heat-labile
enterotoxin from enterotoxigenic E. coli), provides cross-
protection against both S. flexneri and S. sonnei. To simplify
vaccine production, a recombinant fusion protein, L-DBF, was
developed, which integrates LTA-1 (the active subunit of dmLT)
with IpaB and IpaD (8). In multiple formulations, this fusion
protein has demonstrated broad-spectrum protection against
lethal Shigella challenges using a mouse pulmonary infection
model (4, 9). While this model is not ideal, it has provided a
starting point for vaccine development against this human-adapted
pathogen. Both Th17 and Thl cells were found to be important in
defense against Shigella infection, with Th17 cells promoting
pathogen clearance through IL-17 mediated processes and Thl
cells activating macrophages via IFN-y to control intracellular
replication (9, 10). However, there remains a gap in
understanding how these immune responses are coordinated
within distinct lung regions and microenvironments following
intranasal administration of L-DBF.

For intranasal vaccines to target gut pathogens like Shigella, it is
essential to investigate the local tissue-specific immune responses,
which is also true for the lung infection model. This is particularly
true for those responses involving non-traditional immune cells and
tissue-resident populations (11). The respiratory mucosa is a model
site for exploring immune activation across the entire host mucosal
system. Here we plan to first understand how lung-based immune
responses are modulated by our vaccine formulation so that this can
later be correlated with enhances protection at other mucosal
regions, such as the gastrointestinal tract (11, 12). This knowledge
is vital for optimizing host defenses against Shigella infection.
Toward this end, spatial transcriptomics technology (10X Visium)
offers a powerful tool to map gene expression in specific tissue
regions, providing valuable insights into how immune responses are
organized locally (13). By revealing how immune cells interact and
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function within distinct lung microenvironments following
vaccination, spatial transcriptomics can inform the design of
more effective intranasal vaccines (14). This approach helps
optimize immune activation in the respiratory tract, enhancing
mucosal immunity and potentially preventing the spread of
pathogens like Shigella that establish infection in the gut (15).
Here, we applied spatial transcriptomics to analyze
transcriptomic changes in mouse lung cells after intranasally
administering a two-dose regimen (one prime and one booster)
of L-DBF as part of a squalene-based oil-in-water emulsion
formulation called ME (MedImmune Emulstion) and evaluated
its protective efficacy against an otherwise lethal Shigella challenge
in a mouse respiratory model (1, 4, 16). Following vaccination, we
analyzed the diverse cell types and immune responses throughout
the lung, focusing on functional changes in non-immune cells, such
as fibroblasts and cardiomyocytes. Fibroblasts and cardiomyocytes,
traditionally structural cells in lungs, have been found to
contribute to immune regulation via multiple pathways (17, 18).
By examining signaling pathways related to extracellular matrix
(ECM) interactions, immune cell recruitment, and tissue repair, we
aimed to reveal the dual roles of these cells in maintaining structural
integrity and modulating immune responses during vaccination.
This study provides initial valuable insights into how vaccination
influences the behavior of non-immune cells to support lung
defense, ensuring the tissue remains both structurally resilient
and immunologically prepared for future infections. These
findings have broader implications for understanding tissue-level
changes induced by vaccination and may inform strategies to
improve vaccine efficacy while reducing tissue-related side effects.

Materials and methods
Materials

Squalene was purchased from Echelon Biosciences (Salt Lake
City, UT). Chromatography columns were from GE Healthcare
(Piscataway, NJ). All other reagents were from Sigma or Fisher
Scientific and were chemical grade or higher.

Protein preparation

IpaD, IpaB, and L-DBF were made as previously described (6-
8). Briefly, IpaD, IpaB, and L-DBF were produced in E. coli Tuner
(DE3) cells using IPTG (1 mM) to induce expression. After 3 h, cells
were lysed, the supernatant clarified by centrifugation, and the
proteins purified using standard IMAC (Immobilized metal affinity
chromatography; Cytiva, Marlborough, MA) followed by Q anion
exchange chromatography to remove LPS. IpaD was dialyzed into a
buffer containing 20 mM histidine (pH 7.4), 100 mM NaCl, and 5%
sucrose, and frozen at -80°C. IpaB and L-DBF were co-expressed
with the IpaB chaperone IpgC, which had an N-terminal His, tag.
The IpgC was separated from IpaB and L-DBF by adding 0.05%
lauryl-dimethylamine oxide (LDAO) and then removed via a
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second IMAC step. IpaB and L-DBF were stored in histidine buffer
(20 mM histidine, pH 6.5), containing 100 mM NaCl, 5% sucrose,
and 0.05% LDAO, at -80°C. Endotoxin levels were confirmed to be
<5 EU/mg protein using EndoSafe analysis (Charles River
Laboratories, Wilmington, MA).

