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Abstract

Background Age-related macular degeneration (AMD), is a neurodegenerative ocular disease. This study investi-
gated the role of ferroptosis-related genes and their interaction with immune cell infiltration in AMD.

Methods We screened differential expression genes (DEGs) of AMD from data sets in Gene Expression Omnibus. We
identified ferroptosis-related differentially expressed genes (ferroDEGs) by intersecting DEGs with ferroptosis-related
genes. Protein—protein interactions network and Cytoscape were used for screening hub genes. Next, we analyzed
immune cell infiltration using CIBERSORT and examined the crosstalk between hub ferroDEGs and immune cell infil-
tration. Hub genes expression in each cell cluster and the proportions of different cell clusters between AMD and nor-
mal samples were examined using single-cell data. The hub ferroDEG expressions were verified in cell and mouse
models using RT-gPCR, western blot, and immunofluorescence assay. The roles of ANXAT in ferroptosis and its cross-
talk with microglia were investigated.

Results We identified hub ferroDEGs that include six genes (ANXAT, DKK1, CD44, VIM, TGFB2, DUSPT). Functional
analysis of those hub ferroDEGs was found to be correlated with leukocyte migration and chemotaxis, macrophage
migration, and gliogenesis. The high-risk ferroptosis group exhibited elevated levels of CD8* T cells, activated NK cells,
and M2 macrophages. Single-cell sequencing data revealed a high degree of cell heterogeneity in macular degenera-
tion and the monocytes proportion in the macular area was higher in AMD samples. Moreover, we observed elevated
mMRNA and protein levels of CD44, ANXAT (P<0.01), while ANXAT knockdown reduced GPX4 expression in the cell
model. Finally, we validated increased ANXAT expression and observed its colocalization with microglia in mouse
models using immunofluorescence assays.

Conclusions This study offers insights into the AMD pathogenesis and identifies ANXAT as a potential target related
to protecting from ferroptosis and immune response for future research.
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Introduction as lymphocytes and mononuclear phagocytes [18], mast

Age-related macular degeneration (AMD) is a neuro-
degenerative disease that significantly impairs vision in
the elderly [1]. It is projected to affect around 288 mil-
lion people in Western countries by 2040 [2, 3], with
even more Asians impacted than the rest of the world
combined by 2050 [4]. AMD has two forms: neovascular
AMD and non-neovascular AMD. Neovascular AMD is
characterized by abnormal blood vessels that invade the
subretinal space, causing edema and bleeding. In con-
trast, non-neovascular AMD features abnormal pigmen-
tation and degeneration of the retinal pigment epithelium
(RPE), known as geographic atrophy. Although neovas-
cular AMD can be treated by anti-vascular endothelial
growth factor injections [5], no treatment is currently
available for non-neovascular forms. Various risk fac-
tors contribute to AMD, including aging, genetic fac-
tors, environmental influences, and epigenetic changes
that lead to cell death [6, 7]. Although the pathogenesis
of AMD is not thoroughly understood, it is well known
that oxidative-stress-mediated RPE cell death is strongly
implicated in AMD pathogenesis [8]. Cell death mecha-
nisms, including apoptosis, necroptosis, pyroptosis, and
autophagy, contribute to AMD development [9-11]. Fer-
roptosis is characteristic of an iron-dependent accumula-
tion of lipid peroxides [12]. Although numerous studies
have reported that iron accumulation in RPE cells con-
tributes to the development of AMD [13-17], the spe-
cific mechanisms remain poorly understood. Therefore,
AMD-specific ferroptosis-related genes (FRGs) and their
potential roles in AMD pathogenesis warrant further
investigation. In addition, immune cell infiltration, such

cells [19], and macrophages [20], has been implicated in
the AMD progression, highlighting immunomodulatory
targets or immunotherapy as emerging trends for AMD
treatment. However, the main immune cell type involved
in the pathogenesis of AMD is still not clearly identified.

Herein, we aimed to thoroughly describe the expres-
sion patterns of FRGs in AMD, and explore the cor-
relation between FRGs and immune cell infiltration at
a single-cell and transcriptional level. It could provide
new insights into the mechanism of AMD, aiding further
investigation.

Methods

Data acquisition and preprocessing

We obtained data sets GSE125564 [21] and GSE29801
[22], which were derived from Homo sapiens samples.
The microarray data set GSE125564 was performed on
GPL23159. The data set includes seven samples: four
diagnosed with AMD and three without. All samples
were derived from iPS-derived RPE human donors.
The microarray data set GSE29801 was performed on
GPL4133. 175 samples were derived from RPE /choroid
and 118 from the retina in the macular or extra-macular
region (including those without reported eye diseases,
possible preclinical AMD, or AMD). This study included
60 samples, comprising 28 normal samples and 32 AMD
samples. We also downloaded the single-cell transcrip-
tome sequencing (sc-RNAseq) data set GSE135922 [23,
24] from the GEO website. This data set contains sam-
ples from Homo sapiens and was performed on Illu-
mina Hi-Seq 4000 (Homo sapiens). We selected macular
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and peripheral samples of RPE and choroid tissue from
donors 1-7 in the data set, including 2 AMD samples
and 5 normal samples (samples 3—4 are AMD samples,
donors 1-2 and 5-7 are normal samples). The data set
includes two sequencing experiments, with donors 1-3
from the first experiment (no enrichment treatment) and
donors 4-7 from the second experiment (CD31 mag-
netic bead enrichment treatment). A total of 14 samples
were enrolled. Supplementary Table S1 provides detailed
information on data sets from GEO.

