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Islet transplantation is a promising therapy for diabetes treatment. However, the

molecular underpinnings governing the immune response, particularly T-cell

dynamics in syngeneic and allogeneic transplant settings, remain poorly

understood. Understanding these T cell dynamics is crucial for enhancing graft

acceptance and managing diabetes treatment more effectively. This study aimed

to elucidate the molecular mechanisms, gene expression differences, biological

pathway alterations, and intercellular communication patterns among T-cell

subpopulations after syngeneic and allogeneic islet transplantation. Using

single-cell RNA sequencing, we analyzed cellular heterogeneity and gene

expression profiles using the Seurat package for quality control and

dimensionality reduction through t-SNE. Differentially expressed genes (DEGs)

were analyzed among different T cell subtypes. GSEA was conducted utilizing the

HALLMARK gene sets from MSigDB, while CellChat was used to infer and

visualize cell-cell communication networks. Our findings revealed genetic

variations within T-cell subpopulations between syngeneic and allogeneic islet

transplants. We identified significant DEGs across these conditions, highlighting

molecular discrepancies that may underpin rejection or other immune

responses. GSEA indicated activation of the interferon-alpha response in

memory T cells and suppression in CD4+ helper and gd T cells, whereas TNFa
signaling via NFkB was particularly active in regulatory T cells, gd T cells,

proliferating T cells, and activated CD8+ T cells. CellChat analysis revealed

complex communication patterns within T-cell subsets, notably between

proliferating T cells and activated CD8+ T cells. In conclusion, our study

provides a comprehensive molecular landscape of T-cell diversity in islet
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transplantation. The insights into specific gene upregulation in xenotransplants

suggest potential targets for improving graft tolerance. The differential pathway

activation across T-cell subsets underscores their distinct roles in immune

responses posttransplantation.
KEYWORDS

diabetes, islet transplantation, allotransplantation, single-cell RNA sequencing, T-cell,
immunomodulation, transplant rejection, immune tolerance
1 Introduction

Islet transplantation has become a promising therapy for certain

endocrine disorders, particularly type 1 diabetes mellitus (T1DM),

which affects approximately 1.6 million Americans, and the

incidence of this disease continues to increase globally (1–3).

Despite advances in insulin therapy and continuous glucose

monitoring, achieving optimal glycemic control remains a

challenge for many patients, leading to long-term complications

and increased mortality (4, 5). The limitations of current treatments

underscore the urgent need for alternative approaches, such as islet

transplantation, to restore endogenous insulin production and

achieve tighter glycemic control. However, the success of such

transplantations is often limited by immune rejection and the

scarcity of donor islets. Recent advancements have explored the

feasibility of using personalized endoderm stem cell-derived islets,

which may provide a renewable source of islet tissues tailored to

individual patient needs, potentially overcoming the limitations of

donor availability and improving the compatibility and longevity of

grafts (6). Moreover, Encapsulation techniques, which protect

transplanted islets from the immune system using biomaterials,

offer a potential solution to enhance graft survival and function (7).

Targeted local drug delivery systems have also been developed to

modulate immune responses directly at the transplantation site,

thereby improving transplant outcomes by addressing non-specific,

alloantigen-specific, and autoimmune rejection pathways (8).

Allogeneic islet transplantation has demonstrated efficacy in

restoring insulin independence in T1DM patients; however, donor

scarcity and the necessity for chronic immunosuppression limit

its widespread application (8–10). Moreover, allogeneic islet

transplantation is also accompanied by significant immunological

challenges, primarily due to robust T-cell-mediated rejection (11).

The critical role of T-cell dynamics in islet transplantation

is underscored by their central involvement in immune tolerance

and rejection processes. Understanding the molecular mechanisms

governing T-cell responses is crucial for improving graft

survival and function. A detailed study of these dynamics

can provide insights into more effective immunosuppressive

therapies and long-term graft survival, addressing both the

immediate and prolonged challenges that impact the success of

allogeneic transplants.
02
The critical role of T-cell dynamics in islet transplantation is

underscored by their central involvement in immune tolerance and

rejection processes. Detailed study of these dynamics can provide

insights into more effective immunosuppressive therapies and long-

term graft survival.

The heterogeneity of T-cell subpopulations and their distinct

roles in transplantation immunobiology has been studied. For

instance, regulatory T cells have been shown to promote graft

tolerance (12), while effector T cells contribute to graft rejection

(11). The phenotypic characterization of T-cell subpopulations in

the context of islet transplantation has revealed potential targets for

immunomodulatory therapies, indicating the potential of these cell

types for improving transplantation outcomes (13).