Preparation of L-DBF + ME formulations

Squalene (8% by weight) and polysorbate 80 (2% by weight)
were mixed to achieve a homogenous oil phase as previously
described (19). A histidine buffer (40 mM histidine, pH 6) with
20% sucrose was added to the oil phase using a Silverson L5M-A
high-speed mixer at 7,500 RPM. The mixture underwent six passes
in a Microfluidics 110P microfluidizer at 20,000 psi to generate a 4X
emulsion (ME). The antigen was admixed with ME, which was then
adjusted to 1X prior to vaccination.

10.3389/fimmu.2025.1577040

Mice and immunizations

Mouse experiments were approved by the Office of Animal
Research (OAR) and the institutional IACUC at the University of
Missouri (Protocol: 38241). Six-to-eight-week-old female C57BL/6
mice (Charles River Laboratories, Wilmington, MA) were used in
this study. For intranasal administration, 30 pL of either PBS, pH
7.4 (placebo) or 10 ug L-DBE/ME was prepared. Mice were
anesthetized using isoflurane and vaccine formulations
administered intranasally (IN) as previously described (4, 9).
Vaccinations were conducted on Days 0 and 14 (prime and boost,
respectively), with groups of 22 mice divided as follows: 10 for
survival, 4 for pre-challenge immune assessment, 4 for post-
challenge immune assessment, and 4 for spatial transcriptomic
sample collection (Figure 1A). Notably, the survival curve,
antibody titers, cytokine analysis, and spatial transcriptomics were
all conducted within a single animal study.
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The experimental workflow of vaccination and the efficacy of two doses of L-DBF/ME in C57BL/6 mice. (A) In the experimental setup, mice were
vaccinated with PBS (placebo or naive group) or 10 ug L-DBF formulated with ME intranasally, and subsequently challenged with Shigella flexneri 28
days after the final vaccination (Figure created using ). Notably, the data presented in this paper were all conducted within a single animal study. (B)
Survival following challenge with S. flexneri is shown with the percentage of survival over 14 days post-challenge presented for naive (black line) and
vaccinated (red line) mice. Significance was calculated by using Log-rank (Mantel-Cox) test with **p=0.005. (C) Cytokine levels from pre- and post-
infection in naive (black) and vaccinated (red) groups were determined by Meso Scale Discovery analysis as per the manufacturer’s specifications.
They are presented here as pg/ml/10° lung cells. Secretion of different cytokines was noted as a response to either IpaB or IpaD stimulation. Data
were plotted as actual values from individuals + SD (n = 4) in each group. Significance was calculated by comparing groups that were unvaccinated
(PBS) and mice vaccinated with antigens using a Welch t-test. *p<0.05; ***p< 0.001.
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Antibody ELISAs

Blood was collected for serum preparation on Days 27 and 42.
Anti-IpaD and -IpaB IgG titers were measured as previously described
(9). Microtiter wells were coated with 100 ng IpaB or IpaD in PBS,
incubated at 37°C for 3 hours, and blocked overnight with 10% nonfat
dry milk in PBS. Sera were added as the primary antibody for 2 h,
followed by an HRP-secondary IgG antibody (1:1000) for 1 hour.
After washing, OPD (o-phenylenediamine dihydrochloride) substrate
was added, and detection was done at 490 nm via ELISA (enzyme-
linked immunosorbent assay). Endpoint titers were calculated and
represented as ELISA units per ml (EU ml™).

Shigella challenge studies

S. flexneri 2a 2457T challenge strains were grown on tryptic soy agar
containing 0.025% Congo red at 37°C, subcultured in tryptic soy broth
to an A600 of 1.0, and diluted to 1 x 10° CFU in 30 ul PBS for intranasal
(IN) challenge. Mice were monitored for two weeks, with euthanasia
criteria including >25% weight loss or blood glucose <100 mg/dL.
Remaining mice were euthanized on Day 14 post-infection (9). Mice
were euthanized using carbon dioxide (CO,) inhalation with a flow rate
of 10-30% volume/min and following IACUC guidelines. The process
involved gradually filling the chamber with CO, to minimize distress,
followed by confirmation of death based on standard protocols.

