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Background: Islet transplantation is a promising treatment for type 1 diabetes
that aims to restore insulin production and improve glucose control, but long-
term graft survival remains a challenge due to immune rejection.

Methods: ScCRNA-seq data from syngeneic and allogeneic islet transplantation
grafts were obtained from GSE198865. Seurat was used for filtering and
clustering, and UMAP was used for dimension reduction. Differentially
expressed genes were analyzed between syngeneic and allogeneic islet
transplantation grafts. Gene set variation analysis (GSVA) was performed on the
HALLMARK gene sets from MSigDB. Monocle 2 was used to reconstruct
differentiation trajectories, and cytokine signature enrichment analysis was
used to compare cytokine responses between syngeneic and allogeneic grafts.

Results: Three distinct macrophage clusters (Mg-C1, Mg-C2, and Mg-C3) were
identified, revealing complex interactions and regulatory mechanisms within
macrophage populations. The significant activation of macrophages in
allogeneic transplants was marked by the upregulation of allograft rejection-
related genes and pathways involved in inflammatory and interferon responses.
GSVA revealed eight pathways significantly upregulated in the Mg-C2 cluster.
Trajectory analysis revealed that Mg-C3 serves as a common progenitor,
branching into M@-Cl and Mg-C2. Cytokine signature enrichment analysis
revealed significant differences in cytokine responses, highlighting the distinct
immunological environments created by syngeneic and allogeneic grafts.

Conclusion: This study significantly advances the understanding of macrophage
roles within the context of islet transplantation by revealing the interactions
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between immune pathways and cellular fate processes. The findings highlight
potential therapeutic targets for enhancing graft survival and function,
emphasizing the importance of understanding the immunological aspects of
transplant acceptance and longevity.

KEYWORDS

type 1 diabetes (T1D), islet transplantation, macrophages, immune rejection, single-cell
RNA sequencing (scRNA-seq), syngeneic transplantation, allogeneic transplantation,

cytokine

1 Introduction

Islet transplantation, a promising treatment for type 1 diabetes
(T1D), aims to restore insulin production and achieve better
glucose control (1). Although allogeneic islet transplantation has
been approved and utilized in several countries for many years, the
recent FDA approval of Lantidra in the United States marked a
significant milestone in T1D treatment (2-4). According to a 20-
year report of islet transplantation, significant progress has been
made in improving graft survival and function, with advancements
in immunosuppressive protocols and transplantation techniques
contributing to better outcomes (5). Despite this progress, long-
term graft survival and functionality remain challenging, primarily
due to immune rejection (6, 7). Traditional approaches involve
immunosuppressants, which have significant side effects, including
increased infection and tumor risk (8-10).

The application of single-cell RNA sequencing (scRNA-seq)
technology in islet transplantation is particularly novel and urgent
due to its unparalleled ability to provide detailed insights into cellular
heterogeneity and dynamic gene expression profiles at single-cell
resolution. This technology allows us to dissect the complex immune
microenvironment within transplanted islets, specifically focusing on
macrophages, which play a pivotal role in graft acceptance and
rejection. Previous methodologies, such as bulk RNA sequencing,
lack the ability to identify distinct cellular subtypes and their specific
functions within the graft microenvironment. In contrast, scRNA-seq
enables the identification and characterization of diverse macrophage
subsets and their roles in modulating immune responses.

The complexity of the immune microenvironment extends
beyond the immediate challenges of immune rejection and
immunosuppressant usage to include the elaborate interplay
between transplanted islet cells and host immune cells, such as T
cells (46), B cells, macrophages, dendritic cells, NK cells and
neutrophils (11-13). Macrophages are critical in islet
transplantation due to their dual role in promoting tissue repair
and mediating immune responses (14). These versatile cells are
involved in various processes, including phagocytosis, antigen
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presentation, and cytokine production, which influence graft
survival and function. The ability of these cells to polarize into
either proinflammatory (M1) or anti-inflammatory (M2)
phenotypes significantly influences graft outcomes (15). Previous
studies have highlighted the conflicting roles of macrophages in islet
transplantation, with some reports indicating their contribution to
graft rejection and others suggesting their involvement in immune
tolerance. However, these studies were limited by their inability to
precisely characterize macrophage subsets and their functional
states within the transplant microenvironment.

