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Abstract

Cardiac lymphatic vessels actively regulate immune responses after injury. Intercellular cell
adhesion molecule-1 (ICAM-1), a cell surface glycoprotein, extensively expresses in
endothelial cells and participates in inflammatory processes by regulating leukocyte
recruitment from circulation. However, the specific role of lymphatic endothelial cells
(LECs) Icaml in regulating the immune microenvironment associated with myocardial
infarction (MI) remains elusive. In this study, we generated an LEC-specific Icaml
conditional knockout (cko) model and performed single-cell RNA and spatial transcriptome
sequencing to evaluate the cellular dynamic features at 3-, 7-, 21-, and 42- days post-MI. Our
results showed that the deletion of Icam! in LECs led to increased inflammation and fibrosis,
indicating aggravated cardiac damage. We identified alterations in cell type-specific
proportions and molecular signatures in Icamlcko group. Notably, the activation of
neutrophil and macrophage subsets with pro-inflammatory properties are key features in
Icamlicko group. Cellular interaction analysis revealed that /caml knockout might obstruct
immune cell drainage via LEC-specific ICAM signaling. Additionally, accumulated
pro-inflammatory cell populations further attracted immune cells via CXCL crosstalk,
resulting in the further destruction of immune microenvironment in I/camlicko hearts.
Collectively, our findings indicate that LEC Icam ! might be a potential therapeutic target for

improving post-MI outcomes.

Keywords: Myocardial infarction; Lymphatic endothelial cells; Icaml,; Single-cell RNA

sequencing; Spatial transcriptome sequencing
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INTRODUCTION

Myocardial infarction (MI) remains the leading cause of morbidity and mortality worldwide
(Heusch et al., 2014). The ischemic insult results in widespread cardiomyocyte death,
initiating a cascade of inflammatory responses and fibrotic remodeling (Prabhu and
Frangogiannis, 2016; Weil and Neelamegham, 2019). Persistent inflammation and excessive
fibrosis contribute to adverse cardiac remodeling and are key drivers in the progression to

heart failure (Heusch and Gersh, 2017).

Recent studies have highlighted the critical role of the cardiac lymphatic vasculature in
modulating immune responses and facilitating tissue repair after MI. Lymphatic remodeling
occurs in both infarcted and peri-infarct regions in human and animal models (Houssari et al.,
2020). A key function of cardiac lymphatics is to promote the resolution of inflammation
through the drainage of immune cells and interstitial fluid (Vieira et al., 2018), making them

an emerging therapeutic target for limiting post-MI edema and chronic inflammation.

In addition to fluid clearance, lymphatic endothelial cells (LECs) actively participate in
shaping immune cell behavior. Lymphangiogenesis is initiated within 3—4 days post-MI,
coinciding with the peak infiltration of innate immune cells (Klotz et al., 2015; Wang et al.,
2023). Immunostaining studies have demonstrated colocalization of newly formed lymphatic
vessels and myeloid cells, implicating a role for LECs in modulating local immune activity
(Vieira et al., 2018). Experimental promotion of cardiac lymphangiogenesis via vascular
endothelial growth factor (VEGF) delivery enhances lymphatic expansion and reduces
leukocyte accumulation, ultimately improving cardiac function (Dieterich et al., 2014; Vieira
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et al., 2018; Vivien et al., 2019). Collectively, these findings underscore the importance of
lymphatic-immune interactions in post-infarction remodeling (Brakenhielm et al., 2021;

Henri et al., 2016).

Intercellular adhesion molecule 1 (ICAMI1) is a well-characterized adhesion receptor
expressed on endothelial surfaces, where it mediates leukocyte adhesion and trans-endothelial
migration  (Bui et al., 2020). ICAM1 is involved in diverse inflammatory processes,
including leukocyte trafficking, effector activation, and tissue clearance (Lawson and Wollf,
2009). Our previous work identified Icaml as a direct transcriptional target of Tbx1 that
mediates recruitment of immunosuppressive regulatory T cells (Tregs) in the infarcted heart
(Wang et al., 2023). Notably, conditional deletion of Icaml led to aberrant expansion of
cytotoxic CD8" T cells at 7 days post-MI, suggesting a role in immune resolution. However,
the broader role of lymphatic /cam! in orchestrating immune cell dynamics during cardiac

remodeling remains poorly defined.

In this study, we generated lymphatic-specific Icam! conditional knockout (IcamIcko) model
by crossing Icam 1/¥fox with Prox1¢¢ERT2 mice, and induced recombination by tamoxifen
administration one week prior to MI. To comprehensively characterize the temporal and
spatial immune landscape, we performed single-cell RNA sequencing (scRNA-seq) and
spatial transcriptomic profiling (ST-seq) of cardiac tissue at 3-, 7-, 21-, and 42-days post-MI
(dpMI). Our findings demonstrate that deletion of /caml in LECs exacerbates inflammation
and fibrosis, and perturbs the immune microenvironment through both direct LEC—immune

cell interactions and altered inter-immune cell crosstalk. These results uncover a critical role
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97  for lymphatic Icaml in shaping immune responses and tissue remodeling in the post-infarct
98  heart, providing new insights into therapeutic strategies targeting LECs in cardiovascular

99  disease.

100
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101  MATERIALS AND METHODS
102  Animals

103 All mouse experiments were performed according to the guidelines of the Ethics Committee
104  of BGI (permit No. BGI-IRB 20A22037), and the Institutional Animal Care and Use
105 Committee of Shanghai Children’s Medical Center affiliated to Shanghai Jiao Tong
106  University School of Medicine. Mice used in this study were housed under specific
107  pathogen-free conditions at the animal facility of Shanghai Children’s Medical Center.
108  Strains used were ProxI¢<ERT? (Bazigou et al., 2011) and Icam1° (Xu et al., 2004) on the
109  C57BL/6 background. Experiments were performed on both male and female mice between 8
110 and 12 weeks of age. ProxICeERT?; Jeqm I+ mice were bred with Icaml/ox mice to
111 generate ProxICeERT2;  [cam1/o¥flox as  Jecaml conditional knockout (Icamlcko), and
112 Icaml/*flox was used as control. To activate recombination, we injected tamoxifen at 1week

113 before MI surgery for both control and /camIcko mice.
114  Establish myocardial infarction model

115  Myocardial infarction was induced via the left anterior descending (LAD) coronary artery
116  permanent ligation as previously described (Wang et al., 2023). Briefly, animals were
117 anesthetized with 3%-5% isoflurane. A small skin incision was made at the fourth intercostal
118  space on the left side of the sternum to expose the heart, and the left coronary artery was
119 ligated with nylon thread. The heart was subsequently replaced into the thoracic cavity, and