Cytokine determinations

Lung cells were collected on day 53 (three days before the
remaining mice were challenged) and incubated with 10 pg/ml
IpaB, IpaD or PBS for 48 h at 37°C, as previously described (9).
Supernatants were analyzed using U-PLEX kits for IFN-y and IL-
17A cytokines. Concentrations were measured via MSD plate reader
and associated software (Meso Scale Discovery, Rockville, MD).

Sample preparation for mouse lung for
spatial transcriptomics

To prepare for tissue collection, isopentane was chilled in a metal
beaker placed on dry ice to ensure rapid tissue freezing. Lung samples
were collected from both naive and vaccinated mice (n=4 per group)
based on a published protocol (20). Mice were sacrificed, and a
laparotomy was performed to expose the thoracic cavity. Lungs were
perfused via a tracheal needle with an Optimal Cutting Temperature
(OCT)/PBS solution (1:1) (20). After inflation, extracted lungs were
rinsed in OCT, coated with room-temperature OCT in a pre-cooled
cryomold, and placed in chilled isopentane until OCT solidified and
turned white (20). Samples were stored at -80°C for subsequent cryo-
sectioning and analysis.

Tissue sectioning, staining and imaging

Tissue samples were cut using a Leica CM3050 S cryostat (Leica
Biosystems, Deer Park, IL), and 10 um thick sections were placed on
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capture areas of Visium spatial gene expression slides vl (10X
Genomics, Pleasanton, CA), as described previously (21). Slides
were fixed in pre-chilled methanol (-20°C) for 30 minutes and
stained with Mayer’s hematoxylin for 7 minutes. Sections were
washed in nuclease-free water, incubated in bluing buffer (Dako) for
2 minutes, counterstained with eosin for 1 minute, briefly rinsed,
and dried on a slide warmer at 37°C for 5 minutes. Images of
individual capture areas with stained sections were acquired using a
Zeiss Axiovert 200M motorized microscope (Carl Zeiss
Microscopy, White Plains, NY) with a 5x Plan Apochromat
objective and a Leica DFC290 camera. Image tiles were stitched
using Metamorph software (Molecular Devices, LLC, San Jose, CA).
The pixel size of the final composite images was 1.275 pm.

Permeabilization, reverse transcription,
second strand synthesis, and cDNA PCR
amplification

The optimal enzymatic permeabilization time for the tissue type
was pre-determined using the 10X Genomics Tissue Optimization
kit, as described previously (21). The stained and imaged slides were
incubated in the permeabilization enzyme solution for 8 min at
37°C. Following the permeabilization wash step, the reverse
transcription master mixture was added and incubated for 45 min
at 53°C. After degradation of the mRNA with KOH, the second
strand synthesis was carried out for 15 minutes at 65°C by adding a
second strand mixture containing the second strand enzyme and
primer. The second strand cDNA was released by denaturation of
the double-stranded cDNA with KOH, neutralized with 1 M Tris-
HCI and transferred from the slide section to an 8-tube strip. After
determinating the optimal PCR cycle number by KAPA SYBR
FAST qPCR Master Kit, the cDNA was amplified for 15 cycles
using the PCR cycling conditions provided in the 10X Genomics
Visium Spatial Gene Expression protocol. The cDNA was purified
using 0.6X AxyPrep Mag magnetic beads. The quality and
concentration were confirmed by the Fragment Analyzer
(Agilent) using the High Sensitivity NGS Kkit.

Spatial gene expression library
construction

The cDNA library for the Illumina platform was prepared by
following the 10X Genomics spatial gene expression library
construction protocol, as described previously (21). Briefly, the
double-stranded cDNA was fragmented, the end was repaired, and
an A-tail was added in a single step. The A-tailed fragments were size
selected using double-sided AxyPrep Mag magnetic beads with a
bead-to-reaction solution ratio of 0.6X for the first step and 0.8X for
the second step. The adaptor was ligated and purified with 0.8X
AxyPrep Mag magnetic beads. The final Illumina libraries were
amplified by PCR, which added the sample dual indexes. The PCR
amplified libraries were purified and size selected using double-sided
AxyPrep Mag magnetic beads with a bead-to-reaction solution ratio
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of 0.6X for the first step and 0.8X for the second step. The individual
library was analyzed by Fragment Analyzer (Agilent) to determine
the quality and average fragment size and quantified using the Qubit
(Invitrogen) DNA assay. The libraries were pooled in equal molar
ratios with a total concentration of 5 nM and sequenced on the
Iumina Novaseq 6000.