Differential expression analysis of transcriptional data
First, we installed the R package (V4.2.0) and down-
loaded the two data sets (GSE125564 and GSE29801).
The data generated from GSE125564 and GSE29801
were normalized and merged by batch correction using
the sva package in R [25] (v3.44.0). We utilized the limma
package [26] (v3.52.1) to examine differential expression
between the AMD and normal samples. The significance
threshold was defined as logFoldChange (logFC) of 0.5
and a P value below 0.05.

Functional enrichment analysis

Gene ontology [27] (GO) analysis was performed for
functional enrichment of genes at various dimensions.
The algorithm calculates the significance of differential
gene enrichment for each GO term using the hypergeo-
metric distribution. The results provide a P value indi-
cating the significance of enrichment, with lower values
indicating higher statistical significance. Kyoto Ency-
clopedia of Genes and Genomes [28] (KEGG) pathway
enrichment analysis utilized a hypergeometric distribu-
tion test, identifying pathways with P<0.05 as signifi-
cantly enriched.

Immune scoring

We utilized the estimate package [29] (version 1.0.13) to
calculate the stromal score, immune score, and estimate
score for each sample. These scores represent stromal
cell scores, immune cell scores, and combined stromal—
immune cell scores, respectively. First, we employed the
filterCommonGenes function to integrate the varying
gene counts from each platform. This was done using
10,412 common genes. We utilized the estimateScore
function to compute the stromal, immune, and esti-
mate scores for each sample. The median immune score
was used as the cutoff value to distinguish between
high and low immune score groups. Differential analy-
sis between the two groups was conducted using the
limma package (v3.52.1) with a fold change thresh-
old of 0.5 and a P value<0.05. We generated box plots
to exhibit the immune scores between AMD and the
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control. Differential gene expression between high and
low immune score groups was visualized using heatmaps
and volcano plots.

Protein-protein interaction network (PPI)

We obtained 653 FRGs from the GeneCards database
and 933 FRGs from the FerrDb database [30]. After tak-
ing the union and removing duplicates, we obtained 1354
FRGs (Supplementary Table S2). We identified ferropto-
sis-related differentially expressed genes (ferroDEGs) by
overlapping differentially expressed genes (DEGs) with
FRGs. We conducted PPI analysis on these genes via
the STRING database [31] and visualized the hub genes
using Cytoscape software [32] (version 3.9.1). The ROC
curve was plotted using the pROC package (version
3.44.0) [33].

GSEA (gene set enrichment analysis)

GSEA [34] analyzes the difference in pathway and bio-
logical process activities. We utilized the clusterProfiler
package [35] (version 4.4.3) to conduct enrichment anal-
ysis on all genes from the GO and KEGG databases. We
set parameters with a minimum of 10 genes, a maximum
of 500 genes, and applied P value correction using the
Benjamini-Hochberg method. Gene sets obtained from
OrgDB and KEGG databases showed significant enrich-
ment with P values <0.05.

GSVA (gene set variation analysis)

GSVA [36] algorithm is non-parametric and unsuper-
vised. We downloaded the msigdb.v7.0.symbols.gmt
file from the MSigDB [37] (Molecular Signatures Data-
base) database. We used the "gsva" method from the
GSVA package [36] (version 1.44.5) in R to analyze the
merged and batch-corrected data sets of GSE29801 and
GSE125564. GSVA converts multiple gene expressions
into a signature gene expression matrix. For each path-
way, a rank statistic based on the Kolmogorov—Smirnov
test is calculated, and the expression matrix is trans-
formed into an Enrichment Score (ES) matrix represent-
ing the enrichment of each pathway in each cell. GSVA
analysis was conducted using the GSVA package [36]
(version 1.44.5), followed by differential analysis with
the limma package [26] (version 3.52.1) to identify sig-
nificantly different pathways (P<0.05). The threshold
was defined as FoldChange >0.5 and P<0.05. The pheat-
map package (version 1.0.12) was applied to visualize the
results.

Immune cell infiltration analysis

We converted the combined batch removal data sets
of GSE29801 and GSE125564 into the proportion of
immune cells using CIBERSORT [38] to evaluate 22
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human immune cell subsets. The total of all estimated
immune cell type scores for each sample equals 1 cell
subpopulation.

Quality control of single-cell data using Seurat

Using the Seurat [39] package (version 4.1.1) in R, we
imported the result matrix of the single-cell data set of
14 samples and created a Seurat object for this analy-
sis. We filtered out cells with mitochondrial gene con-
tent >20%, hemoglobin gene content>3, minimum gene
expression < 200, and maximum gene expression >3000.
We then identified genes with the highest variance across
individual cells and performed data normalization. Next,
principal component analysis (PCA) was run using
highly variable genes as input, and significant principal
components were screened by the ElbowPlot function.
We selected the top 10 principal components as signifi-
cant inputs for t-distributed stochastic neighbor embed-
ding (t-SNE). We examined the distributions of t-SNE
and PCA among these cells and compared the correla-
tion between unique molecular identifier counts and the
number of genes among cells.

Single-cell clustering analysis and cell type annotation

We applied the FindClusters function to cluster the cells.
The resolution parameter was set to the default value for
analyzing the entire data set. The parameter was set to
0.9 for a separate analysis of the AMD and the control.
We visualized the clusters using t-SNE. We further iden-
tified differential markers between cell clusters. We used
the HumanPrimaryCellAtlasData data set from the R
package SingleR [40] (version 1.10.0) for cell type annota-
tion of the single-cell data. We then examined the marker
expression in each cluster and compared the proportions
of different cell clusters between different samples.