Recent research underscores the therapeutic potential of
macrophages due to their plasticity and diverse functions.
Macrophage-based cell therapy can be engineered for tissue
repair, immune modulation, and targeting specific diseases (14).
Alpha-1 antitrypsin has been shown to suppress proinflammatory
macrophage activity, improving islet graft survival (15). Polylysine-
bilirubin conjugates support islet viability and promote M2
macrophage polarization, aiding transplant acceptance (16). Islet
transplantation can modulate macrophage activity to induce
immune tolerance and promote angiogenesis, enhancing
transplant success (17). Additionally, immunomodulatory
injectable silk hydrogels maintain functional islets and promote
M2 macrophage polarization, facilitating graft acceptance (18).

Our previous research identified three distinct macrophage
subsets (Mo-Cl, Mg-C2, and Mg-C3) through scRNA-seq,
revealing their complex involvement in immune rejection and
tolerance processes (19). Building on this foundational work, the
current study presents a reanalysis of an existing scRNA-seq dataset
from mouse transplantation models to characterize macrophage
phenotypes associated with syngeneic and allogeneic islet grafts.
The aim of this study was to further elucidate the mechanisms by
which these macrophages contribute to transplantation outcomes.
By comparing key pathways, we sought to uncover the specific roles
of macrophage subsets in graft outcomes. This detailed profiling not
only enhances our understanding of macrophage biology in islet
transplantation but also identifies potential therapeutic targets to
improve transplant success and longevity.
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2 Materials and methods
2.1 Single-cell data analysis of islet grafts

ScRNA-seq data of syngeneic islet transplantation and
allogeneic islet transplantation grafts were obtained from
GSE198865 (19). Seurat (version 4.4.0) was used for filtering and
subsequent clustering (20). Cells with RNA feature counts less than
200 or greater than 4500 and a mitochondrial content exceeding
15% were excluded as poor-quality cells. Genes not detected in at
least 3 cells were removed from subsequent analysis. These
thresholds were set to eliminate low-quality cells and potential
doublets, ensuring the reliability of downstream analyses. The
mitochondrial content threshold is based on the principle that
high mitochondrial gene expression may indicate stressed or
dying cells, which could bias the results.

Uniform manifold approximation and projection for dimension
reduction (UMAP) (21) was performed using the Seurat R package
with the first 75 principal components after performing principal
component analysis (PCA) on the 2000 most highly expressed
genes. Identification of significant clusters was performed using the
FindClusters algorithm in the Seurat package with the resolution set
to 0.6. Batch effect correction was performed using the
“RunHarmony” function (22). Cell subtypes were annotated
according to cell markers from the original study (19).

2.2 Differentially expressed genes
(DEG) analyzed

For the analysis of DEGs, we used the Wilcoxon rank-sum test
for comparisons between two groups. This nonparametric test is
suitable for comparing two independent groups and is robust for
single-cell RNA sequencing data. The analysis was further refined
using the limma package in R (version 4.2.2), where genes were
identified as differentially expressed based on two criteria: fold
change > 0.25 and an adjusted P value < 0.05. Venn diagrams and
heatmaps were generated to visualize the interactions between the
DEGs and key pathway gene sets. Heatmaps were generated to
visualize the results.

2.3 Gene set variation analysis (GSVA)

Pathway analyses were predominantly performed on the
HALLMARK gene sets described in the Molecular Signatures
Database (MSigDB) and exported using the MSigDB package
(version 7.5.1). We applied GSVA using standard settings, as
implemented in the GSVA package (version 1.46.0) (23).
Differences in pathway activity per cell according to GSVA
among the different macrophage clusters. To correct for multiple
comparisons, we employed the Benjamini-Hochberg method to
control the false discovery rate (FDR). This correction is crucial for
minimizing type I errors when conducting multiple statistical
tests simultaneously.
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2.4 Analyzing the role of key gene sets
in macrophages

To explore the roles of related gene sets in macrophages identified
in GSVA, we conduct a specialized analysis of the expression patterns
of these gene sets to uncover their potential role in transplant immune
responses. Venn diagrams are used to display the intersection genes
between each gene set and the DEGs in various macrophage
subgroups from both syngeneic and allogeneic transplants.

2.5 Reconstruction of differentiation
trajectories using Monocle 2

Using the R package Monocle 2 (version 2.8.0) (24),
differentiation hierarchies within different clusters were
reconstructed. Cell fate decisions and differentiation trajectories
were reconstructed with the Monocle 2 package, which utilized
reverse graph embedding based on a user-defined gene list to
generate a pseudotime plot that could account for both branched
and linear differentiation processes.