In this study, we utilized cutting-edge single-cell RNA

sequencing (scRNA-seq) technology (14) to dissect the molecular

mechanisms, gene expression profiles, biological pathway

alterations, and intercellular communication patterns among T-

cell subgroups in both allogeneic and syngeneic islet transplantation

models. This approach provided a high-resolution view of the

cellular heterogeneity and dynamic changes within the T-cell

community, essential for pinpointing the critical factors

influencing transplantation outcomes. Our comprehensive

analysis using scRNA-seq, along with Gene Set Enrichment

Analysis (GSEA) and CellChat, enabled us to uncover significant

genetic variations and differences in gene expression between

transplantation conditions, revealing the activation or suppression

of specific biological processes and signaling pathways within

different T-cell subpopulations. These findings offer new insights

into the complex communication patterns among T-cell subgroups

and with other cell types, highlighting differences in signaling

activities between allogeneic and syngeneic transplants that could

be pivotal for developing targeted therapeutic strategies.
2 Materials and methods

2.1 Single-cell data analysis of islet grafts

The analysis of single-cell RNA sequencing (scRNA-seq) data

from syngeneic and allogeneic islet grafts was meticulously

conducted to understand the cellular heterogeneity and
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underlying molecular mechanisms that differentiate these two

transplant types by Seurat (version 4.1.0) (15). We obtained the

scRNA-seq datasets from our previous study (GSE198865) (16).

These datasets included samples from both syngeneic (genetically

identical donor and recipient) and allogeneic (genetically different

donor and recipient) islet transplantation. Cells were filtered using

the Seurat package according to the following criteria (1): Cells with

fewer than 200 detected genes or more than 4,500 genes were

removed to exclude empty droplets or multiplets, respectively. (2)

Cells with a mitochondrial gene content exceeding 15% were also

excluded to avoid cells undergoing apoptosis or those with damaged

membranes. (3) Genes not detected in at least 3 cells were removed

to focus the analysis on biologically relevant transcripts. Following

rigorous computational quality filtering, we successfully obtained

the transcriptomes of 19,640 single cells, comprising 11,870 cells

derived from allografts and 7,770 cells originating from syngeneic

grafts. PCA was performed to reduce the dimensionality of the

dataset and to highlight the genetic variances that differentiate cells.

We utilized the “RunHarmony” function (17) within Seurat to

correct for potential batch effects across different samples,

ensuring that subsequent analyses were not confounded by

technical variations.

The t-SNE was used to visualize the data (18). Based on known

marker genes, cells were annotated to identify specific cell types,

such as lymphocytes, endothelial cells, islet cells, mesenchymal cells,

and myeloid cells. Following the initial preprocessing and

clustering, further analysis was conducted to delineate the cellular

subtypes of T cells (including 6471 cells) and understand their

functional roles within the grafts.

The analysis revealed distinct T cell populations in the

transcriptome data. Among these, the CD4+ Tconv (Conventional

CD4+ T Cells) were characterized by the presence of Cd4 and Tnfsf8

markers. The Activated CD8+ T Cells were identified using Cd8a and

Klrc1 markers. Regulatory T Cells, also known as Tregs, were

distinguished by Il2ra and Foxp3 markers. The Dividing T Cells

were recognized by Stmn1 and Top2a markers, indicating their

proliferative state. Memory T Cells were characterized by Sell and

Ccr7 markers. Finally, Gamma Delta T Cells were identified based on

the presence of Blk, Cd163l1, and Rorc markers.
2.2 Analysis of differentially
expressed genes

To explore the molecular differences between T-cell subsets

derived from syngeneic and allogeneic islet grafts, we used a

rigorous approach to identify differentially expressed genes

(DEGs). Initially, DEGs were screened using the Wilcoxon rank-

sum test. This nonparametric test was chosen for its efficacy in

identifying differences between two independent samples, which is

essential for our study comparing two distinct graft conditions.