VST analysis

The analysis of spatially resolved RNA-seq data was completed in
Rv4.4.1 (22) with Seurat v5.1.0 (23). The VST data were clustered on a
per-spot basis. In brief, these samples were merged, normalized via the
SCTransform method (24), processed via PCA, and then clustered
according to the default Seurat method (resolution = 0.1). Positive
cluster markers were identified after filtering genes according to the
following criteria: the minimum log, fold-change between populations
must be at least 0.5, and at least 50% of the spots in either population
must express the gene of interest. For each cluster, differentially
expressed genes between the naive and vaccinated conditions were
identified after filtering the genes with the same fold-change threshold
and a population threshold of 5%, providing a more comprehensive
view of gene expression patterns in these two groups.

Cell communication analysis

The communication analysis was completed in R v4.4.1 (22)
with CellChat v2.1.2 (25), using the mouse database of ligand-
receptor pairs. Default package functions were used to identify over-
expressed genes/interactions, compute the communication
probability for signaling pathways, and perform differential
communication analysis.

Statistical analyses

GraphPad Prism 8.1.2 was used to prepare data and perform
statistical analyses. Using Dunnett’s multiple comparison test,
PBS groups were compared with the other vaccinated groups. A
p-value below 0.05 was considered significant (*p < 0.05, **p < 0.01,
***p < 0.001).

Results

Two-dose regimen (one prime and one
boost) of the intranasal L-DBF/ME
formulation elicits moderate protection
and potent Thl7 immune responses in
C57BL/6 mice against lethal Shigella
challenge

Our previous studies showed that L-DBF in an oil-in-water
emulsion called ME (L-DBF/ME) admixed with the TLR-4 agonist
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and lipid A analogues BECC438 or BECC470 could induce effective
protection against Shigella spp. infections in young BALB/C mice (4).
To simplify the formulation, we assessed the immune response elicited
by a two-dose intranasal regimen (one prime and one boost) of 10 pg
L-DBF/ME without BECC before and after a lethal Shigella challenge
in female C57BL/6 mice, a strain that provides a more genetically
relevant background for studying Shigella infections and immune
responses due to its broader use in immunological research (6-8
weeks; n=22, 10 for survival, 4 for pre-infection necropsy, 4 for post-
infection, 4 for VST; all data were all conducted within a single animal
study.) (Figure 1A) (26). Half of the C57BL/6 young mice vaccinated
with 2 doses of 10 ug L-DBF/ME survived the challenge (1 x 10° CFU/
mouse), while all mice in the PBS group rapidly succumbed to the
challenge (p=0.005; Figure 1B, Supplementary Figure S1A).

We next evaluated the immune responses for identically treated
mice prior to challenge to identify differences in antibodies and
cytokine secretion induced by the L-DBF/ME formulation.
Elevated anti-IpaD and -IpaB IgG were observed in response to
vaccination (Supplementary Figure SIB). Furthermore, elevated
secretion of IL-17 was seen in the lungs before and after Shigella
infection (Figure 1C). This cytokine response is indicative of a
potent Th17 immune responses after only two doses of the
vaccine, thereby suggesting an effective cellular immunity and
controlled inflammation.

The spatial expression map displays the
higher expression of key gene markers in
vaccinated mice compared to naive mice

Using the 10x Genomics Visium spatial gene expression
platform, we generated spatial transcriptomes for lung sections
from naive and vaccinated mice (n=4, Figure 2A). Barcoded spots
for 10-um thick sections were printed on the capture areas (6.5 mm
x 6.5 mm) in Visium slides (21). From these spots, we initially
identified the spatial expression maps which revealed significant
differences in the location and intensity of gene expression between
the naive and vaccinated groups. We focused on markers such as B-
cell markers (Cd19, Cd79a; Figure 2B Left, Supplementary Figure
S2), T-cell markers (Cd4, Cd3e, Cd8a; Figure 2B Right,
Supplementary Figure S3), macrophage markers (Fcgrl) (27),
eosinophil markers (Prg2) (28), and pro-inflammatory cytokine
markers (Tnf) (29) (Supplementary Figures S4, S5). In the naive
(placebo) group, the expression of each focused marker was
minimal and dispersed, suggesting a baseline, non-activated state
of immune cells throughout the tissue.