2.6 Cytokine signature enrichment analysis

To assess the cytokine signatures of macrophage subsets (Mo-
C1, Mp-C2, and Me-C3) in syngeneic and allogeneic islet
transplantation grafts, we utilized the Dictionary of Immune
Responses to Cytokines at single-cell resolution. This approach
was based on the transcriptional response data to individual
cytokine stimulation collected by Cui et al. (25). We compared
the cytokine signatures of macrophage subsets after allogeneic islet
transplantation to those after syngeneic islet transplantation.
Immune response enrichment analysis (IREA) (25) was
subsequently conducted to calculate enrichment scores for each
cytokine. This analysis identified the 86 cytokines with the
enrichment for each macrophage subset.

2.7 Statistical analysis

For the analysis of gene expression in the scRNA-seq data, all
single-cell sequencing data statistical analyses were performed in the
R Seurat package (version 4.4.0). Heatmaps were generated from the
row-scaled expression values using the heatmap package in R
(version 4.2.1). We established statistical significance at P < 0.05.

3 Results
3.1 The workflow of this study

The workflow of this study is illustrated in Figure 1. We began
by acquiring single-cell datasets from GSE198865 covering both
syngeneic and allogeneic islet grafts. Following stringent quality
control, normalization, and initial dimensionality reduction, we

used uniform manifold approximation and projection (UMAP) to
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distinguish cellular clusters from syngeneic and allogeneic islet
grafts. SCRNA-seq analysis of macrophages revealed three distinct
clusters (Mo-C1, Mo-C2, and Mg-C3) with their marker genes. We
then conducted differential gene expression analysis across
macrophage clusters (Mg-Cl, Mg-C2, and Mg-C3) to identify
differentially expressed genes (DEGs) between syngeneic and
allogeneic grafts. Gene set variation analysis (GSVA) revealed

10.3389/fimmu.2024.1407118

pathway activity differences, with eight pathways upregulated in
Mg-C2 macrophages. Intersection analysis identified key genes
involved in pathways across Me-Cl, Mo-C2, and Mg-C3, as
visualized through Venn diagrams and heatmaps. Trajectory
analysis using Monocle 2 and cytokine signature enrichment
analysis further elucidated macrophage dynamics and immune
responses in islet transplantation.
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3.2 Analysis of single-cell datasets

In the foundational stage of our study, we accessed single-cell
datasets encompassing both syngeneic and allogeneic islet grafts
sourced from GSE198865 (19). After implementing rigorous quality
control measures (Figures 2A, B), normalization processes, and initial
dimensionality reduction steps, we utilized UMAP for dimension
reduction. Cellular gene markers from the original dataset were used
to categorize six primary cell types (Figure 2C): :lymphocytes(markers:
Cd3e, Cd4 and Cd8),endothelial cells (markers: Pecaml, Egfl7 and
Plvap), islet cells (markers: Insl, Chga and Scg2), mesenchymal cells
(markers: Col3al, Collal and Colla2), myeloid cells (markers: Cd68,
Gzma and Cd7), and acinar cells (markers: Amy2a, Ptfla and MistI).
These major cell types were further partitioned into 11 subcell types
(Figure 2D): B cells (markers: Cd19, Cd79a and Ms4al), endothelial
cells, islet cells, mesenchymal cells, CD4+ Th cells (markers: Cd4, Tnfsf8
and Lat), CD8+T cells (markers: Cd8a, Cd8b1 and Ms4a4b), regulatory
T cells (Tregs, markers: II2ra, Ctla4 and Cd2), macrophages (markers:
Cde8, Csflr and Pla2g7), natural killer cells (NK, markers: Gzma, Cd7
and KlrbIc), acinar cells and dendritic cells (DCs, markers: Clec9a, Xcrl
and Cd24a).