120 the chest closed. Sham animals have only opened the chest, except for the coronary ligation.
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121 Mice in the MI groups were euthanized by CO,; inhalation and hearts were harvested 3, 7, 21,

122 and 42 days after surgery, respectively.
123 Single-cell RNA sequencing

124 Heart tissues were collected from the infarct region of the left ventricle at 3, 7, 21, and 42
125 dpMI. Single-cell suspension was prepared as previously described (Han et al., 2022). For
126 each experimental condition, heart tissues were first rinsed and minced into 1 mm pieces on
127 ice, then the minced tissues were pooled and digested in tissue dissociation media (0.1%
128  Collagenase with 2.5 U/ml Dispase II, 9:1 in volume) for 40 minutes in 37 °C water bath,
129  pipetted every 5 minutes, to ensure an adequate number of cells and a robust representation of
130 cardiac cell types. Single-cell suspension was passed through a 40 pum filter. Cells were
131 stained with APC Rat anti mouse CD45 (BD Pharmingen, 559864), incubated with Anti-APC
132 microbeads (MACS,130-090-855). The cDNA synthetization, amplification and library
133 construction steps were performed based on a standard protocol. Libraries were sequenced on

134  DNBSEQ-T1 sequencers.
135 Spatial transcriptome sequencing and processing

136 We used the Stereo-seq platform for the spatial transcriptomics experiments, and the
137 Stereo-seq procedures were prepared as previously described (Chen et al., 2022). Briefly,
138 heart samples below the surgical cross-section were removed and rinsed with cold PBS. Then,
139 the tissues were immediately snap-frozen with precooled TissueTek OCT in dry ice. The
140  OCT blocks were stored in a -80 °C refrigerator before further operation. First, we performed

141  quality control according to RNA integrity number (RIN) before the experiment begins. All

8
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142 samples were required to have an RIN greater than 7 for the transcriptomic study.
143 Subsequently, the OCT-embedded mouse heart was cryosectioned into 10 um thick sections
144 in a Leica CM1950 cryostat. We adhered the tissue section of each sample to the surface of
145 Stereo-seq chip after cryosection, incubated at 37 °C for 5 minutes, and then were fixed in
146 20 °C methanol for 40 min. The sections on chips were stained with nucleic acid dye for
147 ssDNA visualization according to the manufacturer’s guidelines. Images of ssDNA were
148 acquired with a Ti-7 Nikon Eclipse microscope. For permeabilization, the tissue sections
149 placed on the chip were permeabilized using 0.1% pepsin (Sigma, USA) in 0.01 mol/L HCI
150  buffer at 37 °C for 18 min and then washed with 100 mL 0.13 saline-sodium citrate (SSC)
151  buffer supplemented with 0.05 U/mL RNAase Inhibitor. mRNAs captured by DNBs on the
152 chip were reverse transcribed at 42 °C overnight. The chips were washed twice with 0.1 X
153 SSC after in situ reverse transcription and incubated in tissue removal buffer at 37 °C for 30
154  minutes. The chips were finally washed once with 0.1 x SSC after the tissue removal buffer
155  was removed, and then the chips were immersed in the cDNA Release Mix overnight at
156 55 °C to release the cDNA. The released cDNAs on the chip were further fragmented,
157  amplified, and purified to generate a DNA nanoball (DNBs) library according to the
158  manufacturer’s protocol (Liu et al., 2019). Final DNBs were loaded into the patterned Nano

159  arrays and sequenced on the MGI DNBSEQ-Tx sequencer (MGI, China).
160  ScRNA-seq data analysis

161  Raw sequencing data processing (alignment, filtering, and UMI counting) was performed

162 using CellRanger toolkit (v2.1.0.) (Zheng et al., 2017). The cDNA reads were mapped with a
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163 mouse genome reference (mm10). The public raw count matrices from each dataset included
164  in this analysis were downloaded from the GEO database. We convert count data into Seurat
165  objects using R package Seurat (v4.0.2) (Butler et al., 2018). For quantity filtering, dead cells
166  and low-expression genes were identified respectively by high mitochondrial percentage (>
167  15%) and low gene/feature counts per cell (< 5) and filtered out. The cells that expressed less
168 than 200 unique genes or 500 UMIs were removed. Then, Lognormalize with scale factor =
169 10,000 was performed on all cells to eliminate the influence of technical factors such as
170 sequencing depth. In different batches of integrated data, “FindVariableFeatures” function in
171 Seurat was used for feature selection, and 2000 highly variable genes were selected for
172 downstream analysis. The integrated cells were constructed in the top 50-dimensional PCA
173 space to construct a KNN graph performed Louvain clustering with the “FindClusters”
174  function and visualized the data using UMAP dimensionality reduction. After confirming the
175  existence of the batch effect, we used Harmony (v1.2.0) (Korsunsky et al., 2019) to integrate
176  the data of different batches and re-clustered and visualized. We annotate the obtained cell
177  clusters by combining the reported cell markers and the cluster markers identified under the
178  default parameters of “FindAllMarkers”. For the cell subpopulations, we perform the above

179  steps under the selected main cell cluster.
180  Spatial transcriptome sequencing data analysis

181  The raw Fastq data was processed according to the method described in the Stereo-seq paper
182 (Chen et al., 2022). CID sequences(1-25bp) were first mapped to the designed coordinate,

183 which allows 1 base mismatch due to PCR errors. Reads containing MID sequences with low

10
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184  quality (either N or more than 2 bases with quality score < 10) were filtered out. Retained
185  reads were then aligned to the reference genome STAR. Finally, the information above were
186  used to generate a CID-containing expression profile matrix. MID counts and CIDs of 50 %
187 50 DNBs were merged as one bin50. Then the new expressing profile was used to obtain
188  spatial coordinates-genes expression matrix for subsequent analysis. We convert the raw
189  expression matrix into Seurat objects using R package Seurat (Butler et al., 2018) (v4.0.2)
190  function “CreateSeuratObject”. The samples were filtered by gene number, MID counts
191  (nUMI _counts), and mitochrondial percentage (mt counts < 15%) of each -cellbin
192 (nFeature RNA > 200, nCount RNA > 500). The filtered spots were normalized using

193  Lognormalize function.
194  Cell segmentation and cell type deconvolution

195  First, the StereoCell (Li et al., 2023b) Python package was used for cell segmentation and cell
196  correction of the Stereo-seq data. Unique molecular identifiers from all DNBs in the same
197  putative single cell (referred to as a cellbin) were aggregated, representing the transcriptomic
198  profile for downstream analyses. Next, we implemented cell-type identification of cellbin by
199 integrating it with our scRNA-seq raw expression matrix using Cell2location (v0.1.3)
200  (Kleshchevnikov et al., 2022). The scRNA-seq data was trained as the reference data using a
201  negative binomial regression model. Taking the reference data as input, we fitted a
202 cell2location model with hyperparameter N _cells per location = 1, detection_alpha = 20.
203 The training was stopped after the cell2location model converged. The cell type with the

204  greatest cell abundance in each cellbin was identified as the cell type of that cellbin.