Cell culture, transfection, and treatment

ARPE-19 cells were maintained at 37 °C in DMEM/F12
medium containing 10% fetal bovine serum and 1% peni-
cillin-streptomycin (Gibco). For each experiment, we
seeded 2.5x10° cells per well in 6-well plates or 5x 10°
cells per well in 6 cm dishes. For transfection, we cul-
tured ARPE-19 cells to approximately 50% confluence in
a 6-well plate. Then, we transfected the cells with 100 nM
small interfering RNA (siRNA), targeting either the nega-
tive control (NC) siRNA (si-NC) or si-ANXA1, using the
riboFECT" CP Transfection kit (Guangzhou RiboBio
Co., Ltd.). si-ANXA1I sense (5'-3"): GGACUUUGGUGU
GAAUGAA, antisense (5'-3"): UUCAUUCACACC
AAAGUCC. We conducted subsequent experiments
48 h after transfection. For treatment, ARPE-19 cells
were treated with sodium iodate (NalO3, SI) (dissolved in
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1X PBS, 10 mM) for 24 h to generate an oxidative-stress
cell model of AMD.

Quantitative real-time PCR (RT-qPCR)

We extracted RNA from cells using TRIzol Reagent (Inv-
itrogen, USA). We synthesized RNA into cDNA. RT-
qPCR was performed using the SYBR Premix Ex Taq II
kit (Takara) and the Bio-rad CFX96 system were applied
for RT-qPCR. Data were normalized to -actin. Relative
expression was determined using the 2~ AL method.
Supplementary Table S3 lists the primers.

Western blot

We extracted whole proteins and loaded equal amounts
from all samples into SDS—PAGE gels. The proteins were
then transferred onto an activated PVDF membrane
(Millipore, Bedford, USA). Following blocking, the mem-
branes were incubated with primary antibodies and cor-
respondent secondary antibodies and finally developed
using ECL solutions (Fdbio Science) with chemilumi-
nescence instrument (Tanon, Shanghai, China). Rela-
tive protein density was calculated using Image] from
three replicates. The primary antibodies used are as fol-
lows: anti-HO-1 (A19062; 35 kDa; 1:2000; Abclonal),
anti-GPX4 (A11243; 17 kDa; 1:1000; Abclonal), anti-
ANXA1(21,990-1-AP; 37 kDa; 1:5000; Proteintech), anti-
CD44 (#DF6392; 82 kDa; 1:1000; affinity), anti-rabbit IgG
(#7074S; 1:2000; Cell Signaling).

Immunocytochemistry analysis

ARPE-19 cells were plated onto circular sterile cover-
slips in 24-well plates. We fixed the cells with 4% PFA
for 15 min, followed by blocking and permeabilization
with normal goat serum and 0.1% TritonX-100. Cells
were incubated overnight at 4 °C with a primary anti-
body against ANXAI (21,990-1-AP; 1:200; Proteintech).
Subsequently, cells were treated with the secondary anti-
body anti-rabbit IgG (H&L) Alexa Fluor 555 (Abcam,
ab150078), and DAPI (Invitrogen) for nucleus visualiza-
tion. Fluorescence photos were obtained by fluorescence
microscope (LSM980, Zeiss).

Animal treatment

The Zhongshan Ophthalmic Center Animal Ethics Com-
mittee approved the animal experiments (approval num-
ber: 02021046). We housed 6-8-week-old C57BL/6 ]
mice in a specific pathogen-free (SPF) room with a 12-h
light—dark cycle. We dissolved solid sodium iodate (SI) in
sterile phosphate-buffered saline (PBS) and then used for
tail vein injection at 20 mg/kg. The equivalent volume of
PBS was administrated to the control group. The experi-
ments were conducted with three mice per group. Mice
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were performed for examination or subsequent experi-
ments 7 days after injections.

Optical coherence technology (OCT) and autofluorescence
(AF)

Fundus AF images were obtained using a confocal scan-
ning laser ophthalmoscope. SD—OCT examinations for
mouse eyes were also performed with an HRA+OCT
device. We applied a 1% carboxymethylcellulose sodium
gel to keep the mice’s eyes moist and used a custom-built
head holder to maintain moisture. Images were captured
using the standard 30° field model. Tobramycin eye oint-
ment was applied to prevent eye dryness.

Hematoxylin—-eosin (H&E)

Mice were euthanized, and their eyes were preserved in
4% paraformaldehyde. After dehydration and embedding,
the eye tissue was sliced into 4 pum thick sections cross
optic nerve. The slices were stained with H&E to visual-
ize eyeball morphology. Photographs were taken using an
optical microscope.

Transmission electron microscope (TEM)

TEM was employed to examine the mitochondria of
RPE tissues. Initially, the tissues were preserved in a 2.5%
glutaraldehyde solution overnight at 4 °C. Subsequent
to this fixation step, the samples were treated with 1%
osmium tetroxide and uranyl acetate for further process-
ing. The dehydration of the tissues was achieved using
ethanol, followed by embedding them in epoxy resin. For
enhanced visualization, the samples were stained with
uranyl acetate and lead citrate. Ultimately, the ultrathin
sections of the specimens were analyzed using a TEM
(Tecnai Spirit, Netherlands).