In the vaccinated group, localized increases in Cd19, Cd3e, Cd4,
Cd79a, Cd8a, Fcgrl, Tnf and Prg2 expression were observed,
particularly in samples B_V3 and D_V1 (Figure 2B, Supplementary
Figures S2-S5). We observed a similar spatial distribution trend for B
cell-related markers (Cd19, Cd79a) across the lung samples of all
vaccinated mice. Those patterns, however, differed from the
distribution of T cell-related markers (Cd4, Cd3e, Cd8a). Increased
expression of these immune related markers within regions suggested
there is localized immune activation in vaccinated lungs.
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Distinct cell clusters characterized by
unique gene expression profiles are seen
within the mouse lung after vaccination

We quantified the marker genes for cell clusters based on log, fold-
change, selecting the top 10 markers from each cluster for further

analysis. These selected markers were then used to annotate the clusters
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by referencing the Mouse Cell Atlas (https://bis.zju.edu.cn/MCA/).
This annotation process identified five major cell types across the
clusters (Figure 3A): Cluster 0- Alveolar type 2 (AT2) Cells; Cluster
1-Fibroblasts; Cluster 2-Club cells; Cluster 3-Cardiomyocytes;
Cluster 4-Smooth Muscle and Epithelial cells (Figure 3B,
Supplementary Figure S6A). Notedly, the detection of

cardiomyocytes likely reflects their anatomical proximity to the
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represent different clusters (Alveolar type 2 (AT2) cells; Fibroblasts; Club cells; Cardiomyocytes; Smooth Muscle and Epithelial cells) identified within

the tissue samples. (B) Integrated cluster markers with gene expression levels for each cluster. Dot size represents the percentage of cells expressing
the gene, and color intensity reflects the average expression level. (C) Distribution of cells across clusters for each sample (A_N1, B_V2, A_N3, B_V3,
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pulmonary veins and bronchi (30). While Cluster 4 was exclusively
identified in section D_V4, our analysis in this study primarily
focused on Clusters 0-3 (Figure 3C, Supplementary Figure S6B).
Across all spots corresponding to the clusters 0-3, there was a
generally higher expression of genes related to B-cell and T-cell
activation and antigen presentation (Figure 4). The expression
levels of Igha, Igkc, Jchain, and Pigr were notably higher and

10.3389/fimmu.2025.1577040

more widespread in vaccinated mice across these cluster-specific
spots (Cluster 0-3: p < 0.05, Figure 4 Blue), whereas in naive
samples, these genes exhibited lower expression and were
confined to specific clusters (Figure 4 Red). The genes H2-KI,
H2-DI, H2-Abl, and B2m showed broad expression across all
cluster-specific spots in both naive and vaccinated groups, but the
expression levels were significantly higher in vaccinated mice
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Violin plots are shown comparing the expression levels of selected immune-related genes across different cell clusters (Alveolar type 2 (AT2) cells;
Fibroblasts; Club cells; Cardiomyocytes) identities in naive and vaccinated groups. Each plot represents a different gene, including Cd79a, Igha, Igkc,
Jchain, Pigr, H2-K1, H2-D1, Ly6i, Cd19, Cd3e, Cd4, B2m, H2-Ab1, S100a8, and S100a9. The x-axis labels cell cluster identities, and the y-axis
represents expression levels. Pink represents the naive group, while blue indicates the vaccinated group.
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(Cluster 0-3: p < 0.05, Figure 4). The expression levels of B-cells
related markers Cd19 and Cd79a were higher and showed wider
spatial distribution across lung tissue sections in vaccinated mice,
particularly in spots within Cluster 1 and 3 (Supplementary Table
S2, Figure 4). T-cell markers like Cd3e (Cluster 0-3), Cd4 (Cluster 0,
1, 3), Cd8a (Cluster 1) showed modestly higher expression in
vaccinated groups across these cluster-specific spots (Naive vs.
Vaccinated: p<0.05 with an average log, fold-change of -2.7),
suggesting a detectable T-cell mediated response, which is critical
for effective adaptive immunity (Supplementary Table S2, Figure 4).

Interestingly, the Ly6i expression was found to be moderately
increased across all spots corresponding to the four clusters in the
vaccinated group compared to the naive group (Figure 4),
indicating enhanced activation or priming of T-cells and myeloid
cells in response to vaccination. In contrast, the expression levels of
§100a8 and S100a9 following vaccination showed either a minimal
increase or small reduction in most cluster-specific spots (notably in
Cluster 0; Naive vs. Vaccinated: p<0.05 in cluster 0-3 with an
average log, fold-change of 1.4), compared to their expression
levels in naive mice. These two markers are involved in
inflammatory responses, specifically associated with neutrophils
(31, 32). Lack of their significant upregulation in the lung of
vaccinated mice suggests that the vaccination did not induce
inflammation or neutrophil activation at 28 days after the last
vaccination (Supplementary Table S2, Figure 4). This
comprehensive expression profile in cluster-specific spots
underscores the capacity of intranasal L-DBF/ME to enhance
both humoral and cellular immunity, which are both pivotal for
protecting against Shigella infection.