11
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205  Differential analysis and enrichment analysis

206  The “FindMarkers” function in Seurat was used for differential expression analysis across
207  distinct experimental conditions, cell types or cell subtypes of interest by comparing average
208  transcript levels in each group cells with another group cells. For downstream analysis, those
209  genes that satisfied the min.pct 0.1 and logfc threshold 0.5 were retained. Genes at an
210  adjusted p value (Wilcoxon test) < 0.05 were considered as differentially expressed gene
211 (DEGs). The DEGs were further divided into up- and down-regulated groups for Gene
212 Ontology (GO) enrichment analysis by the enrichGO function in clusterProfiler (v4.10.0) (Yu
213 etal., 2012) R package and pathways with g-value <0.05 in the Benjamin-Hochberg (BH) for

214 multiple test correction were shown.
215  Scoring of signature gene sets

216  Gene signature scores were calculated using the “AddModuleScore” function in Seurat
217 (v4.0.2) (Butler et al., 2018). “AddModuleScore” was performed using with default
218  parameters. Functional signatures were collected from the Gene Ontology database. All
219  signature gene sets were listed in Supplementary Table S1. Statistical analysis was performed

220 by a two-sided Wilcoxon rank sum test followed by BH correction.
221  Construction of co-expression modules

222 We used high-dimensional weighted gene co-expression network analysis (hdWGCNA)
223 (v0.3.2) (Morabito et al., 2023) package to perform co-expression network analysis on genes
224 expressed in neutrophils. “TestSoftPowers” function was utilized to perform parameter

225  sweep. Further, the weighted gene co-expression network was constructed by calculating
12
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226  pairwise correlations between these genes using “ConstructNetwork™ function. Gene modules
227  were identified using hierarchical clustering and the clustered dendrogram was visualized
228  with “PlotDendrogram” function. The module eigengenes were computed with
229  “ModuleEigengene” function to identify the expression patterns of co-expression modules.
230  Module hub genes within each module were identified based on their module membership

231 and gene significance.
232 Inference of ligand-receptor interactions

233 To investigate the predict ligand-mediated regulation of gene expression in fibroblasts after
234 MI, we applied the NicheNet (v2.2.0) (Browaeys et al., 2020) algorithm to our single-cell
235  RNA-seq data. We identified DEGs between fibroblasts from MI and healthy samples, with
236 the criteria mentioned above, which were used as target gene sets for subsequent NicheNet
237  analysis. Macrophage subtypes were defined as sender cells based on tissue localization and
238 hypothesized interactions under pathological conditions. Visualization of top-ranked

239 ligand-target interactions was carried out using customized dot plots and heatmaps in R.

240  To investigate the changes in the intercellular interactions in different groups, the LEC and
241  prominent immune cell types affected by MI were selected. The standard CellChat (v1.6.0)
242 (Jin et al., 2021) pipeline was then applied to the selected subset data with normalized gene
243 expression along with cell annotation metadata. The probability of ligand-receptor
244 interactions was inferred by integrating gene expression with prior knowledge of the

245  interactions between signaling ligands, receptors, and their cofactors.

246  Cell type spatial proximity analysis

13
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247  To assess spatial proximity between two cell types (A and B), we conducted a neighborhood
248  enrichment analysis based on previously described strategies (Browaeys et al., 2020). For
249 each cell type A cell, we counted the number of cell type B cells within a 75 um radius. To
250  establish a null model, cell coordinates were randomly permuted while maintaining cell type
251  1identities, and cell type B cell counts within the same radius were recalculated. This
252 randomization was repeated 1,000 times. Enrichment was defined as the log-ratio between
253 the observed and mean permuted counts. Significance was assessed by computing a Z score

254 based on the null distribution.
255  Spatial co-expression analysis using bivariate Moran’s I

256  To quantify the spatial co-localization between fibroblasts/macrophages and neutrophils and
257  two biological processes (ECM remodeling and inflammatory response), we computed spatial
258  scores for each spot based on curated gene sets using the scanpy.tl.score genes() function.
259  We then employed the bivariate Moran’s I statistic to evaluate local spatial associations
260  between cell-type abundance and gene signature scores across tissue sections. This analysis
261  was performed using the esda.moran.Moran Local BV() function from the esda Python
262 package (PySAL library), which calculates the degree of spatial correlation between two
263 variables at each location, while accounting for spatial neighborhood structure defined via a
264  K-nearest neighbors graph (k=6). High-high clusters in the resulting Moran’s I maps indicate
265  spatial regions where both cell abundance and functional score are jointly elevated,

266  suggesting local co-enrichment of cell type and biological activity. Statistical significance

14
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268

269

270

271

272

273

274

was determined using permutation tests (n = 999), and clusters with adjusted p-values < 0.05

were retained for interpretation.
Statistical analysis

Statistical analyses were performed using the R software (version 3.6.1). Wilcoxon rank-sum
test and Student’s t-test were used in this study. *P < 0.05, **P < 0.01, and ***P < 0.001
were considered statistically significant. Data are presented as mean + standard error of the

mean (SEM).
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275  RESULTS
276 Cellular landscape of WT and IcamIcko mouse MI hearts

277 To gain insights into the cellular and molecular changes of Icam! loss in acute and chronic
278  stages of MI, we collected ventricular tissue and obtained nonmyocytes from wild-type
279 (control) and Icamicko mice at 3, 7, 21 and 42 dpMI, and performed scRNA-seq and
280  stereo-seq (Figure 1A). For scRNA-seq, after rigorous quality control, we obtained 47,751
281  and 43,793 cells from control (ctrl) and IcamIcko samples, respectively. The average number
282 of unique molecular identifiers (UMI) and gene counts per preparation were 4,664 and 1,477,

283 respectively (Supplementary Figure S1A; Supplementary Table S2).

284  After unsupervised clustering analysis, was performed to dissect cardiac cellular
285  compartments (Supplementary Figures S1B-D). 12 major cell types were identified based on
286  the expression of canonical marker genes (Figure 1B; Supplementary Figure S1E) and the
287  differential expression genes (DEGs) (Supplementary Table S3), including endothelial cells
288  (EC) (Fabp4 and Pecaml), lymphatic endothelial cells (LEC) (Ccl2la and Mmrnl),
289  fibroblasts (FB) (Co/3al and Dcn), cardiomyocytes (CM) (Tnnt2 and Actcl), mural cells
290  (Myh9 and Notch3), proliferating (Stmnl, Hmgb2 and Top2a), macrophages (Mac) (Lyz2 and
291  Clga), neutrophils (Neu) (S700a9 and S100a8), dendritic cells (DC) (Cd209a and Napsa), T
292 cells (Cd8a and Cd3d), B cells (Cd79a and Bankl), neuronal cells (NC) (4pod and Plp1), and
293 erythroid cells (Ery) (Hbb-ba). ECs were the numerically dominant nonmyocyte type, and the
294  immune cell populations were highly dynamic (Figure 1C). We leveraged the ProxlCeERT?