Immunofluorescence assay for cryosections and RPE flat
mount

Mice were euthanized, and their eyes were fixed in 4%
paraformaldehyde overnight. For cryosection, fixed eye-
balls were embedded in OCT (Ted Pella Inc.) and cut
into 10 um thick sections after complete dehydration.
For RPE flat mounts, we removed the anterior segment,
lens, and retina. The cryosections or RPE flat mounts
were incubated with either rabbit or mouse anti-ANXA I
(21,990-1-AP, 1:200, Proteintech; 66,344—1-Ig, 1:200,
Proteintech), rabbit monoclonal anti-IBA1 (ab178846,
1:200, Abcam), followed by incubation with Alexa Fluor
555-conjugated, goat anti-rabbit IgG antibodies (#4413,
1:1000, Cell Signalling) or Alexa Fluor 488-conjugated,
goat anti-mouse IgG antibodies (#4408, 1:1000, Cell Sig-
nalling). The nucleus was stained with DAPI (Invitrogen,
1:100). Fluorescence images were acquired by a confocal
fluorescence microscope (LSM980, Zeiss).
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Statistical analysis

Data calculations were performed using R software (ver-
sion 4.2.0), while experimental data were analyzed with
GraphPad Prism 8. For most experiments, two-tailed
unpaired ¢ tests were performed to statistically calculate
differences between groups. A P value less than 0.05 was
deemed statistically significant.

Results

Enrichment analysis of DEGs and immune scores in AMD
We identified 46 DEGs (42 upregulated and 4 down-
regulated) by analyzing the merged and batch-corrected
data sets of GSE29801 and GSE125564. The over-
all design of this study is available in Fig. 1. We then
conducted GO/KEGG enrichment analysis for those
DEGs. The GO enrichment results ranked each term in
descending order based on the number of counts (Sup-
plementary Table S4). The top 10 terms from the three
major functional categories were visualized using a bar
plot (Fig. 2A). The KEGG enrichment analysis mainly
involved pathways such as complement and coagulation
cascades, and glutathione metabolism (Fig. 2B, Supple-
mentary Table S4). We then used ESTIMATE to calculate
immune scores and performed a differential analysis of
immune scores between the AMD and the control. The
results indicated significant differences in the stromal
score (P=0.02) and estimate score (P<0.035) between
the AMD and the control, while there was no significant
difference in the immune score (P=0.16) (Fig. 2C-E).
Heatmaps and volcano plots visualized the differential
gene expression between the high and low immune score
groups (Fig. 2F, G).

Expression profiling of FRGs in AMD

The heatmap illustrating the expression of FRGs in AMD
patients compared to controls is shown in Fig. 3A. Then,
the intersection of the top 500 FRGs in the GeneCards
database and DEGs from the AMD and the control were
selected. Ultimately, we identified seven overlapping
genes (ATF3, DKK1, GPX3, FZD7, CD44, ANXAI and
HP). We plotted boxplots of the top six genes to com-
pare their expression between the AMD and the control
(Fig. 3B—Q), of which, the expression of DKKI, GPX3,
FZD7, and ANXA1 was upregulated. To determine
the chromosomal distribution of FRGs, we randomly
selected 500 genes and plotted their locations on the
chromosomes (Fig. 3H).

Correlation analysis between FRGs and clinical features

of AMD

We analyzed the clinical information of all patients in
the data set to explore the correlation between FRGs and
clinical features of AMD. Considering that age was not
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included in the GSE125564, we only extracted the clini-
cal data from the GSE29801 data set including age and
gender. Participants were categorized into youth and
elderly groups based on the median age. We then gener-
ated a heatmap of the FRGs between different age and
gender groups (Fig. 4A). We also analyzed the expression
of the 6 overlapped genes in different groups. The results
indicated significant differences in GPX3 (P=0.002),
FZD7 (P=0.001), and ANXA1 (P=0.033) between youth
and elderly patients. In contrast, ATF3 (P=0.11), DKKI
(P=0.075), and CD44 (P=0.089) did not show significant
differences (Fig. 4B—@). There was no obvious difference
in all the 6 genes in the gender group (Fig. 4H-M).

(See figure on next page.)

Protein-protein interaction (PPI) network analysis of FRGs
To clarify the role of FRGs in AMD, we first identi-
fied the intersection of DEGs and FRGs, termed ferro-
DEGs, and illustrated it with a Venn Diagram (Fig. 5A).
We retained a total of 11 common genes (ATF3, CD44,
FZD7, DUSP1, NNMT, ANXAI, DKKI, GPX3, HP,
TGFB2, and VIM). These genes were subsequently ana-
lyzed for PPI construction (Fig. 5B). Hub genes were
screened using Cytoscape software. We plotted ROC
curves for the hub genes (ANXAI, DKKI1, CD44, VIM,
TGFB2, DUSPI) (Fig. 5C). The results indicated AUC
values of 0.73 for ANXA1I, 0.72 for TGFB2, and 0.78 for
VIM.

Fig. 2 GO, KEGG enrichment analysis and immune score. A Gene ontology (GO) in BP (Biological Process), MF (Molecular Function) and CC (Cellular
Component). B Enrichment results of KEGG. € Box plots showing differences in stromal scores between the AMD and the control. D Box plots
showing differences in immune score between the AMD and the control. E Box plots showing differences in estimated scores between the AMD
and the control. F Heatmap of DEGs between the high- and low-immune score group, with green representing the high immune score

group and red representing the low immune score group. G Volcano between the high- and low-immune score group, with blue referring

to down-regulated genes, red for up-regulated genes, and gray for genes with no significance
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Fig. 4 Correlation of differentially expressed ferroptosis-related genes (FRGs) and clinical signs. A Heat map of the differentially expressed FRGs
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Functional enrichment analysis