Meticulous scRNA-seq analysis of macrophage populations
revealed three transcriptionally unique clusters, namely, Mo-Cl1,
Mg-C2, and Me-C3, providing deep insights into the heterogeneity
and functional specialization of macrophage communities in the
context of islet transplantation (Figure 2E). The marker genes of
Mp-Cl1, Mg-C2, and Mg-C3 are shown in Figure 2F. The
proportions of Mg-Cl, M@-C2, and Mg-C3 are shown in
Figure 2G. The proportion of Me-Cl cells was significantly
greater in syngeneic grafts, whereas the proportion of Mo-C2 cells
was considerably greater in allogeneic grafts. The proportion of Mg-
C3 cells was similar in both the syngeneic and allogeneic grafts. This
granular view of cellular landscapes sets the stage for a nuanced
understanding of the immunological intricacies governing graft
survival and acceptance.

3.3 Comparative analysis of DEGs in
macrophages between syngeneic and
allogeneic islet transplants

To investigate the molecular differences between macrophages
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 three distinct clusters of
macrophages: Mo-C1 (Figure 2H, Supplementary Table 1), Mg-C2
(Figure 2I, Supplementary Table 2), and Me-C3 (Figure 2],
Supplementary Table 3). By employing bioinformatics tools, we
generated volcano plots to visually represent the DEGs between the
syngeneic and allogeneic islet grafts within each macrophage subset.
The analysis revealed significant differences in the expression of genes
involved in critical pathways associated with graft acceptance, immune
response modulation, and islet cell survival.
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3.4 Key pathways upregulated in Mg-C2
macrophages during islet-
allograft transplantation

Pathway analyses primarily utilized HALLMARK gene sets
from the Molecular Signatures Database (MSigDB), which are
exported via the MSigDB package. GSVA scores per cell revealed
pathway activity differences across macrophage clusters (Mo-Cl,
Mp-C2, and Me-C3). Notably, eight pathways were significantly
upregulated in Mg-C2 cells, underscoring their critical role in islet-
allograft transplantation. These pathways included DNA repair,
MYC targets, G2M checkpoint, inflammatory response, E2F targets,
allograft rejection, interferon alpha response, and interferon gamma
response (Figure 3A). The number of DEGs within these pathways
is detailed in Figure 3B.

3.5 Signaling pathway dynamics in Mg-C1

Intersection analysis identified key genes involved in eight
distinct pathways within the Mg-C1 macrophage cluster, as
illustrated by the Venn diagram (Figure 4A). These pathways
include DNA repair (including 2 genes), MYC targets (including
10 genes), G2M checkpoint (including 2 genes), inflammatory
response (including 20 genes), E2F targets (including 1 gene),
allograft rejection (including 17), interferon alpha response
(including 9 genes), and interferon gamma response (including 25
genes). The heatmaps shows the up-regulated DEGs (Figure 4B)
and down-regulated DEGs (Figure 4C) in allograft compared with
syngeneic graft within these pathways. Detailed information on all
DEGs in pathways related to Me-Cl1 is provided in Supplementary
Tables 4, 5. This analysis highlights the involvement of diverse
genes in crucial pathways, shedding light on the multifaceted roles
of Mg-C1 macrophages in islet grafts.

3.6 Pathway analysis in Mg-C2

A Venn diagram (Figure 5A) was generated to identify genes
significantly enriched in seven pathways within the Mo-C2 cluster.
These pathways included DNA repair (including 2 genes), MYC
targets (including 4 genes), G2M checkpoint (including 1 gene),
inflammatory response (including 12 genes), allograft rejection
(including 15 genes), interferon alpha response (including 7
genes), and interferon gamma response (including 24 genes). The
heatmaps was generated to visualize the up-regulated DEGs
(Figure 5B) and down-regulated DEGs (Figure 5C) in these
pathways. Detailed information on all DEGs in pathways related
to Me-C2 is provided in Supplementary Tables 4, 5. This analysis
underscores the significant activation of inflammatory and immune
response pathways in Me-C2 macrophages, particularly in the
context of allograft rejection.
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FIGURE 2