295  driver, which is largely restricted in LECs (Supplementary Figure S1F). Icaml expression

16
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296  was significantly reduced in LECs, while remaining unchanged in other cardiac cell types,
297  confirming that the deletion was largely restricted to the LECs population (Supplementary
298  Figure S1G). Neutrophils were the first to infiltrate the heart at 3 dpMI, followed by dramatic
299  expansion in the macrophage and monocyte population, which was most abundant immune
300  subset. By 42 dpMI, a substantial increase in fibroblast abundance was observed (Figure 1C).
301 To evaluate the overall similarity between control and Icamicko samples post-MI, we
302  computed Pearson correlation coefficients based on the integrated scRNA-seq profiles.
303  Samples from the same time points exhibited strong correlations across genotypes, indicating
304  broadly preserved transcriptomic landscapes (Figure 1D). To identify global transcriptomic
305  alterations induced by the Icam! deficiency across different stage, we carried out differential
306  expression gene analysis by aggregating cells into a pseudo-bulk representation between
307  control and Icamicko samples. The top differential expressed genes for each time point were
308  shown in Supplementary Figure SIH and Supplementary Table S4. To gain insight into the
309  biological processes associated with these transcriptional changes, Gene Ontology (GO)
310  enrichment analysis was performed. At 3dpMI, upregulated genes in Icamicko hearts were
311  significantly enriched in immune-related processes, such as leukocyte migration and
312 cytokine-mediated signaling. By 42 dpMI, genes involved in extracellular matrix
313 organization were upregulated, indicating enhanced fibrotic remodeling, while

314  angiogenesis-related pathways were notably downregulated (Figure 1E).

315  Pathway analysis revealed early activation of VEGF and kinase/signal transducer and
316  activator (JAK-STAT) signaling following MI, implicating their involvement in the initiation

317  of angiogenic and inflammatory responses (Figure 1F). Notably, the expression of Cd93, a
17
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318  key marker of angiogenesis, was significantly higher in the control group than in the
319  Icamlicko group at early time points (Figures 1F, G), suggesting impaired vascular
320  remodeling upon Icaml deletion. In parallel, increased activity of extracellular matrix (ECM)
321  remodeling and apoptosis pathways was observed, consistent with cardiac injury and cell
322 death post-MI, as previously described (Epelman et al., 2015). At the late stage,
323 fibrosis-associated genes, including Col3al, Collal, and Bgn—were markedly upregulated
324  in Icamlicko hearts, indicative of exacerbated fibrotic remodeling and compromised cardiac

325  function. (Figures 1F, G).

326  Effects of Icaml loss on the composition and transcriptional landscape at single cell

327 resolution

328  Cell type—specific differential gene expression analysis revealed substantial transcriptional
329  alterations between control and IcamIcko groups, particularly in fibroblasts, mural cells, and
330  immune cell subsets (Supplementary Figure S2; Supplementary Table S5). Gene set scoring
331  further demonstrated significant enrichment of inflammatory response signatures in
332 neutrophils and macrophages, while fibroblasts exhibited elevated ECM-related activity
333 (Figure 2A), underscoring the critical roles of these cell types in mediating immune activation
334  and tissue repair following MI. Furthermore, spatial mapping revealed that neutrophils and
335  macrophages were predominantly localized to regions with high inflammatory response
336  scores, while fibroblasts were enriched in areas with elevated ECM scores (Figure 2B).

337  Spatial co-localization between the two signals was further evaluated using bivariate Moran’s

18
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338 I analysis, that reinforced the functional specialization of these cell types in post-infarction

339 pathology.

340  In Icamlicko hearts, we observed aberrant cellular dynamics, including excessive neutrophil
341  infiltration at 3 dpMI and increased T cell accumulation at 7 dpMI, suggesting an exacerbated
342 and prolonged inflammatory phase. At 42 dpMI, fibroblasts exhibited significant expansion,

343 consistent with enhanced fibrosis and impaired cardiac repair at the late stage (Figure 2C).

344  To further delineate the molecular alterations driven by Icaml deficiency, we performed a
345  time-resolved transcriptomic analysis across four post-MI time points (Figure 2D;
346 Supplementary Table S6). Notably, neutrophils, macrophages, and fibroblasts exhibited
347  distinct temporal transcriptional programs (Figure 2E). For instance, neutrophils in /camIcko
348  hearts upregulated genes involved in chemotaxis, activation, and intrinsic apoptotic signaling
349  pathways during the early phase, whereas fibroblasts showed enrichment in gene sets related
350  to cell proliferation and extracellular matrix organization at later stages (Figure 2F). These
351  findings highlight the celltype—specific and time-dependent effects of Icaml deletion on

352 post-MI remodeling.

353  The deletion of LEC-specific Icam1 enriched activated neutrophil subtypes to aggravate

354  inflammation

355  Neutrophils are the first innate immune responders recruited to sites of myocardial injury,
356  playing a critical role in the early inflammatory phase following MI (Vafadarnejad et al.,
357 2020). At 3dpMI, we observed a marked increase in neutrophil abundance in Icamicko

358  hearts, accompanied by significant transcriptomic alterations suggestive of a shift in cellular

19
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359  state (Figure 3A; Supplementary Figure S2). Neutrophils were predominantly present at this
360  early stage, with minimal representation at later time points, a trend corroborated by spatial

361  transcriptomics data (Figure 3B).