We conducted GO and KEGG enrichment analyses of
hub genes (Fig. 6A, B). The results indicated significant
enrichment of GO terms, including myeloid leukocyte
migration, leukocyte chemotaxis, regulation of cardio-
cyte differentiation, focal adhesion, cell-substrate junc-
tion, macrophage migration inhibitory factor receptor
complex, and gliogenesis. KEGG analysis showed that
microRNAs in cancer, Proteoglycans in cancer, and
MAPK signaling pathway were significantly enriched. To
elucidate ferroptosis’s role across AMD stages, we ana-
lyzed the gene expression differences between high- and

low-risk groups and conducted GSEA (Fig. 6C-F, Sup-
plementary Table S5). The results showed significant
enrichment in processes such as response to wounding,
collagen-containing extracellular matrix, cell chemotaxis,
wound healing, endoplasmic reticulum lumen, extracel-
lular matrix organization, leishmaniasis, phagosome,
TGF-beta signaling pathway, complement, and coagu-
lation cascades. The results of GSVA (Supplementary
Table S6) showed that 157 pathways were enriched (145
pathways were significantly upregulated and 12 pathways
significantly downregulated). The heatmap of GSVA in
high and low risk of ferroptosis is available in Fig. 6G.
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Immune cell infiltration analysis

The correlation between various immune cells is shown
in heatmap (Fig. 7A) and scatter plots (Fig. 7B-]). The
heatmap and scatter plot revealed a significant nega-
tive correlation between Naive B cell infiltration and
both CD4 Naive T cells (P<0.001) and resting Mast cells
(P<0.001). In contrast, a significant positive correlation
was observed with M2 macrophages (P<0.002). The
infiltration level of resting natural killer T cells was nega-
tively correlated with CD4 Naive T cells (2<0.001) and
positively correlated with Naive B cells (P=0.03). Rest-
ing mast cell infiltration was inversely associated with
M2 macrophages (P<0.001). Additionally, naive CD4 T
cells exhibited a negative correlation with CD8 T cells
(P<0.001) and a positive correlation with activated NK
cells (P<0.001) We also compared immune cell differ-
ences between high- and low-risk ferroptosis groups. The
results indicated that CD8 T cell (P<0.026) and activated
NK cell (P<0.017) infiltration levels were significantly
higher in the high-risk ferroptosis groups. The infiltration
level of M2 macrophages also tended to increase in the
high-risk ferroptosis groups, although the difference was
not statistically significant (P=0.059) (Fig. 7K-M).

The correlation analysis of Hub genes and immune cell
infiltration

A scatter plot illustrating the relationship between hub
genes and immune cells is presented in (Fig. 8). The
results indicated an inverse relationship between DUSPI
expression and Plasma cell infiltration (P=0.0095)
(Fig. 8A). However, there was no significant associa-
tion with activated dendritic cells (P=0.11) (Fig. 8B) or
MO macrophages (P=0.089) (Fig. 8C). DKK1 expression
was inversely related to the infiltration level of memory
B cells (P=0.043) (Fig. 8D), with no significant asso-
ciation with activated NK cells (P=0.06) (Fig. 8E) or
Microphages M1 (Fig. 8F). VIM expression was inversely
correlated with resting NK cells (P=0.0098) (Fig. 8G)
and MO macrophages (P=0.028) (Fig. 8I), but positively
correlated with activated NK cell infiltration (P=0.0026)
(Fig. 8H). TGFB2 expression showed a positive correla-
tion with the infiltration level of naive B cells (P=0.0021)
(Fig. 8J) and M1 macrophages (Fig. 8L), and a negative

(See figure on next page.)
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correlation with Memory B cells (P=0.0011) (Fig. 8K).
ANXAI expression was negatively related to NK cells
resting (P=0.0034) (Fig. 8M), and positively with NK
cells activated (P=0.0003) (Fig. 8N). CD44 expression
was positively related to T cell CD4 naive (P=0.0098)
(Fig. 80) and NK cells activated (P=0.0031) (Fig. 8Q)
and was inversely related to NK cells resting (P=0.02)
(Fig. 8P) and Macrophages MO (P=0.046) (Fig. 8R).

The first scRNA-seq data revealed a high degree of cell
heterogeneity in AMD

In the first analysis of the experiment, a total of 3006
cells were obtained. The PCA dimension reduction is
illustrated in Fig. 9A. t-SNE dimension reduction was
applied to visualize 16 independent clusters (Fig. 9B).
We subsequently analyzed the expression levels of hub
genes across different cell groups in the control samples
(Fig. 9C). To clarify the differences between cells in the
AMD and the control, we performed separate analyses
using the same method. In the first single-cell sequenc-
ing experiment data, donors 1 and 2 were in the control,
and donor 3 was an AMD patient. The control included
4 samples from 2 donors. After filtering out doublets,
1766 cells were obtained. The PCA dimension reduction
is shown in Fig. 9D. After data normalization, we used
the top 10 principal components for clustering (Fig. 9E).
Next, we analyzed the expression profiles of hub genes in
each control cell group (Fig. 9F). Then, The AMD group
from donor 3, which included 2 samples, underwent
separate analyses using the same method. 1240 cells were
finally obtained after filtering. PCA dimension reduction
is shown in Fig. 9G. The top 10 principal components
were used for clustering (Fig. 9H). We also analyzed
the expression profiles of hub genes in each control cell
group (Fig. 91).

The second scRNA-seq experiment data revealed a high
degree of cellular heterogeneity in AMD

In the second experiment data analysis, we ulti-
mately obtained 9,889 cells. We then extracted the
top 3,000 highly variable genes for PCA dimension
reduction (Fig. 9]). After data normalization, we
used the top 10 principal components for clustering.