The changes in cell communication among
different cell clusters post-vaccination

To delve deeper into the changes in cell communication among
different cell clusters following the intranasal vaccination of L-DBF/
ME, we used CellChat to visualize the aggregated cell-cell
communication network between specific clusters (AT2 cells,
Fibroblasts, Club cells, and Cardiomyocytes) (25). The
interactions between most of the clusters remained stable, with no
substantial changes in connection strength or patterns (Figure 5A),
however, the most prominent shift observed post-vaccination was
the increased communication between AT2 cells (Cluster 0) and
cardiomyocytes (Cluster 3). In contrast, a detectable reduction in
interaction strength was noted between fibroblasts (Cluster 1) and
club cells (Cluster 2), as well as between AT2 cells (Cluster 0) and
club cells (Cluster 2).

Analysis of the differential communication heatmap generated
from the VST provided a comprehensive insight into the shifts in
cellular communication within lung tissue post-vaccination
(Figure 5B). The decrease in both the number (Figure 5B Left)
and strength (Figure 5B Right) of fibroblast self-interactions
(Cluster 01 to 01) indicated that fibroblasts were less engaged in
repair processes within the lung tissue post-vaccination. This
suggests that the vaccine enhanced the stabilization of the lung
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tissue, reducing inflammation and tissue damage, minimizing the
need for fibroblast-driven repair and ECM (extracellular
matrix) production.

The increased communication to cardiomyocytes (Cluster 03)
from both AT2 cells (Cluster 00) and other cardiomyocytes
(Cluster 03) pointed to a greater focus on vascular integrity and
support (Figure 5B). The vaccine potentially triggers mechanisms
that enhance the ability of the lung to manage blood flow and
vascular stability during immune responses. The reduced
signaling between AT2 cells, fibroblasts, and club cells reflected
a shift away from ongoing tissue repair and maintenance,
indicating that IN vaccination of L-DBF/ME had reduced the
inflammatory burden (Figure 5B). This allowed a pulmonary focus
on immune defense rather than tissue repair, optimizing the tissue
environment for a more controlled and efficient immune response
to the pathogen.

Furthermore, we found significant differences in signaling
pathways between naive and vaccinated groups (Supplementary
Figure S7). In the naive group, fibroblasts exhibited strong outgoing
signaling through pathways such as Collagen, Laminin, Thbs
(Thrombospondin), and Tenascin, all of which are involved in
tissue structure and ECM interactions (Supplementary Figure S7
Left) (33). These pathways also showed strong incoming signaling
in the AT2 cell cluster, indicating significant ECM-related
communication between these cell types. In contrast,
cardiomyocytes demonstrated minimal outgoing and incoming
activity in most of these pathways in the naive group
(Supplementary Figure S7 Left).

After intranasal vaccination of L-DBF/ME, AT2 cells and
cardiomyocytes showed increased outgoing signaling in Collagen,
Laminin, Thbs, and Tenascin pathways. In contrast, fibroblasts
showed reduced outgoing signaling in the same ECM-related
pathways (Supplementary Figure S7 Right). Fibroblasts and club
cells exhibited reduced incoming signals in these structural
pathways, suggesting less emphasis is placed on ECM interactions
for these cells post-vaccination. Interestingly, Laminin showed
increased incoming signaling in cardiomyocytes, while Thbs and
Tenascin were reduced (Supplementary Figure S7 Right). Moreover,
fibroblasts showed increased outgoing signaling in ICAM, VCAM,
and IGFBP pathways, which are important for cell adhesion and
migration in immune responses (34, 35). For cardiomyocytes, both
outgoing and incoming signaling in these immune-related
pathways increased, reflecting the dual role of cardiomyocytes in
supporting immune readiness while maintaining vascular integrity
post-vaccination (Supplementary Figure S7 Right).

Discussion

Shigellosis remains a significant global public health issue,
especially in regions with inadequate sanitation infrastructure (1).
Climate change exacerbates its spread through extreme weather
events (1). Vaccination to prevent shigellosis is sorely needed,
particularly for vulnerable populations (4). Intranasal vaccination
stimulates mucosal immunity that can target respiratory and
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A network analysis of cellular interactions and their dynamics in response to treatment. (A) Network diagrams illustrating the number of interactions
(left) and interaction weights/strengths (right) among different cell clusters (Alveolar type 2 (AT2) cells; Fibroblasts; Club cells; Cardiomyocytes) in
both naive and vaccinated groups. The lines connecting clusters vary in color and thickness, indicating the interaction strength and frequency.