362  To further examine the effect of LEC-specific Icam! deletion on neutrophil populations, we
363  integrated our data with publicly available scRNA-seq profiles of cardiac CD45" immune
364  cells spanning multiple post-MI time points (Jin et al., 2022; Jung et al.,, 2022). Six
365  transcriptionally distinct neutrophil subpopulations were identified (Figure 3C;
366  Supplementary Figure S3A), with the subclusters being predominantly enriched at the early
367  phase (Supplementary Figure S3B), suggesting a transient activation pattern following MI.
368  Among these, Neul, marked by Cxc/3 expression—dominated early after MI and is
369  implicated in neutrophil mobilization (Eash et al., 2010), suggesting an early
370  pro-inflammatory response. Neu2 and Neu4 expressed interferon-stimulated genes (I/fitrml,
371 Ifitm2, Ifitl, Cxcll0), indicating a more immune-modulatory profile. Neu5 showed increased
372 mitochondrial gene expression. Neu6, enriched in Cdl77 and Retnlg, exhibited
373 transcriptional signatures associated with neutrophil activation and degranulation (Figure
374  3D). Spatial transcriptomic analysis further confirmed elevated Cdl77 expression in
375  Icamlicko at 3 dpMI (Figure 3E). Given that CD177" neutrophils were related to the
376 neutrophil extracellular traps (NETs) formation—known contributors to tissue injury in
377  inflammatory heart diseases (Li et al., 2023a; Rivadeneyra et al., 2018). Consistently, the
378  abundance of Neul, Neu4, and Neu6 subpopulations was moderately increased in /camIcko
379  samples (Figure 3F; Supplementary Figure S3C), indicating an exacerbated and dysregulated

380  neutrophil response.
20
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381  To elucidate neutrophil functional programs following MI, we applied hdWGCNA to
382 construct a neutrophil-specific co-expression network (Morabito et al., 2023). This analysis
383  identified 7 co-expression gene modules with tightly correlated expression patterns (Figure
384  3G; Supplementary Figures S3D, E). Module (M) 3, M4, M5 and M7 showed significantly
385  differentiation between control and /camIcko samples (Figure 3H). Among them, M3, which
386  contained inflammation and integrin-related genes (for example, Cxc/3, ltgam, Cd177, Thbsl,
387  and Cd14), was significantly upregulated in IcamIcko samples (Figures 3G, H). GO analysis
388  of M3 genes revealed enrichment in neutrophil migration, myeloid leukocyte activation, cell
389  adhesion, and cytokine production pathways (Figure 3I). M4 was redundant with
390  inflammation-related pathways (e.g., cytokine production and toll-like receptor signaling

391  pathway) and M7 was enriched in ribosome-related pathways (Figure 3I).

392 Module expression score result showed that M3 highly expressed in Neul, Neu4, and Neu6
393 (Figure 3J), indicating its gene program was active in these neutrophil subtypes. Meanwhile,
394  the neutrophil activation scores increased drastically in lcamIcko group, especially in Neul,
395  Neu4 and Neu6 (Figure 3K). Neutrophils have long been considered harmful in tissue
396 damage due to their hallmark functions, including the secretion of proinflammatory
397  cytokines, the formation of NETs, and the generation of reactive oxygen species (ROS)
398  (Yang et al., 2025). In line with this, we observed elevated NETs signature scores in Neu6 of
399  Icamlicko mice (Figure 3L). These results indicated the imbalance within the neutrophil
400  subpopulations in IcamlIcko group may aggravate pro-inflammatory properties and cardiac

401  injury at the early stage of MI.
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402  Inflammatory macrophages drive the regulation of post-MI cardiac fibrosis

403  Macrophages represented the most abundant and functionally diverse immune cell population
404  in the post-MI heart (Jin et al., 2022; Rizzo et al., 2023). Based on DEG signatures, we
405  identified seven macrophage subpopulations, encompassing all major macrophage types
406  present in integrated reference datasets (Figure 4A; Supplementary Figures S4A, B). These
407  subpopulations exhibited dynamic temporal shifts after MI (Supplementary Figure S4C). By
408 21 and 42 dpMI, macrophage compositions in both control and IcamlIcko hearts largely
409  resembled those of sham-operated controls (Figure 4B), suggesting a gradual return to

410 1mmune homeostasis.

411 We annotated monocytes (Mono) by high Ly6¢c2 and Plac8 expression, which peaked at 1
412 dpMI. Macl was enriched in lipid metabolism genes (Gpnmb, Fabp5), while Mac2 displayed
413 elevated MHC Il-related genes. Mac3 expressed tissue-resident macrophage markers (Lyvel,
414  (Cdi63). In contrast, Mac4 and Mac5 were characterized by chemokine and
415  interferon-stimulated gene signatures, respectively, and both expressed high levels of Ccr2
416  and Ly6c2, indicative of monocyte-derived inflammatory phenotypes (Supplementary Figure
417  S4D) (Bajpai et al., 2019; Epelman et al., 2014). These subtypes were dominant in early
418 post-MI stages and declined over time (Supplementary Figure S4C). To further define their
419  functional roles, we assessed inflammatory gene signatures across macrophage subtypes.
420  Inflammatory scores were highest in Mac4-6 and monocytes, classifying them as
421  “inflammatory macrophages/monocytes,” in contrast to the relatively quiescent Macl-3

422 populations (Supplementary Figure S4E). Notably, the proportion of inflammatory
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423 macrophages was moderately elevated in Icamlicko hearts (Supplementary Figure S4F),

424 suggesting a polarization shift toward a pro-inflammatory state.

425  We observed that Mac4 exhibited markedly higher expression of pro-inflammatory cytokines,
426  including Ccl2, Ccl3, and Cxcl3, compared to other macrophage subsets (Figure 4C). This
427  subset was significantly expanded in the Icamicko group (Figures 4D, E), and showed the
428  largest number of DEGs (Figure 4F). Notably, 1/6, Csf3, and Illla—%key drivers of
429  inflammatory cascades—were robustly upregulated in Mac4 following Icaml deletion. GO
430  enrichment analysis of Mac4-specific DEGs revealed strong associations with interleukin-1
431  signaling, cytokine activity, and T cell activation (Supplementary Figure S4G). Collectively,
432 these findings identify Mac4 as a dominant pro-inflammatory population whose expansion
433 and transcriptional reprogramming under Icaml deficiency likely contribute to persistent

434 inflammation and adverse remodeling after MI (Figure 4G).

435  Recent studies in small animals have shown that macrophages can promote cardiac fibrosis
436  and diastolic dysfunction (Hulsmans et al., 2018). To investigate fibroblast alterations after
437  MI, we integrated two reference datasets from healthy or sham-operated hearts (Farbehi et al.,
438 2019; Skelly et al., 2018) with our MI fibroblast dataset. Compared to fibroblasts from
439 healthy hearts, those from MI hearts exhibited transcriptional upregulation of genes
440  associated with apoptosis, inflammation, and extracellular matrix organization, including
441 Cxcl2, Ccl2, Fnl and Colla2 (Supplementary Figures S4H, I). Spatial transcriptomic
442 deconvolution revealed close physical proximity between macrophages and fibroblasts within