Fig. 7 Immune infiltration cell analysis. A Heat map of correlation between various immune cells. Blue represents a positive correlation

and red represents a negative correlation. The size of the dots represents the correlation coefficient. B-J Scatter plot showed the correlation
between the infiltration levels of different immune cells. The line in the middle represents the fitting curve of the two infiltration levels

of corresponding immune cells. The gray shade represents the confidence interval, R represents the correlation coefficient, and p represents

the statistical P value. K-M Box diagram showed the difference in the infiltration level of T cells CD8, NK cells activated, and Macrophages M2
immune cells between the high- and low-risk groups with ferroptosis. Dark blue represents the high-risk group and orange represents the low-risk

group
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Fig. 8 Correlations between hub genes of ferroptosis and immune cell infiltration. A-R Scatter plot shows the correlation between hub genes
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t-SNE dimension reduction was applied to visualize
21 independent clusters (Fig. 9K). Subsequently, we
analyzed the expression levels of hub genes across dif-
ferent cell groups (Fig. 9L). To clarify the differences
of cells populations in the AMD and the control, we
performed separate analyses on the disease and con-
trol groups using the same method. In the second
single-cell sequencing experiment data, donors 5, 6,
and 7 were in the control, and donor 4 was an AMD
patient. The control included 6 samples from 3 donors.
After filtering, 7663 cells were obtained. PCA dimen-
sion reduction is shown in Fig. 9M. We applied t-SNE
dimensionality reduction to visualize 21 independent
clusters (Fig. 9N). We then further studied the expres-
sion levels of hub genes in each cell group of the con-
trol (Fig. 90). We then performed the same analysis on
donor 4, an AMD patient, including 2 samples. After
filtering we obtained 2226 cells. PCA dimensional-
ity reduction is shown in Fig. 9P. We applied t-SNE
dimensionality reduction to visualize 16 independ-
ent clusters (Fig. 9Q). We subsequently analyzed the
expression levels of hub genes across different cell
groups within the AMD cohort (Fig. 9R).

Changes in cell populations in AMD patients of the first
scRNA-seq experiment

In the first single-cell sequencing experiment, we
revealed the changes in cell populations in AMD
patients (Fig. 10A-D). We extracted the top 10 DEGs
for each cell population and plotted them as a heat-
map (Fig. 10A). We also compared the proportions of
each cell population in the overall, normal, and dis-
ease samples (Fig. 10B—D). Samples 1 and 2 in the first
single-cell sequencing experiment were normal tissue
samples; sample 3 was an AMD patient sample. The
study found a lower proportion of T cells and NK cells,
but a significantly higher proportion of neurons, in the
macular area of AMD samples compared to normal
samples.

(See figure on next page.)
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Changes in cell populations in AMD patients of the second
scRNA-seq experiment

The results of changes in cell populations in AMD
patients in the second single-cell sequencing experiment
are shown in Fig. 10E-H. We extracted the top 10 DEGs
for each cell population and plotted them as a heatmap
(Fig. 10E). We also compared the proportions of each cell
population in the overall, normal, and disease samples
(Fig. 10F-H). Sample 4 was an AMD patient sample, and
samples 5-7 were normal tissue samples. The results of
the second single-cell sequencing experiment indicated a
significant increase in the proportion of endothelial cells
in both the AMD and control groups. In normal sample
7, significant differences were observed in cell propor-
tions between the macular and peripheral areas when
compared to samples 5 and 6. This may be attributed to
the heterogeneity of the disease or factors related to sam-
ple processing. The number of monocytes in the macular
area was higher in AMD patients compared to the con-
trol group. In comparison, the proportion of endothelial
cells was significantly higher. In the peripheral area of
the macula, the proportions of T cells, monocytes, and
B cells were lower in the control group than in the AMD

group.

Experiment validation of hub genes

To validate the effect of hub genes, we first constructed
an oxidative-stress RPE cell model using SI. We then vali-
dated those six hub genes by RT-qPCR (Fig. 11A). The
mRNA expression of ANXA1 and CD44 was significantly
upregulated. Then we further validated the expression
of ferroptosis-related markers showing decreased GPX4
expression, increased HO-I expression, and increased
protein expression of CD44 and ANXAI using west-
ern blot (Fig. 11B, C). We also performed immunocyto-
chemistry to further validate the upregulation of ANXAI
expression in the RPE cell model induced by SI (Fig. 11D).
Moreover, the knockdown of ANXAI led to the deduc-
tion of GPX4 (Fig. 11E, F). Furthermore, we constructed
a mice model with SI. Autofluorescence images showed

Fig. 9 Expression of hub genes in the single-cell sequencing experiment. A, D, G Visualization of overall, normal, and disease samples after PCA
dimensionality reduction in the first single-cell sequencing experiment, with different colors to label the samples. B, E, H tSNE distribution

of different cell types in overall, normal, and disease samples in the first single-cell sequencing experiment, with different colors representing
different cells. C, F, I Dot plots showing the expression of hub genes in different cell types in overall, normal, and disease samples in the first
single-cell sequencing experiment, with yellow indicating high expression, blue indicating low expression, and the size of the dots representing
the proportion of cells expressing the gene among all cells. J, M, P Visualization of overall, normal, and disease samples after PCA dimensionality
reduction in the second single-cell sequencing experiment, with different colors used to label the samples. K, N, Q tSNE distribution of different
cell types in overall, normal, and disease samples in the second single-cell sequencing experiment, with different colors representing different
cells. L, O, R Dot plots showing the expression of hub genes in different cell types. in overall, normal, and disease samples in the second
single-cell sequencing experiment, with yellow indicating high expression, blue indicating low expression, and the size of the dots representing

the proportion of cells expressing the gene among all cells
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loss of fluorophores from RPE loss in SI-induced mice
(Fig. 12A). OCT exhibited apparent thinning in the ret-
ina in SI-induced mice (Fig. 12B). H&E staining further
validated the retinal thinning and RPE injury (Fig. 12C).
The results obtained from TEM indicated that RPE tissue
isolated from SI-induced mice displayed unique morpho-
logical characteristics, including a reduction in mito-
chondrial size accompanied by diminished membrane
density (Fig. 12D). These observations suggest the pres-
ence of ferroptosis within the RPE tissue of mice induced
by SI. Immunofluorescence images for cryosections dem-
onstrated a significant increase of ANXA1 expression in
eye tissue in response to SI (Fig. 12E), especially in the
RPE layer displayed in the RPE flat mount (Fig. 12F).
Immunofluorescence staining of cryosections showed
the colocalization of ANXA1 and IBA1 in mouse tissue
(Fig. 12G).