After initial screening, the limma package (version 3.59.1) was used

to refine our DEG analysis. Limma provides a robust framework for

analyzing gene expression data, particularly through its ability to fit

linear models for comparisons of interest and its empirical Bayes

smoothing of standard errors, which enhances the reliability of
Frontiers in Immunology 03
DEG identification. Genes were considered differentially expressed

based on two key criteria. We set the adjusted p-value threshold of

less than 0.05 to ensure that the findings were statistically significant

while controlling for multiple testing errors. A cutoff for a |log2-fold

change| of more than 0.25 was applied. This threshold helped in

identifying genes with meaningful expression differences, avoiding

those with minor fluctuations that are less likely to be biologically

significant. This extensive DEG analysis helped reveal the molecular

variations within and across major T-cell clusters and subcell types,

with detailed expression profiles visualized in various figures. We

generated heatmaps to visually represent the DEGs between the

syngeneic and allogeneic grafts within each T-cell subset. Heatmaps

are particularly effective for this purpose because they provide a

clear and intuitive visualization of the expression levels across

multiple genes and conditions, facilitating quick identification of

patterns and outliers in the data. This methodology not only

ensures a robust analysis of gene expression differences but also

helps in understanding the functional implications of these

differences in the context of T-cell behavior and the immune

response in islet transplantation.
2.3 Pathway enrichment analysis in T
cell subsets

To elucidate the functional implications of differentially

expressed genes (DEGs) identified within T-cell subsets from

syngeneic and allogeneic islet grafts, we conducted a

comprehensive pathway enrichment analysis using the

HALLMARK gene set collection from the Molecular Signatures

Database (MSigDB). This analysis aimed to identify key biological

processes and signaling pathways that are differentially activated or

suppressed across these cell subsets.

For each T-cell subset, we performed gene set enrichment

analysis (GSEA) using the preranked list of genes based on their

log2-fold changes. Specifically, we used the irGSEA software

(version 2.1.5) and MSigDB’s mh.all.v2023.2.Mm.symbols.gmt as

the gene set database. This analysis helps in identifying whether

HALLMARK pathways show differences between syngeneic and

allogeneic islet grafts. Pathway enrichment analysis provided

detailed insights into the molecular mechanisms underlying T-cell

responses in syngeneic versus allogeneic islet grafts. This

comprehensive pathway enrichment analysis not only delineated

the specific pathways activated or repressed in different T-cell

subsets but also provided a molecular framework for

understanding the potential impacts of these pathways on the fate

of islet grafts.
2.4 Analysis of cell communication
patterns in T-cell populations
using CellChat

We then applied CellChat (version 2.0.0) to analyze intercellular

communication by quantifying and visualizing the contributions of

different ligands and receptors expressed by these cells (19). This
frontiersin.org
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allowed us to delineate the cellular hierarchies and communication

dynamics within the T-cell population. We utilized CellChat to

detect and interpret complex communication patterns among the

T-cell subgroups. This included the identification of four incoming

signaling patterns. These patterns represent the pathways through

which T cells receive signals from other cells, helping us understand

how external signals influence cell behavior and function. Three

outgoing signaling patterns: These patterns illustrate how T cells

send signals to other cells, indicating their role in modulating

immune responses and cellular environments. This algorithm

enabled the distinction between autocrine (self-signaling within

the same cell type) and paracrine (signaling between different cell

types) communication modes. The analysis provided a structured

understanding of which cell types are the predominant senders and

receivers of signals, which is critical for identifying key regulatory

nodes within the immune system.

To effectively communicate our findings, we used CellChat’s

built-in visualization functions. Network plots: Network plots

showing the overall signaling network and highlighting the most

influential cell types and pathways. Sankey diagrams: These diagrams

depict the flow of signals between different cell groups, providing a

clear representation of communication from senders to receivers.

Heatmaps and chord diagrams: These visualizations quantified and

compared the strength and frequency of interactions across different

signaling pathways, emphasizing the contributions of each cell type to

the overall communication network. We integrated the results from

CellChat in our study to compare the signaling activities between

syngeneic and allogeneic grafts. This integrative approach helped in

pinpointing differential signaling pathways that might be responsible

for the distinct immune responses observed between the two graft

types. By employing this comprehensive methodology, we were able

to uncover nuanced insights into the cellular communication

landscape, revealing how specific signaling pathways are

orchestrated within T-cell populations and their impact on

graft outcomes.
2.5 Statistical analysis

All analyses were performed in R (version 4.2.1). We established

statistical significance at P < 0.05.
3 Results

3.1 Workflow of this study

The workflow of this study is shown in Figure 1. Step 1: Our

study’s workflow begins with the analysis of single-cell datasets

containing both syngeneic and allogeneic islet grafts. Initial quality

checks, data standardization, and preliminary dimensionality

reduction set the foundation for deeper analysis using T-SNE to

identify distinct cellular clusters within the grafts. Further

subdivision revealed five major cell types, which were expanded

into ten subtypes, enabling detailed cellular profiling and

differential gene expression analysis. In-depth scRNA-seq analysis
Frontiers in Immunology 04
of T-cell populations revealed six transcriptionally distinct clusters.