443  infarcted regions, which were determined based on additional H&E staining of adjacent
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444  tissue sections, showing clear signs of immune infiltration and fibrotic change, indicating
445  potential cellular interactions (Figures 4H, I). To further explore macrophage—fibroblast
446  crosstalk, we employed NicheNet (Browaeys et al., 2020) to infer ligand-receptor
447  interactions enriched in MI hearts relative to healthy controls. Candidate fibroblast target
448  genes were selected from upregulated DEGs post-MI, with an emphasis on those responsive
449  to macrophage-derived ligands. Prior interaction potential analysis identified ///a and 1/1b as
450  top-ranking macrophage-derived ligands with strong predicted regulatory effects on
451  fibroblast transcriptional programs (Figure 4J). Both ///a and I/1b were primarily expressed
452 in macrophages, and their expression was markedly elevated in Icamicko samples (Figure
453  4K). Notably, IL-1p signaling has been shown to mediate interactions between CCR2*
454  macrophages and fibroblasts, promoting the emergence of FAP/POSTN® profibrotic
455  fibroblasts (Amrute et al., 2024). In conclusion, these results suggest that inflammatory
456  macrophage subtypes, especially Mac4, may drive the regulation of cardiac fibrosis via ///a

457  and /1) after MI.
458  Altered cellular crosstalk related to LECs between control and Icamcko groups

459  Post-MI LECs in the Icamicko group exhibited reduced angiogenesis scores and elevated
460  inflammatory scores, suggesting a shift in LECs functional state following Icami deletion
461  (Figures 5A, B). To further investigate the role of LECs in modulating the inflammatory
462  immune microenvironment, we employed the CellChat framework (Jin et al., 2021) package
463 to quantify intercellular communication between LECs and myeloid populations, specifically

464  macrophages and neutrophils, under different conditions. Compared with control, IcamIcko
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465  samples showed a reduction in both the number and overall strength of ligand—receptor
466  interactions, indicating impaired LEC—immune cell communication (Figure 5C;
467  Supplementary Figure S5A). To further investigate alterations in cell-cell communication
468  between control and Icamicko hearts, we compared signaling pathway activity originating
469  from LECs across conditions. This analysis revealed a marked suppression of the ICAM
470  signaling pathway, while CCL and CSF family receptor-ligand interactions increased in
471 Icamlcko mice (Figure 5D; Supplementary Figure S5B). Specifically, the disrupted
472 ligand-receptor interaction in Icamicko involved Icaml and various members of the integrin
473 family, such as Icaml-(Itgam+Itgb2), Icam2-(ltgam+Itgh2) and Icaml-Itgal pairs (Figure
474  5SE). Consistent with these findings, scRNA-seq data confirmed the expected downregulation
475  of Icaml and Icam2 in LECs from Icamlcko mice. This suggests that LEC-specific Icaml
476  deletion may destabilize a broader adhesion signaling network, potentially affect other ICAM
477  family members. Conversely, ltgam, Itgh? and Itgal were significantly increased in
478  inflammatory macrophages (Mac4, Mac5, Mono and Mac6) and activated neutrophils (Neul,
479  Neu4 and Neu6) (Figure 5F; Supplementary Figures S5C, D), suggesting a reduction in
480  adhesive interactions between inflammatory immune cells and LECs due to impaired ICAM—
481  integrin signaling. As expected, the expressions of Cc/2 and Csf3 were upregulated in LECs

482 from Icamlcko mice, indicating an increase in the proinflammatory microenvironment.

483 Enrichment of the LECs marker gene Ccl2la was observed in the subepicardial region
484  (Figure 5G), consistent with the known distribution of LECs (Brakenhielm and Alitalo, 2019).
485  To further investigate the spatial organization of LECs and immune cells, we calculated the

486  distance between Ccl2la-positive spots and immune cells. Spatial mapping revealed that, in
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487  control samples, inflammatory cells such as neutrophils and macrophages were spatially
488  segregated from LEC-rich regions, whereas in Icamicko hearts, these immune populations
489  showed increased colocalization with LECs (Figure 5H). Moreover, the LEC-enriched
490  regions in Icamlcko hearts exhibited elevated expression of inflammatory genes, suggesting
491  local immune amplification (Figure 5I). These spatial transcriptomics analyses further
492 support the notion that LEC-expressed Icaml may contribute to inflammatory immune cell

493 clearance during post-MI resolution.

494  Furthermore, when inflammatory cell types (Neu6 and Mac4) act as senders, we identified
495  upregulated TNF and CXCL family receptor-ligand pairs targeting multiple cell types in
496  Icamlicko hearts (Figure 5J). Notably, the main contributing ligand 7nf and Cxcl2 were
497  significantly upregulated in inflammatory immune subsets within the /camIcko group (Figure
498  5K; Supplementary Figures SS5E, F). These chemokines, known to potently recruit
499  neutrophils and monocytes, are associated with exacerbated inflammation and impaired
500 cardiac function (Lindsey et al., 2019). This suggests that enhanced expression of these
501  ligands contributes to the amplification of a pro-inflammatory microenvironment in the
502 absence of Icaml. Altogether, these results highlight the critical role of LEC-specific Icaml
503  in promoting the reflux of inflammatory cells and shaping immune microenvironment in the

504  pathological process of MI.

505
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506  DISCUSSION

507  Lymphatic drainage is essential to maintain tissue fluid balance under various homeostatic
508  and pathophysiological conditions (Mikhael and Khan, 2020). However, a comprehensive
509  atlas of the temporal-spatial role of LECs throughout cardiac remodeling stages is still
510 lacking. Our previous study found that transcription factor 7bx/ mediates
511  neo-lymphangiogenesis and immune suppression by targeting Ccl2la and Icaml in the
512 post-MI hearts (Chen et al., 2023). In the current study, we carried out scRNA-seq and
513  stereo-seq at different time points (3, 7, 21, and 42 dpMI) to gain an integrated atlas of
514  cardiac cellular landscape. We also generated a conditional knockout model of Icam! in
515 LECs, an important gene that mediates immune cell mobility, behavior, and states during
516  injury repair. We created a high-quality map of more than 90,000 cells and described the
517  cellular, transcriptional, and pathway changes observed in Icamicko compared with control,

518  revealing potential mechanisms for /cam regulation.

519  ICAM-1 is an important adhesion molecule of immunoglobulin superfamily to mediate
520  cell-cell adhesion (Lim et al., 2022). It is upregulated in infarcted myocardium in humans
521 (Niessen et al., 1999). Previous studies have revealed its broad distribution and regulated
522 expression in inflammation (Marlin and Springer, 1987). For instance, miR-141 decreased the
523 accumulation of immune cells via antithetical regulation of ICAM-1 on endothelium, thereby
524  attenuates MI/R-induced cardiac injury and dysfunction (Liu et al., 2015). Lymphatic vessels
525  also have an essential immunomodulatory role, and the stimulation lymphangiogenesis

526  promotes post-MI repair (Brakenhielm and Alitalo, 2019). Notably, our previous study found
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527 the lymphatic-specific deletion of Icaml significantly impaired heart function after MI. In
528  this study, we found the cellular composition of infarcted heart was significantly altered, with
529  increased fibroblasts at 42dpMI in IcamIcko. The exploratory differential expression analysis
530 was performed to identify transcriptional changes in Icamlcko samples. We observed
531  up-regulation of inflammation and fibrosis pathways in Icamicko group as compared to the

532 control group.