Discussion

The pathogenesis of AMD is highly complex, and the
specific causes are not fully understood. Although there
are reports of ferroptosis in AMD pathogenesis [41], its
complete integration with gene expression changes in
human RPE tissue remains underexplored. The interac-
tion between ferroptosis-related genes and immune cell
infiltration is also not well understood. The rapid devel-
opment of transcriptional or scRNA-seq technology has
provided mounts of resources, which enabled research-
ers to explore the underlying molecular characteristics of
AMD.

In this study, we identified 46 differentially expressed
genes from two microarray data sets. GO and KEGG
analysis showed that extracellular matrix-related molec-
ular function and glutathione metabolism were mainly
involved, which is consistent with previous study [42].
We found significant differences in immune scores for
those DEGs, indicating the potential role of immune-
related mechanisms in AMD. We found DKKI1, GPX3,
FZD7, and ANXAI1 showed dramatically significant.
GPX3, FZD7, and ANXA1 were upregulated in the
elderly group, demonstrating these genes might be asso-
ciated with aging in AMD. Although it is reported that

(See figure on next page.)
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a potentially higher risk of AMD for women, our results
showed that FRGs had no significance in gender.

Further, we identified six hub ferroDEGs genes
(ANXA1, DKK1, CD44, VIM, TGFB2, DUSPI) that have
not been reported in AMD. In our ROC analysis, the
AUC values for ANXAI, TGFB2, and VIM exceeded 0.7,
indicating the underlying role in differentiating AMD
and the control. We conducted functional analyses on
these hub genes, revealing that leukocyte migration,
chemotaxis, macrophage migration, and gliogenesis were
primarily involved. This further underscored the poten-
tial role of immune and inflammatory mechanisms in
AMD. We examined the correlation and differences in
immune cell infiltration between high- and low-risk fer-
roptosis groups. The results indicated higher infiltra-
tion levels of CD8% T cells, activated NK cells, and M2
macrophages in the former group. Substantial evidence
shows that both the adaptive immune system and innate
immune system participate in AMD pathogenesis [27].
CD8* T cells played a role in both subforms of AMD [18,
43] NK cells, lymphocytes of the innate immune system,
were involved in subretinal neovascular lesions in AMD
[44]. Macrophages, inflammatory cells, may exert oxida-
tive, inflammatory, and angiogenic effects in the context
of AMD [45]. Furthermore, the correlation between hub
genes and the level of immune cell infiltration was exam-
ined, indicating the crosstalk between FRGs and those
immune cells in AMD.

To clarify the differences between independent cells in
the AMD and the control, we performed separate single-
cell analyses for RPE/choroid tissue, revealing a high
degree of cellular heterogeneity in macular degeneration.
Initial single-cell sequencing revealed a lower proportion
of T cells and NK cells in the macular area of AMD sam-
ples compared to normal samples, suggesting repression
of these cells in AMD patients. Conversely, neurons were
significantly more abundant in AMD samples. In addi-
tion, the proportion of monocytes in the macular area
was significantly higher in AMD patients than in nor-
mal individual. Our findings align with previous research
indicating the crucial role of monocytes in AMD [46].
A previous study reported impairment of cholesterol

Fig. 10 Changes of cell populations in single-cell sequencing data. A Heat map shows the top 10 specifically expressed genes of each cell
population in the whole sample of the first single-cell sequencing experiment. Each color in the note represents a different cell population,

and the left side is the gene name. Yellow represents up-regulated genes; purple represents down-regulated genes. B-D Bar chart shows

the proportion of each cell population in the whole sample, normal sample, and disease sample in the first single-cell sequencing experiment,
with different colors representing different cell populations. E Heat map showing the top 10 specifically expressed genes of each cell population
in the whole sample in the second single-cell sequencing experiment. Each color in the note represents a different cell population, and the left
side is the gene name. Yellow represents up-regulated genes; purple represents down-regulated genes. F, G, H Bar chart showing the proportion
of each cell population in the whole sample, normal sample, and disease sample in the second single-cell sequencing experiment, with different

colors representing different cell populations
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Fig. 11 Validation of hub genes expression in Sl-induced RPE model. A Relative expression profile of mRNA expression of hub genes validated
by RT-gPCR. B Protein expression of CD44 and ANXAT, and ferroptosis-related markers validated by western blot. C Relative protein expression
normalized to B-actin. D Immunocytochemistry images showing ANXAT expression in the Sl-induced RPE model and the control. E Western blot
showing knockdown efficiency of ANXAT (si-ANXAT) and the effect on GPX4 expression. F Relative expression of si-ANXAT and the effect on GPX4
expression. The data are mean + SD of three independent replicates/groups and assessed by Student’s ¢ test. Bar=50 um; ***P <0.001; **P<0.01;
*P<0.05; ns, no significance. RT-qPCR, Reverse transcription—quantitative polymerase chain reaction. Ctrl, control. Sl, solid sodium iodate

clearance in monocytes initiates age-related retinal
degeneration [47]. Monocytes originating from the mye-
loid blood system is reported to invade blood retinal bar-
rier during eye tissue damage. These cells subsequently
differentiated into pro-inflammatory macrophages,
which promote the release of inflammatory cytokines
and trigger an immune response in the eye tissue [48].