We further expanded this classification into 20 distinct

subcell types.

Step 2: We then conducted a comprehensive analysis of

differentially expressed genes (DEGs) across these cell types and

subtypes to explore molecular differences.

Step 3: We performed pathway enrichment analyses to identify

signaling pathways such as HALLMARK INTERFERON ALPHA,

GAMMARESPONSES, and TNFA SIGNALINGVIA NFKB. These

pathways were particularly notable for their varied expression

across memory T cells, Tregs, and other T-cell types, highlighting

both autocrine and paracrine signaling.

Step 4: Cell−cell interaction analyses further revealed significant

ligand−receptor interactions between various T-cell subsets,

emphasizing the communication dynamics within the T-cell

populations. Pattern recognition techniques map these interactions,

distinguishing cells as signal senders or receivers through specified

signaling patterns, thus providing a comprehensive view of the

communication and signaling mechanisms at play within T-cell

populations. This multifaceted approach not only clarified the

internal communication patterns among T cells but also linked

these patterns to broader immune responses in islet transplants.

Our study included a detailed analysis of the MIF signaling pathway,

focusing on its impact across various T-cell subgroups. We explored

autocrine signaling within the Treg and activated CD8+ T-cell groups

and compared it to the paracrine signaling observed in the CD4+

Tconv, dividing T, memory T, and gdT cell groups. This process

helped us assess the number of cells involved and the likelihood of

communication within each subgroup.
3.2 Analysis of single-cell datasets

In the initial phase of our research, we obtained single-cell

datasets that included syngeneic and allogeneic islet grafts from our

previous study (GSE198865) (16). We conducted thorough quality

checks, standardized the data, and performed initial steps to reduce

dimensionality. Subsequently, we applied the T-SNE technique to

achieve further dimension reduction, which allowed us to clearly

distinguish cellular clusters specific to syngeneic versus allogeneic

islet grafts.

Our analysis identified five main cell types, depicted in

Figure 2A, which included lymphocytes, endothelial cells, islet

cells, mesenchymal cells, and myeloid cells. We extended our

analysis to categorize these cells into 10 detailed subtypes, as

shown in Figure 2B, and their markers are displayed in

Figure 2C. These subtypes consist of B cells, endothelial cells, islet

cells, mesenchymal cells, CD4+ T cells, macrophages, CD8+ T cells,

regulatory T cells (Tregs), natural killer (NK) cells, and dendritic

cells (DCs), providing a detailed view of the cell variety within the

grafts. The distribution of each cell type across the samples is

thoroughly documented in Figure 2D. Additionally, we performed a

differential gene expression analysis, the results of which are shown

in a volcano plot in Figure 2E.

In-depth scRNA-seq analysis of T-cell populations revealed six

transcriptionally distinct clusters: CD4+ Tconv cells, Tregs,
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activated CD8+ T cells, dividing T cells, memory T cells, and gd T

cells, as shown in Figure 3A. We expanded this classification into 20

distinct subcell types, as depicted in Figure 3B, with the markers

shown in Figures 3C, D. These subtypes, which include various

forms of activated CD8+ T cells, dividing T cells, memory T cells,

regulatory T cells, and different T helper cell types, provide a

detailed perspective on the cellular diversity within grafts. The

proportions of these subcell types across the samples are detailed

in Figure 3E.
Frontiers in Immunology 05
3.3 Comparative analysis of DEGs in T cells
between syngeneic and allogeneic
islet transplants