Single-cell RNA sequencing (scRNA-seq) insights into islet transplantation. (A) Quality control metrics for scRNA-seq of syngeneic and allogeneic
islet grafts. (B) The number of detected genes showed no correlation with the percentage of mitochondrial content but was significantly correlated
with sequencing depth. (C) Uniform manifold approximation and projection (UMAP) visualization highlights six predominant cell types within islet
grafts, underscoring the diverse cellular landscape. (D) Further UMAP analysis revealed 11 subcell types, providing a detailed view of cellular diversity
within the grafts. (E) Comparative UMAP plots of three macrophage clusters (Mg-C1, M@-C2, and M@-C3) in allogeneic (left panel) versus syngeneic
(right panel) islet grafts reveal distinct cellular distributions. (F) Maker genes of three macrophage clusters. (G) The proportions of Me-C1, Mg-C2,
and Mg-C3. The number of Mg-C2 cells in allografts was significantly greater than that in syngeneic grafts. (H-J) The variance in gene expression
between syngeneic and allogeneic grafts across macrophage clusters (Mg-C1, Me-C2, and M@-C3) is depicted, emphasizing the differential
expression landscape. M@, macrophage.
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Mg-C2, and M@-C3). The red box highlights eight pathways significantly upregulated in Mg-C2 cells, underscoring their critical role in islet-allograft
transplantation. These pathways included DNA repair, MYC target, G2M checkpoint, inflammatory response, E2F target, allograft rejection, interferon
alpha response, and interferon gamma response pathways. (B) The number of differentially expressed genes (DEGs) within pathways significantly

upregulated in Mg-C2 macrophages. M@, macrophage.

3.7 Pathway insights for
Mg@-C3 macrophages

Key genes associated with five pathways in the Mo-C3 cluster
were identified through intersection analysis, as shown in the Venn
diagram (Figure 6A). These pathways included MYC targets
(including 1 gene), inflammatory response genes (including 2
genes), allograft rejection genes (including 5 genes), interferon
alpha response genes (including 5 genes), and interferon gamma
response genes (including 7 genes). The heatmaps shows the up-
regulated DEGs (Figure 6B) and down-regulated DEGs (Figure 6C)
within these pathways. Detailed information on all DEGs in
pathways related to Me-C3 cells is provided in Supplementary
Tables 4, 5. This analysis revealed the significant roles of the
interferon response and allograft rejection pathways in Mo-C3
macrophages, contributing to the understanding of their function
in the immune response to transplantation.
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3.8 Macrophage transcriptional state
bifurcation and cell fate of three clusters
(Mg-C1, M@-C2, and Mg@-C3)

Trajectory manifold analysis of macrophages from islet
grafts was conducted using the Monocle 2 algorithm, which
identified distinct cellular trajectories or fates based on
expression profiles (Figure 7A). The analysis revealed that
macrophages primarily originate from the Mg-C3 cluster,
which branches into the Mg-Cl and Mg-C2 clusters.
Comparative trajectory analysis of macrophages from
syngeneic and allogeneic grafts (Figure 7B) further elucidated
these dynamics, showing that Mg-C3s serve as common
progenitors for both transplant types.

The density plots (Figures 7C, D) illustrate the pseudotime
projections of transcriptional changes for the three macrophage
clusters (Mo-C1, Mo-C2, and Me-C3). The proportion of Mo-C3
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macrophages was relatively similar in both syngeneic and allogeneic ~ suggesting that they play a role in promoting graft tolerance.
grafts (Figure 2G), indicating that a stable progenitor state was  Conversely, Mg-C2 macrophages were more prevalent in
unaffected by the type of graft. However, Mo-C1 macrophages were  allogeneic grafts (Figure 2G), which is indicative of their

found in greater proportions in syngeneic grafts (Figure 2G),  involvement in inflammatory responses and graft rejection.
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3.9 Cytokine signature enrichment
in macrophages

To evaluate macrophages in islet grafts, we employed a
comprehensive dictionary of immune responses to cytokines.
Responses to 86 cytokines were analyzed by comparing syngeneic
and allogeneic grafts (Figure 8A). The immune response
enrichment analysis (IREA) cytokine enrichment plot (Figure 8B)
displays the enrichment score (ES) for each cytokine response
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across the three macrophage clusters (Mo-Cl1, Mg-C2, and Mo-
C3) in syngeneic versus allogeneic grafts. The bar length represents
the ES, while shading indicates the FDR-adjusted P value from a
two-sided Wilcoxon rank-sum test, with darker shades reflecting
greater statistical significance (red for allografts, blue for
syngeneic grafts).

This evaluation is based on data collected by Cui et al. (25),
where transcriptional responses to individual cytokine stimulation
were measured. For Me-Cls, the top 10 cytokines with the strongest
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enrichment in allografts compared to syngeneic grafts were
adiponectin, IL15, IFNo1, IFN, IFNY, prolactin, IL7, IL11, IL18,
and LIF (detailed results are provided in Supplementary Table 6).
For Me-C2s, the top 10 cytokines with the strongest enrichment in
allografts were [FNYy, IFNo1, IFNB, IL15, IL18, adiponectin, IL27,
IL12, IL11, and IL360 (detailed results are provided in
Supplementary Table 7). For Mg-C3s, the top 10 cytokines with
the strongest enrichment in allografts were IFNYy, IFNol, IFNB,
IL15, IL18, adiponectin, IL2, IL12, IL360t, and IFNx (detailed results
are provided in Supplementary Table 8).