(B) Heatmaps of the differential number of interactions (left) and interaction strength (right) between clusters in vaccinated versus naive groups,
with color intensity representing the degree of change and bars indicating specific values.

gastrointestinal-associated lymphoid tissues, with the latter being  effective defense against Shigella invasion in the gut (36).
where Shigella infections initiate (11). By promoting robust  Our 'previous studies showed that the intranasal administration
immune responses at mucosal surfaces, intranasal vaccines can  of three-dose regimen (one prime and two boosts) of L-DBF/ME
enhance both local and systemic protection, providing a more  formulation intranasally provides effective protection against lethal
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Shigella infection in a mouse pulmonary model (4). Administering a
two-dose regimen (one prime and one boost) of L-DBF/ME allowed
us to evaluate the minimum effective vaccination regimen while
balancing efficacy and logistical feasibility (37). Reducing the
number of doses could simplify vaccine administration and
improve compliance while still achieving significant immune
protection against Shigella infections (3). In this study, we
demonstrate that two doses of the L-DBF/ME vaccine induced
effective immune responses in mice, providing >50% protection
against lethal Shigella infection. Intranasal L-DBF/ME elicited both
humoral and cellular immune responses, including a primed Th17
response, as evidenced by the ability of lung immune cells to secrete
IL-17A upon antigen stimulation, along with increased antibody
production. Unlike findings from previous studies involving three
vaccine doses, we did not observe a significant increase in IFN-y
levels upon antigen stimulation (4). This suggests that the two-dose
regimen of L-DBF/ME vaccination might not fully stimulate the
Th1 pathway, which may be critical for robust protection against
Shigella. This would explain why the two vaccine doses don’t confer
complete protection compared to the higher efficacy previously
shown with three doses.

The spatial transcriptomic data presented here demonstrate
that the two doses of intranasal L-DBF/ME successfully induce a
coordinated immune defense at a mucosal site. In vaccinated mice,
the localized upregulation of B-cell markers (Cd19, Cd79a) and T-
cell markers (Cd3e, Cd4, Cd8a) showed strong adaptive immune
system activation. When analyzing the outcomes of cell clusters, we
found that B-cell activation markers were primarily found in
fibroblasts and cardiomyocytes cluster-specific spots, suggesting
that these cell types were important in facilitating B-cell
activation or interactions in the lung environment post-
vaccination (Supplementary Table S2) (38, 39). In contrast, T-cell
markers were more broadly distributed across all cluster-specific
spots, with high expression in spots corresponding to fibroblasts,
indicating that fibroblasts were also vital in T-cell activation and
immune regulation throughout the lung (Supplementary Table S2).
This widespread expression of T-cell markers across various cluster-
specific spots suggested that L-DBF/ME could induce a coordinated
and well-distributed adaptive immune response, ensuring that
multiple cell types were engaged in immune surveillance and
activation against Shigella infection (38). Given the limited
resolution of VST, it is possible that these signals in cluster-
specific spots partly reflect ambient RNA from neighboring
immune cells or transient paracrine signaling effects in the tissue
microenvironment (40). Nonetheless, the concentration of immune
markers in cluster-specific spots, particularly in these fibroblast-
associated spots, suggested enhanced immune cell presence and
communication in fibroblast regions, supporting the possibility that
fibroblasts participate in immune interactions post-vaccination.
Due to these limitations, further studies are needed to distinguish
between direct expression by specific cell clusters and potential
spatial proximity effects.

We also observed broad increases in the expression of Fcgrl,
Lyé6i, and Prg2 across most clusters (Figure 4, Supplementary Table
§2), further indicating the recruitment of macrophages and

Frontiers in Immunology

11

10.3389/fimmu.2025.1577040

eosinophils, which are important in cytotoxic responses and
pathogen clearance (41). Moreover, we found that L-DBF/ME
primed lung immune cells for an IL-17 response upon antigen
stimulation while maintaining immune homeostasis in the absence
of infection (Figure 1C, Supplementary Table S8A left) (42). This is
indicated by the lack of sustained upregulation at the transcriptomic
level of Il17a and other neutrophil-related genes (Cxcr2, Camp,
Ly6g) at 28 days after last vaccination (Supplementary Table S8B).
Additionally, the observed down-regulation of $100a8 and S100a9
in vaccinated animals further supports the notion that
inflammation was effectively regulated, preventing excessive
neutrophil-driven responses while preserving immune readiness
for pathogen challenge (31, 32). This suggests that L-DBF/ME not
only boosts immune activation but also helps to control excessive
inflammation, preventing potential tissue damage while
maintaining a robust defense against the pathogen.