533  Neutrophils and macrophages, as important immune cell components in the inflammatory
534  response, are considered key factors influencing the cardiac function and remodeling after
535  MI. In animal models, neutrophils, which were activated by adherence dependent on Mac-1
536 (CD11b/CD18) and ICAM-1 (CD54), have been shown to contribute to tissue damage caused
537  during myocardial infarction (Brakenhielm and Alitalo, 2019). Our data showed an increased
538  number and activation of neutrophils in /camicko compared with control at early stage.
539  Activated neutrophils showed up-regulated expression of pro-inflammatory module genes
540  enriched inflammatory and cytokine pathways, such as Treml, Thbsl and Cxcl3. Notably, the
541  score of NETs was significantly elevated in Neu6 of Icamcko groups. Previous studies
542 revealed the excessive NET formation may exacerbate the inflammatory response, leading to
543  tissue damage and adverse cardiovascular events such as ventricular remodeling and
544  arrhythmias during acute myocardial infarction (Sorvillo et al., 2019; Yuwei et al., 2024).
545  These results suggest that activated neutrophils, especially Neu6, may play an important role

546  in promoting inflammation for /camIcko hearts.
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547  Macrophages are the most abundant cardiac immune cells, and many studies have
548  investigated their complex functions in cardiac immunity (Jin et al., 2022; Jung et al., 2022;
549  Rizzo et al., 2023; Walter et al., 2018). Therefore, we further unravel macrophage dynamics
550  in remodeled cardiac microenvironment using the intergraded data. Based on inflammation
551  scores, we defined 7 macrophage subsets and divided them into two groups (inflammatory
552 and noninflammatory macrophages). Inflammatory macrophages, including Mono, Mac4,
553  Mac5, and Mac6, expressed a high level of chemokine genes and exhibited apparent
554  expansion after MI. Among them, Mac4 exhibited higher expression of genes associated with
555  inflammatory process in Icamicko. They also were upregulated in the interleukin-1, cytokine
556  signaling and T cell activation pathways in IcamlIcko. Our previous study has consistently
557  proved the accumulation of CD8" T cells in the infarcted area of Icamlcko hearts (Wang et
558 al., 2023). These results indicated that Icam! expression in LECs plays a pivotal role in
559  regulating the cascade of immune responses after myocardial infarction. Besides, our results
560  revealed the critical role of Mac4 via I//a and [/1b in leading to improved left ventricular
561  remodeling. A previous study demonstrated that systemic IL-1a deficiency attenuated early
562  myocardial inflammation and profibrotic gene expression in a myocardial infarction model

563  (Lugrin et al., 2023).

564 For LECs in Icamlicko, they showed increased inflammatory level and decreased
565  angiogenesis ability, which were harmful in reducing infarct size (Houssari et al., 2020).
566  These results suggest the positive role of the lymphatic-specific Icaml in improving heart
567  function after myocardial injury. Indeed, lymphatics actively regulated immune responses

568  through evacuating leukocytes. Previous studies have reported that LECs attracted immune
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569  cells by establishing CCL21 gradients (Iwami et al., 2015) and promoted immune cell
570  migration to lymph nodes dependent on ICAM-1/LFA-1 interactions (Teijeira et al., 2017).
571 We found the expression of Icaml and Icam2 was significantly decreased in LECs of
572 Icamlicko. The lymphatic system also plays an important role in dampening inflammation by
573  removing inflammatory cells from tissues (Podgrabinska et al., 2009). A previous study
574  revealed the key role for [ICAM-1/LFA-1 interactions in reducing the advancement of T cells
575  and promoting transmigration across lymphatic endothelium from capillaries into lymphatic
576  collectors (Teijeira et al., 2017). The cell-cell communication results revealed that the
577  deletion of Icaml reduced the number and strength of interactions between LECs and
578 immune cells related to adhesion molecules and integrins, including Icaml-Itgal,
579 Icaml-(Itgal + Itgb2), Icam2-(Itgam + Itgh2) and Icam2-(Itgal + Itgh2). The observed
580  reduction in distance between immune cells and LECs, together with higher inflammatory
581  response scores in the Icamcko group, further reflect altered cellular interactions contributing
582  to a heightened inflammatory state. Brakenhielm et al. have unveiled that insufficient cardiac
583  lymphatic drainage might be related to cardiac fibrosis and dysfunction (Brakenhielm and
584  Alitalo, 2019). Therefore, the deletion of Icaml in LECs may cause the accumulation
585  inflammatory immune cells through impaired ICAM signaling. The most significantly
586  increased interactions in Icamlcko were concentrated between Mac4 and Neu6 targeting
587  macrophage subsets and neutrophil subsets via TNF and CXCL ligand-receptor family,
588  resulting in the further accumulation of inflammatory cells in Icamicko. A recent study
589  reported that well-developed neutrophils in fulminant viral myocarditis attract peripheral

590  neutrophils and monocytes by chemokines, resulting in an inflammatory storm and cardiac
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591  dysfunction (Li et al., 2023a). Therefore, these results indicated the loss of adhesion
592 molecules prevents immune cells from homing to lymphatics, which leads to myocardial
593  oedema, ultimately damaging heart function. These results indicated that Icam ! expression in

594  LECs was crucial in shaping the immune response.

595  In summary, lymphatic Icaml promotes the clearance of inflammatory immune cells
596  mediated by cardiac lymphatics after MI. Conditional deletion of Icaml weakens cellular
597  interactions across LECs, neutrophil subsets and macrophages subsets, resulting in changes
598  of immune microenvironment. The obstruction of inflammatory immune cells drainage is one
599  of the reasons for the dysregulation of immune cell infiltration. Therefore, Icaml in LECs is
600  key in regulating the immune microenvironment after MI. This dataset provides an invaluable
601  resource for studying the regulatory role of /caml after MI and inspires more mechanistic

602  discoveries in lymphatic-driven therapeutics.
603  LIMITATIONS

604  This study primarily relies on single-cell and spatial transcriptomic analyses to infer cellular
605  dynamics and intercellular interactions after myocardial infarction. While these approaches
606  provide valuable insights, some conclusions, such as altered neutrophil activation, enhanced
607  macrophage inflammation and impaired immune drainage by ICAM-integrin signaling in
608  Icamlcko hearts, are based on computational predictions and lack direct experimental
609  validation. Functional assays will be necessary in future studies to confirm and extend these

610  findings.