These analyses collectively offer a comprehensive view of the
molecular underpinnings that define the macrophage-mediated
response in syngeneic and allogeneic islet transplantation. By
shedding light on the specific pathways and genes differentially
expressed in various macrophage populations, this research
underscores the complexity of the immune response to
transplantation and points toward potential therapeutic targets
for enhancing graft survival and function.

4 Discussion

Single-cell RNA sequencing (scRNA-seq) technology has
already found extensive applications in immunology (26) and
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transplantation (27) research due to its ability to provide high-
resolution insights into cellular heterogeneity and the distinct
functional states of individual cells. In this study, we leveraged
single-cell RNA sequencing to thoroughly examine macrophage
dynamics and molecular mechanisms in islet transplantation by
comparing syngeneic and allogeneic grafts. By analyzing data from
GSE198865 (19), we identified three distinct macrophage clusters
(Mg-C1, Mp-C2, and M@-C3) and explored their differential gene
expression and pathway activities. Our detailed single-cell analysis
revealed complex interactions and regulatory mechanisms within
macrophage populations that were not previously captured by bulk
RNA sequencing studies. This detailed view of cellular
heterogeneity and functional specialization provides deeper
insights into the molecular underpinnings of immune responses
in transplantation, thereby the existing research.

Recent studies have demonstrated that macrophage
heterogeneity and the distinct functional roles of various
macrophage subpopulations are critical in shaping immune
responses in different tissue contexts (28). For instance, research
has shown that tissue-resident macrophages exhibit unique gene
expression profiles and functional specializations depending on
their tissue of origin and local microenvironment (29).
Furthermore, the diversity of macrophage activation states,
ranging from proinflammatory to anti-inflammatory and tissue

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1407118
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Pu et al.

10.3389/fimmu.2024.1407118

A c
Cell type « Mo-C1 Me-C2 Mo-C3
VP : : Pseudotime _
0 10 20
o ]
- -
c c
o 0 )
c c 0
o [=]
o =%
: ;
o° o -5
-5 0 5 10
Component 1 Component 1
D
B
Category « Allograft ~ « Syngeneic graft
0.3
>
ﬁ "‘% Cell type
S0 c 02 Mo-C1
c 8 Mo-C2
o Mo-C3
g 0.1
§ s '
o
0.0
0 5 10 15 20

Component 1

FIGURE 7

Pseudotime

Macrophage transcriptional state bifurcation and cell fate of three clusters (Mg-C1, M@-C2, and Mg-C3). (A) Multifold trajectories of macrophages
from islet grafts analyzed using the Monocle 2 algorithm. Solid and dotted lines indicate distinct cellular trajectories or fates as determined by their
expression profiles. (B) Comparative trajectory analysis of macrophages from syngeneic and allogeneic grafts using the Monocle 2 algorithm.

(C, D) Density plots illustrating pseudotime projections of transcriptional changes for the three macrophage clusters (Mg-C1, Mg-C2, and Mg-C3).

Mg, macrophage.

repair phenotypes, underscores the complexity of their roles in
immune regulation (30).

By comparing our findings with those in the literature, we observe
both the confirmation and expansion of previously reported results.
The observed upregulation of allograft rejection, inflammatory
response (31, 32), and interferon (33) signaling pathways in
allogeneic transplants corroborates previous studies emphasizing the
central role of these pathways in mediating inflammatory responses
and immune rejection. However, our study extends these findings by
providing a more nuanced understanding of the differences in
macrophage polarization states between syngeneic and allogeneic
transplants, highlighting a skew toward a more inflammatory
phenotype in allogeneic settings. Our analysis revealed significant
activation of macrophages in allogeneic transplants, marked by the
upregulation of allograft rejection-related genes and pathways involved
in inflammatory and interferon responses, supporting the hypothesis
that immune rejection in allogeneic transplants is driven by the host’s
immune response to foreign antigens.