To investigate the molecular differences between T cells from

syngeneic versus allogeneic islet grafts, we conducted a thorough

differential gene expression analysis. This approach enabled us to

identify and characterize the DEGs across six major distinct clusters

of T cells (Figures 4A–C) and 17 subcell types (Figures 4D–F).
FIGURE 1

Study workflow diagram.
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Statistical significance was established using the Wilcoxon rank-

sum test and refined through the limma package, with genes

considered significantly differentially expressed at an adjusted p-

value < 0.05 and a |log2 fold change| > 0.25. By employing

bioinformatics tools, we generated heatmaps to visually represent
Frontiers in Immunology 06
the DEGs between the syngeneic and allogeneic islet grafts within

each T-cell subset. The upregulated DEGs within six primary T-cell

clusters in allogeneic islet grafts are presented in Figure 4A. The

upregulated DEGs within six primary T-cell clusters in syngeneic

islet grafts are presented in Figure 4B. The detailed expression of
B

C

D E

A

FIGURE 2

Single-cell RNA sequencing analysis of islet grafts. (A) Cellular clusters identified in islet grafts display the five main cell types identified within the
islet grafts, which are lymphocytes, endothelial cells, islet cells, mesenchymal cells, and myeloid cells. (B) Subdivision of cell types showing the ten
detailed subtypes of the main cell types for further cellular profiling and analysis. (C) Marker expression profiles showing the expression markers for
each of the ten cell subtypes, providing insight into the cellular identity and function within the grafts. (D) The distribution of cell types documents
the distribution of each cell type across the sampled grafts, highlighting variations between syngeneic and allogeneic samples. (E) Volcano plot of
differential gene expression showing the results of the differential gene expression analysis, identifying significantly upregulated and
downregulated genes.
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DEGs within six primary T cells from syngeneic versus allogeneic

islet grafts is presented in Figure 4C. The upregulated DEGs within

17 subcell types of T cells in allogeneic islet grafts are presented in

Figure 4D. The upregulated DEGs within 17 subcell types of T cells

in syngeneic islet grafts are presented in Figure 4E. The detailed

expression of DEGs within 17 subcell types of T cells from

syngeneic versus allogeneic islet grafts is presented in Figure 4F.
Frontiers in Immunology 07
3.4 Pathway enrichment in T cell subsets

Furthermore, we conducted pathway enrichment analysis on

these cellular subsets (Figure 5A). This analysis highlighted that the

HALLMARK INTERFERON ALPHA RESPONSE pathway was

predominantly activated in memory T cells, whereas it was

suppressed in CD4+ Tconv cells and gdT cells. Similarly, the
B

C D

E

A

FIGURE 3

Detailed scRNA-seq analysis of T-Cell populations. (A) Cellular clusters of T cells identified in islet grafts show the six main cell types identified within
the islet grafts. (B) Subdivision of T-cell types showing the 20 detailed subtypes of the main T-cell types for further cellular profiling and analysis. (C)
The heatmap shows the specific marker profiles of different T-cell types. (D) The t-SNE analysis shows the specific marker profiles of different T-cell
types. (E) The proportions of different T-cell types distributed across samples. DivT, Dividing T; Tm, Memory T.
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B C

D E

F

A

FIGURE 4

Comparative DEG analysis in T cells. The differentially expressed genes in T-cell clusters and subtypes between syngeneic and allogeneic transplants
were visualized using heatmaps. (A) Upregulated DEGs in allogeneic T-cell clusters are upregulated within five primary T-cell clusters from allogeneic
islet grafts, highlighting genes with significant expression changes. No upregulated genes were identified in gd T cells. (B) Upregulated DEGs in syngeneic
T-cell clusters illustrate upregulated DEGs within six primary T-cell clusters from syngeneic islet grafts, emphasizing genes with notable increases in
expression. (C) Comparative DEG expression in T-cell clusters. Detailed comparisons of DEG expression within six primary T-cell clusters from both
syngeneic and allogeneic islet grafts are presented, providing a direct visual contrast of molecular differences. (D) Upregulated DEGs in allogeneic T-cell
subtypes across 17 subcell types of T cells in allogeneic islet grafts, delineating the specific genes that are predominantly expressed. (E) Upregulated
DEGs in syngeneic T-cell subtypes displayed upregulated DEGs across 17 subcell types of T cells in syngeneic islet grafts, revealing genes with increased
expression. (F) Comparative DEG expression in T-cell subtypes revealed by a detailed visual comparison of DEG expression across 17 subcell types of T
cells from syngeneic versus allogeneic islet grafts, highlighting molecular distinctions.
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HALLMARK INTERFERON GAMMA RESPONSE was elevated in

memory T cells and Tregs but reduced in CD4+ Tconv cells.

Additionally, the HALLMARK TNFA SIGNALING VIA NFKB

pathway was prominently active in Tregs, gdT cells, dividing T

cells, and activated CD8+ T cells. The HALLMARK IL2 STAT5

SIGNALING pathway exhibited increased activity in Tregs but

decreased activity in bothmemory T cells and activated CD8+ T cells.