These outcomes indicate an increase in fibroblast numbers and
changes in their communication patterns post-vaccination with L-
DBEF/ME. This suggests that fibroblasts, traditionally considered to
be structural cells, may take on a somewhat specialized role in the
lung immune microenvironment following intranasal vaccination
of L-DBF/ME. Prior research has shown that reprogramming
fibroblastic stromal cells (FSCs) in the lung is essential for
maintaining protective memory CD8+ T cells and long-term
immune protection via creating microenvironmental niches post-
vaccination (43). We observed that the expression of Cd8a, a typical
marker for CD8+ T cells, was exclusively found in those spots that
also express the fibroblast cluster post-vaccination. These findings
hint at a possible role for fibroblasts in immune-related processes
following L-DBF/ME vaccination, though additional studies are
required to confirm any direct reprogramming effect (43).
Moreover, the reduced interaction between fibroblasts and other
cell types following L-DBF/ME vaccination, along with decreased
fibroblast-related self-interactions (typically involved in ECM
production and tissue repair), suggests that fibroblasts have
shifted away from their traditional role in maintaining tissue
structure (17). These post-vaccination changes in signaling
pathways further highlighted a shift in the functional roles of
fibroblasts from ECM-related pathways to immune pathways like
ICAM, VCAM, and Mif. While these observations imply that
fibroblasts participate in immune interactions, further studies are
needed to confirm whether these shifts are active in immune
regulation or are secondary effects within the lung environment
post-vaccination (17).

The presence of cardiomyocytes in pulmonary veins has been
noted previously (30), but their potential role in immune regulation
and vascular integrity within the lung environment remains
unexplored. This study provides novel evidence suggesting that
lung-associated cardiomyocytes may actively contribute to immune
responses, offering a new perspective on cardiomyocyte function
beyond the heart (18, 44). The detection of cardiomyocytes, typically
found in heart tissue, in our lung samples was likely due to the
proximity of our collection site near the main bronchi and the
pulmonary veins, which carry oxygenated blood from the lungs to
the heart (30). Following intranasal L-DBF/ME vaccination, lung-
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associated cardiomyocytes potentially contribute to vascular stability
through enhanced ECM signaling, particularly for Laminin, while
also being activated in immune regulation by influencing both
outgoing and incoming immune signals (30). The increased ICAM
and VCAM signaling observed post-vaccination suggested that
cardiomyocytes facilitated immune cell adhesion and migration,
supporting the recruitment of immune cells such as T cells and
macrophages (30, 45). This modulation points to the potential for
vaccines to leverage these pathways to induce a broader systemic
immune response, with further investigation needed to confirm these
functional roles. Additionally, the proximity of these cardiomyocytes
to the pulmonary veins, which are directly connected to the
circulatory system, further support the idea that immune responses
initiated in the lungs can extend systemically (45). These findings
suggest that L-DBF/ME triggers localized and systemic immune
responses, underscoring its potential as a broad-spectrum
protective vaccine, even in the gut. Further studies are needed to
validate these observations and elucidate the mechanistic pathways
through which cardiomyocytes influence pulmonary immune
regulation and vascular dynamics.

In conclusion, two intranasal L-DBF/ME vaccination doses
induced robust humoral and cellular immune responses in mice,
offering moderate protection against lethal Shigella infection. While
IFN-vy levels did not increase significantly upon antigen stimulation,
the L-DBF/ME vaccine primed lung immune cells for a Th17
response, highlighting its potential for mucosal immunity.
Additionally, beyond classical immune cell activation, intranasal
L-DBF/ME appeared to influence fibroblasts and cardiomyocytes,
potentially enhancing immune regulation and vascular integrity.
This study provides new insights into the roles of non-immune
cells, such as fibroblasts and cardiomyocytes, in regulating
immunity and maintaining vascular stability in the lung. This
highlights a potential novel function for cardiomyocytes in
immune responses beyond their traditional role in cardiac
physiology and shows how these cells contribute to immune
defense following vaccination. Furthermore, the findings
demonstrate the potential of intranasal vaccines to enhance
mucosal immunity, offering improved long-term protection
against Shigella and other mucosal pathogens.
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