Gene set variation analysis (GSVA) is a nonparametric,
unsupervised method that assesses pathway activity changes over
a sample population in an expression dataset. GSVA transforms
gene expression data from a gene-centric to a pathway-centric view,
enabling the evaluation of pathway-level changes across samples
(23). It has been widely utilized in immunological studies to
elucidate the involvement of various signaling pathways in
immune responses, disease mechanisms, and therapeutic
interventions, providing insights into the functional context of
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gene expression alterations in immune cells (34). We used GSVA
methods and identified eight pathways that were significantly
upregulated in the Me-C2 cluster, namely, DNA repair, MYC
target, G2M checkpoint, inflammatory response, E2F target,
allograft rejection, interferon alpha response, and interferon
gamma response pathways. These pathways are crucial for
understanding the immune response dynamics in islet
transplantation and highlight potential therapeutic targets to
modulate macrophage activity and improve graft outcomes.

Detailed intersection analyses and heatmaps of differentially
expressed genes (DEGs) across the macrophage clusters provided
insights into the polarization states of macrophages. These findings
suggest a shift toward a proinflammatory phenotype in allogeneic
transplants, which may contribute to graft rejection. This insight is
crucial for developing targeted therapies that could reprogram
macrophages to a more tolerogenic state.

Monocle 2, originally described by Qiu et al., utilizes a
technique called reverse graph embedding to reconstruct the
trajectories of single cells as they progress through different states
(24). This method is particularly powerful for revealing the dynamic
changes in cell fate decisions over time. Monocle 2 constructs a
trajectory of single-cell transcriptomes by ordering cells along a
pseudotime axis, which helps in understanding the progression and
differentiation of cells in various biological processes.

Recent studies have demonstrated the application of Monocle 2
in various research contexts. For instance, Wang et al. (35) used
Monocle 2 to create a single-cell transcriptome atlas of human
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Cytokine signature enrichment in macrophages. (A) A comprehensive dictionary of immune responses to cytokines was utilized to evaluate
macrophages in islet grafts. We analyzed the responses to 86 cytokines by comparing syngeneic and allogeneic grafts. (B) The IREA cytokine enrichment
plot displays the enrichment score (ES) for each of the 86 cytokine responses across three macrophage clusters (Mg-C1, M@-C2, and Mg-C3) in
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euploid and aneuploid blastocysts, providing insights into early
human development and chromosomal abnormalities. Huang et al.
(36) applied Monocle 2 to explore the molecular landscape of sepsis
severity in infants, revealing that enhanced coagulation, innate
immunity, and T-cell repression are key factors. Additionally, Su
et al. (37) conducted a direct comparison of mass cytometry and
single-cell RNA sequencing of human peripheral blood
mononuclear cells using Monocle 2 to elucidate cellular
heterogeneity and immune responses. Walzer et al. (38) employed
Monocle 2 to study the transcriptional control of the
Cryptosporidium life cycle, shedding light on the parasite’s
developmental stages and potential therapeutic targets.
Furthermore, Wu et al. (39) integrated single-cell sequencing and
bulk RNA-seq to identify and develop a prognostic signature related
to colorectal cancer stem cells, utilizing Monocle 2 to trace the
differentiation pathways of cancer stem cells. These applications
highlight Monocle 2’s versatility and effectiveness in tracing cell fate
decisions and understanding complex biological processes, making
it a valuable tool in both basic and translational research.
Trajectory analysis using Monocle 2 revealed distinct cellular
trajectories and fate decisions within macrophage populations,
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further elucidating the complexity of macrophage responses in
islet grafts. The analysis showed that Mg-C3 serves as a common
progenitor, branching into Me-C1 and Me-C2. Interestingly, the
proportion of Mg-C3 cells was similar in both the syngeneic and
allogeneic grafts, indicating that the baseline macrophage state was
unaffected by the transplant type. In contrast, Mg-C1 cells were
predominantly present in syngeneic grafts, while Mo-C2 cells were
more abundant in allogeneic grafts. This suggests that Mo-C1
macrophages are more strongly associated with a tolerogenic
environment, whereas Mg-C2 macrophages are linked to a more
inflammatory response characteristic of graft rejection.