611
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764  FIGURE LEGENDS

765  Figure 1. Single cell sequencing identifies cell types and disease-related transcriptomic
766  changes. (A) Schematic diagram of experimental design and workflow. (B) UMAP
767  clustering of 91,544 cells isolated from both control and Icamicko hearts, across two
768  genetypes and time after LAD coronary artery permanent ligation operation (n=3). (C)
769  Proportion changes of each cell type in each sample. (D) The correlation of different groups
770 based on gene expression. (E) GO enrichment terms of upregulated (left) and downregulated
771 (right) expressed genes of Icamlicko at 3, 7, 21, and 42dpMI. (F) Heatmap displays the
772 expression activity of selected signaling pathways (VEGF, JAK-STAT, ECM and apoptosis)
773 and their associated genes across time points and genotypes. (G) The imputed expression of
774 Cd93 (angiogenesis marker) and Col3al (fibrosis marker) of control and /camIcko groups at
775 3dpMI (top) and 42dpMI (bottom), respectively. Scale bar: 500 pm.

776  Figure 2. Single cell sequencing identifies cell types and disease-related transcriptomic
777 changes. (A) Violin plots showing the scores of inflammatory (left) and ECM (right)
778  processes for major cell types. (B) The first column represents the cell abundance
779 deconvoluted from the scRNA-seq data using cell2location. The second column represents
780  the functional gene set scores. The third column represents the spatial correlation cluster of
781  Bivariate Moran’s I between corresponding cell abundance and gene scores. HH and LL
782 indicate co-localized high/low expression, HL/LH indicate opposing patterns, and ns denotes
783 non-significant correlation. Scale bar: 500 um. (C) Relative differences in cell proportions for
784 each cluster between Icamicko and control. Red clusters have a false discovery rate (FDR) <

785  0.05 and mean | Log2 fold enrichment | > 1 compared to control (permutation test; n =
37
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786 10,000). (D) Heatmap showing the DEG number between Icamicko and control groups of
787  major cell types at each time point. (E) UpSet charts showing the overlap of the upregulated
788  genes in neutrophils, macrophages and fibroblasts of Icamicko at each time point. (F)
789  Network plots showing the enriched GO terms of upregulated genes in aged tissues in
790  neutrophils, macrophages and fibroblasts of /cam Icko at each time point.

791  Figure 3. High heterogeneity and functional difference of cardiac neutrophils during MI
792 progression. (A) The proportion of neutrophils at different time points in control and
793 Icamlicko groups. (B) The spatial distribution of neutrophils. Red represents neutrophiles,
794  and grey represents other cell types. Scale bar: 500 um. (C) UMAP of 6,542 neutrophils
795  identifies 6 subclusters. (D) Heatmap showing the expression of top 60 marker genes across
796  six neutrophil subpopulations (left). Line plots show the mean Z-score trajectory of these
797  markers (middle). To the right, the top five Gene Ontology biological processes enriched in
798  CI1-C6 (adjusted P <0.05) are listed. (E) The imputed expression of Cd/77 of control (left)
799  and Icamlicko (right) groups at 3dpMI. Scale bar: 500 um. (F) The cell ratio of neutrophile
800  subsets in control and Icamicko groups at 3pMI. (G) Network visualization of 7 modules of
801  neutrophils. (H) Boxplots showing hME of 7 modules between control and Icamcko groups.
802  ns: Not significant; *: P<0.05; **: P<0.01; ***: P<(0.001; ****: P<(0.0001. (I) The GO terms
803  of the M3, M4, M5 and M7 eigengenes. (J) Boxplot showing hME scores of M3 across
804  different neutrophil subclusters. (K-L) Comparison of scores of neutrophil activation and
805  neutrophil extracellular trap formation process scores across neutrophil subpopulations from

806  control and IcamIcko groups.
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807  Figure 4. Characterization of monocyte/macrophage cell subsets in the infarcted heart.
808  (A) UMAP of 46,314 macrophages identifies 7 subclusters. (B) The Pearson correlation of
809  different groups based on the cell proportion of macrophage subsets. (C) Heatmap displaying
810  differentially expressed cytokines involved in inflammatory macrophage subsets. (D) The
811  proportion of macrophage subsets across different time points at each group. (E) The spatial
812  visualization of Mac4 of control (left) and Icamicko (right) groups at 3dpMI. Scale bar: 500
813  um. (F) Bar plot showing the number of upregulated and downregulated genes (top), and
814  volcano plot illustrates the upregulated and downregulated genes in different cell types
815  between control and IcamIcko samples (bottom). Red dots indicate statistically upregulated
816  genes in Icamicko group (log2FC > 0.5 and adjusted P <0.05). (G) Radar plot represents the
817  change of inflammatory scores among the macrophage subsets between control and
818  Icamlicko groups. (H) Heatmap showing the cell proximity of major cell types. *: P<0.01. (I)
819  The first and second columns represents the spatial colocation distribution of macrophages
820  and fibroblasts at 7dpMI Scale bar: 500 pm. The third column represents H&E staining
821  images on adjacent heart sections. The enlarged area corresponds to the infarct zone, as
822  determined by showing immune infiltration and fibrotic changes. (J) Heatmap showing the
823  regulation of ligand genes expressed in cardiac macrophages (left) and the upregulated genes
824  after MI in fibroblasts (right). (K) The expression of /l/a and Il1b across different

825  macrophage subclusters from control and /camIcko groups.

826  Figure 5. Significantly altered intracellular crosstalk in the IcamIcko microenvironment.
827  (A-B) Boxplots showing the angiogenesis (A) and inflammatory (B) score of LECs for each

828  condition sample. (C) Bar plots represent the changes in both the total number of cell
39

@ & =f Zoological Research



829

830

831

832

833

834

835

836

837

838

839

840

interactions (left) and the interaction strength (right) between control and Icamlicko groups.
(D) The relative information flow for each signaling pathway in the control and Icamlcko
groups. Blue fonts and yellow fonts represent pathways significantly enriched in control and
Icamlicko (P<0.05), respectively. Paired Wilcoxon test. (E) Overview of ligand-receptor
interactions in between LECs, macrophage subpopulations and neutrophil subpopulations. (F)
Violin plots shown Icaml, Icam2, Ccl2 and Csf3 expression in LECs for each condition
sample. (G) The spatial expression of Ccl2la in control and IcamlIcko groups at 21dpMI.
Scale bar: 500 um. (H) Boxplot showing the distance between LECs with immune cells in
control and IcamiIcko groups at 21dpMI. (I) Inflammatory score at different distances from
LECs. (J) Chord plot showing the up-regulated signaling pathways in Icamicko group. (H)
Heatmaps showing the expression of 7nf (top) and Cxcl2 (bottom) in neutrophil

subpopulations and macrophage subpopulations of different groups, respectively.
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