In terms of the expression levels and distribution of

differentially expressed genes among the cell subsets, the
Frontiers in Immunology 09
highest intensity of genes in the memory T cells was detected

in the HALLMARK INTERFERON ALPHA (Figure 5B) and

GAMMA RESPONSES (Figure 5C) subsets, each of which

was marked at approximately 0.2 in the respective figures. Treg

cells showed the most significant changes in the expression of

HALLMARK IL2-STAT5 (Figure 5D), IL6-STAT3 SIGNALING

(Figure 5E), and HALLMARK TNFA SIGNALING VIA NFKB

(Figure 5F), with intensities of approximately 0.15, 0.1, and

0.15, respectively.
B

C

D E F

A

FIGURE 5

Pathway enrichment analysis. The activation of key HALLMARK signaling pathways in T cells was shown to provide insight into their roles in immune
responses. (A) Pathway enrichment analysis details the results of pathway enrichment analysis across T-cell subsets, highlighting pathways that are
differentially activated or suppressed. (B) HALLMARK INTERFERON ALPHA response in memory T cells quantifies the INTERFERON ALPHA response
activation in memory T cells. (C) HALLMARK INTERFERON GAMMA Response in T cells shows an elevated INTERFERON GAMMA response in
memory T cells and Tregs and reduced levels in CD4+ Tconv cells. (D) HALLMARK IL2-STAT5 signaling in Treg cells emphasizes strong IL2-STAT5
pathway activation in Treg cells. (E) HALLMARK IL6-STAT3 signaling in Treg cells is highly active in the IL6-STAT3 signaling pathway in Treg cells.
(F) HALLMARK TNFA SIGNALING VIA NFKB in Treg cells illustrates the activation of TNFA SIGNALING VIA NFKB in Tregs, gdT cells, dividing T cells,
and activated CD8+ T cells.
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3.5 Analysis of cell−cell interactions in
T cells

Pronounced ligand−receptor interactions were observed across

various T-cell types, with notable exchanges between dividing T

cells and activated CD8+ T cells, Tregs, CD4+ Tconv cells, and gdT
cells (Figures 6A, B). The number of interactions among these cells

is shown in Figure 6A, and the interaction weights/strengths are
Frontiers in Immunology 10
shown in Figure 6B. Figures 6C–H shows the details of the ligand

−receptor interactions between various T-cell types. Figure 6C

shows strong interactions between CD4+ Tconvs and Tregs and

between CD4+ Tconvs and gdT cells. Figure 6D shows the strong

interactions between Tregs and gdT cells. Figure 6E shows the

strong interactions between activated CD8+ T cells and both gdT
cells and Tregs. Figure 6F shows strong interactions between

dividing T cells and gdT cells, Tregs, CD4+ Tconvs and activated
B

C D E

F G H

A

FIGURE 6

Cell-cell interaction network. (A) The interactions among T cells represent the number of ligand-receptor interactions among various T-cell types,
emphasizing network complexity. (B) Interaction strength among T cells shows the interaction weights or strengths among various T-cell types,
providing insights into the intensity of cellular communication. (C-H) Detailed ligand−receptor interactions. (C) through (H) show the strong
interactions between specific pairs of T-cell types, revealing the key pathways and mediators involved in cellular communication.
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CD8+ T cells. Figure 6G shows strong interactions between

memory T cells and Tregs and between memory T cells and gdT
cells. Figure 6H shows the strong interactions between gdT cells and

Tregs and between gdT cells and dividing T cells.
3.6 Analyzing cell communication
patterns and signaling pathways
in T-cell populations

The patterns of cell communication for groups that primarily

acted as signal receivers (cells stimulated by ligands) are shown in

Figure 7A. The width of the flow in the diagram indicates the

contribution of each element to the pattern. CD4+ Tconv, Treg,

memory T, and gdT cells mainly receive stimuli through pattern #1,

which includes the MIF, GALECTIN, IL16, and TGFb signaling

pathways. Activated CD8+ T cells predominantly receive stimuli

through pattern #3, which consists solely of the CCL and IFN-II

signaling pathways. Dividing T cells primarily receive stimuli

through pattern #2, which includes only the CXCL and TNF

signaling pathways.