Our cytokine signature enrichment analysis revealed notable
differences in cytokine responses between syngeneic and allogeneic
grafts. For Mp-C1 macrophages, the top 10 cytokines with the
strongest enrichment in allografts compared to syngeneic grafts
included adiponectin, IL15, [FNol, IENB, IFNY, prolactin, IL7,
IL11, IL18, and LIF. These cytokines are known to play diverse
roles in immune modulation and inflammation. For example, IFNy
(40, 41) and IFN (42) are critical for enhancing antigen presentation
and promoting a Thl immune response, which is often associated
with graft rejection. Similarly, IL15 and IL18 (43) are potent
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activators of NK cells and T cells, further contributing to the
inflammatory milieu.

In Mp-C2 macrophages, the top 10 enriched cytokines in
allografts were IFNy, IFNo1, IENB, IL15, IL18, adiponectin, 1127,
IL12, IL11, and IL360. The presence of IL27 (44) and IL12 (45)
suggests their strong involvement in promoting Thl and Thl7
responses, which are crucial for initiating and sustaining immune
responses against transplanted tissues. IL360., a member of the IL-1
cytokine family, is known for its role in amplifying inflammatory
responses and has been implicated in autoimmune diseases,
suggesting its potential involvement in graft rejection mechanisms.

For Mg-C3 macrophages, the top 10 enriched cytokines in
allografts were IFNYy, IFNo1, IFNf, IL15, IL18, adiponectin, IL2,
IL12, IL360., and IFNk. IL2 is essential for T-cell proliferation and
survival, indicating a supportive environment for effector T-cell
responses in allogeneic grafts (45). The enrichment of IFN¥ (42), an
interferon involved in antiviral responses, further highlights the
complexity and multifaceted nature of the immune response in
allogeneic grafts.

The enrichment of these cytokines in allografts underscores
their critical roles in mediating immune responses and promoting
inflammatory environments that are conducive to graft rejection. In
contrast, syngeneic grafts, which are genetically identical to the host,
do not provoke such robust inflammatory cytokine responses,
allowing for better graft acceptance. Our findings align with
previous studies showing that proinflammatory cytokines, such as
IFNY, are upregulated in allogeneic transplants, contributing to
graft rejection. Conversely, the role of anti-inflammatory cytokines
such as IL-10 in supporting graft acceptance is well documented,
highlighting their importance in creating a tolerogenic environment
in syngeneic transplants.

The distinct cytokine profiles observed in our study highlight
the importance of cytokine signaling pathways in shaping the
immune landscape during transplantation. Targeting specific
cytokines or their signaling pathways could offer new therapeutic
strategies to balance immune activation and tolerance, thereby
improving graft survival and function. Future research should
focus on developing targeted therapies that modulate these
cytokine responses to improve transplant outcomes.

While our study provides substantial insights, it is essential to
acknowledge several limitations. Primarily, the reliance on animal
models necessitates careful consideration when extrapolating
findings to human clinical scenarios. Validation in human
transplant samples is crucial to ensure clinical relevance.
Additionally, single-cell RNA sequencing captures a snapshot of
gene expression, which may not fully represent dynamic
cellular processes.

Despite rigorous statistical methods, including the Wilcoxon
rank-sum test and the limma package, there remains significant
variability in gene expression profiles across different macrophage
clusters and transplantation models. Differences in cell capture
efficiency, sequencing depth, and batch effects can introduce
biases, despite stringent quality control measures and batch
effect correction.
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Future research should focus on corroborating these insights in
human transplant samples and exploring the therapeutic potential
of targeting identified pathways to modulate macrophage function
and improve transplant efficacy. Exploring immune regulatory
strategies that specifically target the proinflammatory macrophage
response while avoiding broad immunosuppression represents a
promising research direction. Finally, experimental validation of
computational predictions, such as key pathway activation and
cytokine expression, is essential to corroborate our results and
translate them into clinical applications. Addressing these
limitations in future studies will be critical for advancing our
understanding of macrophage dynamics in islet transplantation
and improving clinical outcomes.

In conclusion, our study significantly advances the knowledge
of macrophage roles within the context of islet transplantation. By
meticulously dissecting the interactions between immune pathways
and cellular fate processes, we provide a detailed understanding of
the immune response and identify potential targets for therapeutic
intervention. These findings lay a foundation for innovative
research pathways and therapeutic strategies aimed at improving
transplantation therapies and achieving long-term success in
treating type 1 diabetes. Our work underscores the necessity of
further exploration to enhance transplant viability and highlights
the importance of understanding the immunological aspects of
transplant acceptance and longevity.
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