(See figure on next page.)

Microglia are the principal monocytes or macrophages in
the normal retina. The role of these cells in AMD remains
a subject of debate.

SI-induced retinal degeneration is an established
model by inducing ferroptosis of RPE cells [16, 17, 49].
First, we constructed RPE cell model induced by SI and
confirmed the presence of ferroptosis markers, and we

Fig. 12 Validation of ANXAT in Sl-induced mice model. Sl-induced mice model was verified by autofluorescence images (A), optical coherence
technology (B), and hematoxylin—eosin (C). D Ultrastructure of mitochondria in RPE tissue from mice induced by SI or PBS was imaged by TEM.
Red triangles: mitochondria. Scale bars=0.5 um. Immunofluorescence images for cryosections (E) and RPE flat mount (F). Red represents ANXAT
antibody; blue represents DAPI. Bar=50 pym. S|, solid sodium iodate, n=3. G Immunofluorescence of Sl-induced mice model displayed ANXA1
(green) and IBAT (red) staining. The presence of ANXAT-positive cells overlapped with IBA1-positive cells (white triangles) in their distribution.
Bar=50 um, n=3. RPE, retinal pigment epithelium; TEM, transmission electron microscope
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also validated the expression of hub genes related to fer-
roptosis. We found that the expression of ANXAI and
CD44 was upregulated at both mRNA and protein levels.
CD44 is a widely expressed transmembrane glycoprotein
known to suppress ferroptosis in cancer cells [49]. CD44
is highly expressed in the RPE layer, acting as a barrier
to keep a balance of retinal metabolism, and its upregu-
lation occurs under conditions of inflammation and
degeneration [50, 51]. In our study, upregulation of CD44
was induced by oxidative stress mediating ferroptosis
which might interfere with retinal metabolism. Given
that ANXAI is significantly upregulated in our data sets,
increased in the elderly group and its AUC exceeds 0.7 in
our results from data sets, we then identified ANXAI as
a potentially key marker for further experimental valida-
tion. We also validated the elevation of ANXAI protein
expression in an Sl-induced cell model by western blot
and in SI-induced animal model by immunofluorescence
assay for cryosections and RPE flat mount. It is worth
noting that whether the elevation of ANXAI is a cause or
consequence of lesions evolving into AMD. Annexin Al
(ANXA1I) is an endogenously anti-inflammatory protein
that responds to tissue injury, which has been well doc-
umented to play protective roles in various diseases by
alleviating inflammation [52-54]. Loss of ANXA1I aggra-
vates inflammation-related vascular aging [55]. ANXAI
also exerts a protective role by inhibiting ferroptosis [56].
In ocular diseases, the protective effects of ANXAI have
also been confirmed for its anti-inflammation property
[57]. In retinal diseases, overexpress CYP2J2 in the retina
enhance the m6A methylation modification of ANXAI to
maintain vascular homeostasis [58]. Zhu et al. reported
that ANXA1 alleviated choroidal neovascularization by
inhibiting inflammasome activation and pyroptosis in
RPE cells. These results indicate that ANXAI is linked to
the protection mechanism in ocular disease. Notably, our
findings revealed that knocking down ANXAI reduced
the expression of GPX4, a marker of ferroptosis, suggest-
ing loss of ANXAI might accelerate ferroptosis. Taken
together, the increase in ANXAI levels may occur in
response to ferroptosis in AMD and acts as a protective
mechanism to halt further progression. To further clarify
the protective mechanism of ANXA I, we should conduct
in-depth studies. This includes overexpressing ANXAI in
cell and animal models to see if ferroptosis is reversed.
Moreover, our results from functional analysis for hub
genes also demonstrated inflammation and immune-
related bioprocess including leukocyte migration and
chemotaxis, macrophage migration, and gliogenesis.
Microglia cell accumulation may cause detrimental
inflammation resulting in AMD [59]. Furthermore, sin-
gle-cell analysis revealed elevated ANXAI expression
in inflammation-related cells, such as monocytes and
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macrophages, suggesting a potential interaction with
inflammatory or immune cell infiltration. ANXAI is
implicated in microglial activation during brain ischemia
[60]. Furthermore, we confirmed the tissue colocaliza-
tion of ANXA1 and microglia. Taken together, we specu-
lated that ANXA I might dampen inflammation and delay
AMD progression by inhibiting ferroptosis and microglia
activation, which warrants further experiments.

This study has several important limitations. First, our
study included data sets with a small sample size. Sec-
ond, bias is inevitable due to the integration of various
omics data from public data sets. Third, this study does
not include all stages of AMD, limiting the demonstra-
tion of disease progression. Fourth, further exploration is
needed regarding the roles of FRGs and their interaction
with the immune response in AMD. Fifth, the SI-induced
model cannot represent the progression of AMD. Sixth,
ANXA1I might serve as a protective role by repressing fer-
roptosis in AMD, which warrants further investigation
and validation.

Conclusions

We concluded that the crosstalk between ferroptosis and
immunity is implicated in AMD. Changes in the propor-
tion of monocytes in the macular area may contribute to
macular degeneration. The upregulation of ANXA1I iden-
tified in this study may be associated with the protective
mechanism against ferroptosis in the pathogenesis of
AMD.
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