The pattern of cell communication in groups primarily serving

as signal senders (secretion ligands) is shown in Figure 7B. Most of

the CD4+ Tconv cells that secrete ligands communicate via pattern

#4, which includes the IL16 signaling pathway. All activated CD8+

T cells and memory T cells communicate via pattern #1, which

encompasses the GALECTIN and CXCL signaling pathways. All

dividing T cells communicate via pattern #3, which includes the

CCL, TGFb, and TNF signaling pathways. All gdT cells

communicate via pattern #2, which includes the IFN-II

signaling pathway.

By comparing Figures 7A, B, we can distinguish between

autocrine and paracrine links. Specifically, the MIF and TGFb

signaling pathways primarily mediate autocrine signaling, while

the CCL and CXCL pathways mainly facilitate paracrine

communication between activated CD8+ T cells and dividing

T cells.
3.7 Analyzing autocrine and paracrine
signaling in T cells via the MIF
signaling pathway

The MIF signaling pathway was further analyzed, revealing its

impact on various T-cell subgroups (Figure 7C). On the left, the

diagram illustrates autocrine signaling within the Treg and

activated CD8+ T-cell groups, while the right side shows their

paracrine signaling. Figure 7D divides the focus into two types of

signaling affecting CD4+ Tconv cells: dividing T cells, memory T

cells, and gdT cells. The left side of the diagram represents paracrine

signaling in these groups, and the right side illustrates autocrine

signaling in the same groups. The size of the circles in the diagram

indicates the number of cells in each group, and the width of the

lines suggests the likelihood of cell communication occurring.

Detailed visualizations that complement the insights into the

MIF signaling pathway are provided in Figures 7E–G. A ring chart
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illustrates the distribution and prominence of various T-cell groups

within the MIF signaling pathway, highlighting their respective

contributions and interactions (Figure 7E). The positioning and size

of each segment within the ring chart correlate with the role

prominence of each cell group, as derived from the heatmap

(Figure 7F). A chord diagram was further used to map the

intricate network of cell communication within the MIF signaling

pathway (Figure 7G). This diagram shows the connections between

different T-cell groups, with the thickness of each chord

representing the strength and frequency of interactions between

the groups. As in Figure 7F, where the heatmap depicts the

likelihood of role assumption, the chord diagram in Figure 7G

visually emphasizes the central role of gdT cells, as they act as the

main mediators managing signal flow during cell communication.

Together, these results underscore the dynamics of cellular

interactions, and the crucial roles certain T-cell groups play

within the signaling pathway.
4 Discussion

Islet transplantation has emerged as a promising therapeutic

strategy for patients suffering from type 1 diabetes (20, 21).

Allogeneic islet transplantation offers potential cures, yet they are

hindered by immune rejection and the scarcity of compatible

donors (8). This study aimed to address these challenges by

dissecting the molecular mechanisms underlying T-cell responses

in both transplantation scenarios, highlighting the necessity for a

deeper understanding of immune dynamics to improve

transplant outcomes.

Immune rejection in allogeneic islet transplantation is directly

linked to the loss of functional pancreatic islets (22, 23). By

elucidating the T-cell-mediated immune responses that contribute

to islet graft rejection, this research endeavors to unlock new avenues

for enhancing graft survival and function (24). The insights gained

from our investigation into the differential gene expression and

signaling pathways of T-cell subsets in allogeneic and syngeneic

transplants could shed light on novel immunomodulatory

therapies, potentially revolutionizing the management of type 1

diabetes and improving patient prognoses.

Given the complexity of immune responses in islet

transplantation, identifying differentially expressed genes (DEGs)

in T-cell clusters is crucial. The upregulation of specific genes within

the major T-cell clusters and subtypes in syngeneic transplants

suggests a unique molecular signature potentially linked to graft

rejection or other immune responses. These DEGs could serve as

biomarkers for transplant outcomes or therapeutic targets to

enhance graft survival.

Our single-cell transcriptomic analysis has provided significant

insights into T-cell heterogeneity and its molecular mechanisms in

islet transplantation. Notably, the enrichment of the HALLMARK

INTERFERON ALPHA RESPONSE pathway in memory T cells

indicates a heightened antiviral defense, which is crucial for graft

survival. Conversely, the suppression of this pathway in CD4+

helper and gd T cells likely represents a regulatory mechanism to

prevent tissue damage. Additionally, the widespread activation of
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FIGURE 7

Cell communication patterns and signaling pathways (A) Signaling patterns for signal receivers showing signaling patterns for T-cell groups acting as
signal receivers, detailing the pathways stimulated by ligands. (B) Signaling Patterns for Signal Senders Illustrate signaling patterns for T-cell groups
acting as signal senders, highlighting the pathways through which these cells secrete ligands. (C) MIF signaling pathway autocrine and paracrine
signaling in T cells demonstrates the impact of the MIF signaling pathway on Tregs and activated CD8+ T cells, showing autocrine (left) and
paracrine (right) signaling. (D) Signaling modulation among T-cell subtypes depicts autocrine and paracrine signaling within CD4+ Tconv cells,
dividing T cells, memory T cells, and gdT cells. The circle sizes and line widths represent the number of cells and the potential strength of
communication, respectively. (E) Ring chart visualization of the distribution of the MIF signaling pathway in the T-cell group. A ring chart showing
the distribution and role prominence of various T-cell groups within the MIF signaling pathway. (F) The heatmap of role prominence in MIF signaling
displays a heatmap showing the likelihood of role assumption by different T-cell groups, with color intensity indicating each group’s role
prominence. (G) Chord diagram of T-cell communication in MIF signaling. A chord diagram maps the network of T-cell communications within the
MIF signaling pathway, with chord thickness reflecting the strength and frequency of interactions, particularly highlighting the role of gdT cells as
central mediators.
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the HALLMARK TNFA SIGNALING VIA NFKB pathway across

various T-cell subsets, including regulatory T (Treg) cells, gd T cells,

proliferating T cells, and activated CD8+ T cells, highlights the

critical role of TNFa in mediating inflammatory responses, which

may be targeted to modulate graft rejection and enhance tolerance.

The activation of the HALLMARK TNFA SIGNALING VIA NFKB

across multiple T-cell subsets suggests a heightened inflammatory

state which could predispose to graft rejection or dysfunction.

Conversely, the suppression of the INTERFERON ALPHA

RESPONSE in CD4+ Tconv and gdT cells may represent a

compensatory, regulatory mechanism aimed at tempering the

immune response to avoid overactivation and potential

graft damage.

The interaction between proliferating T cells and activated CD8

+ T cells, as revealed through ligand−receptor analysis using

CellChat, underscores the complexity of communication within

the T-cell community. These interactions are pivotal for

orchestrating the immune response to transplanted tissues,

highlighting their potential as targets for enhancing graft

acceptance and preventing rejection. Similar challenges are

observed in other types of organ transplantation, where post-

transplantation diabetes mellitus (PTDM) emerges as a serious

complication affecting graft and patient survival (25).

Furthermore, the analysis revealed the critical role of the MIF

signaling pathway in modulating interactions among various T-cell

subtypes. This pathway is influenced by autocrine signaling in Tregs

and activated CD8+ T cells, as well as paracrine signaling in CD4+

conventional T (CD4+ Tconv), proliferating T, memory T, and gd T
cells. This complex signaling pathway highlights the integral role of

MIF in immune regulation and suggests that detailed insights into

this pathway could inform strategies to modulate immune responses

in transplant settings. Moreover, the significant role ofMIF in various

biological processes and immune responses, particularly its impact on

different T-cell types, underscores its potential as a biomarker or

therapeutic target in islet transplantation. Compared to findings from

the previous study (11), our study further elaborates on the role of gd
T cells in graft environments, providing a deeper understanding of

their dual role in immunoregulation and inflammation.

Our findings highlight the potential of targeting specific T-cell

signaling pathways, such as TNFA via NFKB, to modulate the

immune response in islet transplantation. These pathways hold

promise as therapeutic targets to enhance graft tolerance. However,

the limited sample size in our study may affect the generalizability of

these results. To address this, further studies should investigate the

role of these pathways in larger cohorts to explore the mechanistic

basis of their modulation using targeted therapies or genetic

techniques. Additionally, we recommend conducting future

clinical trials designed to assess interventions aimed at the TNFA

and interferon pathways, which have been identified as critical in

our study. Such trials could provide deeper insights into their

potential to improve transplantation outcomes and validate our

findings across a broader population, thereby enhancing their

applicability and impact in clinical settings.

In summary, our study highlights the intricate interplay of T-

cell subsets and their communication networks, which are crucial
Frontiers in Immunology 13
for understanding immune responses in pancreatic islet transplants.

Through detailed analyses using GSEA and CellChat, we identified

specific biological processes and signaling pathways that are

differentially regulated across T-cell subpopulations. These

insights not only deepen our understanding of T-cell behavior in

the context of transplantation but also offer potential avenues for

developing targeted immunomodulatory therapies aimed at

improving transplant tolerance and longevity.
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