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Introduction
Age-related macular degeneration (AMD) primarily 
occurs in the elderly and is a leading cause of progressive 
visual impairment and vision loss [1]. Dry (nonexuda-
tive) and wet (neovascular) are the two forms of macular 
degeneration. Clinically, dry AMD is the most common 
form, accounting for 90% of AMD cases. Although the 
progression of dry AMD is typically slow, it can eventu-
ally lead to geographic atrophy (GA) or convert to wet 
AMD, resulting in irreversible vision loss. While various 
treatment options are available for wet AMD, effective 
therapies for dry AMD remain lacking [2–4]. Given the 
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Abstract
Background  Dry age-related macular degeneration (AMD) is a common chronic degenerative eye disease for which 
there is currently no effective treatment. Insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) is a recently 
identified m6A reader that binds RNA and maintains its stability, thereby participating in various biological processes. 
However, its role in dry AMD remains unclear.

Methods  In this study, we investigated the role of IGF2BP2 in macrophage NLRP3 inflammasomes using a sodium 
iodate-induced dry AMD model.

Results  Our results demonstrated that IGF2BP2 is highly expressed in the retinal-choroidal tissue induced by sodium 
iodate, with its effects primarily occurring in macrophages. The loss of IGF2BP2 ameliorating dry AMD. Mechanistically, 
methylated NLRP3 transcripts were subsequently directly recognized by the specific m 6 A “reader”, IGF2BP2, to 
prevent NLRP3 mRNA degradation. Furthermore, in in vivo experiments, to maintain the eye’s “immune privilege”, we 
employed mesoporous silica-based cell therapy to target and regulate macrophage IGF2BP2, providing a foundation 
for the evaluation and translation of therapies targeting this gene.

Conclusion  our study reveals that the molecular mechanism of dry AMD pathogenesis involves IGF2BP2-mediated 
NLRP3 inflammasome activation in macrophages, highlighting IGF2BP2 as a promising biomarker and therapeutic 
target for dry AMD treatment.
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lack of effective treatments for this condition, there is an 
urgent need to better understand the molecular mecha-
nisms driving AMD pathogenesis and to identify poten-
tial targets as clues for developing effective therapies.

Inflammation is a key pathogenic factor in dry AMD 
[5]. Evidence suggests that the accumulation and activa-
tion of macrophages have been detected in the retinal 
lesions of patients with dry AMD [6–8]. Research indi-
cates that macrophages with inflammatory effects can 
inflict both sublethal and lethal damage to RPE cells and 
photoreceptors, thereby contributing directly to the pro-
gression of AMD [9, 10]. Notably, during the progression 
of dry AMD, the NOD-like receptor protein 3 (NLRP3) 
inflammasome exhibits excessive activation in macro-
phages [11, 12]. The NLRP3 inflammasome is a multi-
protein complex in the cytoplasm that participates in 
the production of pro-inflammatory cytokines, including 
caspase-1 and the crucial IL-1β, which is believed to play 
a major role in retinal degeneration [13, 14]. Thus, regu-
lating macrophage-mediated retinal inflammation has 
emerged as a promising therapeutic strategy for treating 
dry AMD.

N6-methyladenosine (m6A) is the most common and 
abundant internal modification in eukaryotic messenger 
RNAs [15–17]. Increasing evidence suggests that m6A 
modification is involved in the expression and activation 
of the NLRP3 inflammasome in macrophages. Zhou et al. 
found that exosomes derived from human umbilical cord 
mesenchymal stem cells alleviated the progression of 
osteoarthritis in mice by binding to METTL3 and reduc-
ing the m6A levels of NLRP3 mRNA in macrophages 
[18]. Similarly, Hao et al. discovered that YTHDF1 pro-
motes the production of pro-inflammatory IL-1β in mac-
rophages during bacterial infection in a sepsis mouse 
model [19]. A recently identified family of m6A readers 
is the IGF2BPs family, consisting of IGF2BP1, IGF2BP2, 
and IGF2BP3. These proteins recognize and bind to 
m6A-modified mRNA. IGF2BP2 plays an important role 
in various biological processes, including cancer progres-
sion and inflammatory diseases [20, 21]. Remarkably, 
Wang et al. made an innovative contribution by eluci-
dating how IGF2BP2 in macrophages regulates the tran-
sition between M1 and M2 polarization through m6A 
modification [22]. This discovery offers a strong theoreti-
cal foundation for investigating the potential involvement 
of IGF2BP2 in inflammatory diseases. Nevertheless, the 
role of IGF2BP2 as an m6A reader in the context of dry 
AMD has not yet been reported.

In this study, we found that IGF2BP2 expression by 
macrophages plays an unexpected role in the progression 
of dry AMD. We further uncovered a novel mechanism 
of dry AMD via m6A-IGF2BP2/NLRP3-dependent way 
in macrophages. Additionally, we utilized mesoporous 
silica nanoparticles (MSN) as a drug delivery system. 

Based on this, we developed folic acid-modified nanopar-
ticles (FA-MSN-CWI1-2) loaded with the IGF2BP2 
inhibitor CWI1-2 to effectively target activated macro-
phages, thereby achieving conditional downregulation of 
IGF2BP2 in intraocular macrophages.

Method
Animals
IGF2BP2-deficient mice were provided by Shanghai 
Southern Model Biotechnology, among them, littermate 
mice with matched age and gender were included in all 
experiments in the study. All animals were raised under 
certain pathogen-free conditions (Qilu Hospital, Shan-
dong University). All experiments obtained the approval 
of the Laboratory Animal Ethics and Welfare Committee 
of Qilu Hospital of Shandong University (approval No.: 
DWLL-2024–166).

Clinical investigation and histopathology
Optical coherence tomography (OCT; RTVue XR Avanti, 
Optovue) together with color fundus imaging (Daytona, 
Optos) were adopted for the evaluation of anesthetized 
mice’ in vivo retinal lesions prior to drug administration 
and seven days after the sodium iodate modeling, respec-
tively. Then, mice were placed in dark environment for 
one night to achieve dark adaption. Flash electroretino-
gram (ERG) also followed the abovementioned proce-
dures [23]. A Visual Electrophysiological Monitor system 
(#RetiMINER-C ERG, IRC, Chongqing, China) served for 
the FERG measurement.

The eyeballs of euthanized mouse underwent 24  h 
of fixation in FAS eyeball fixative (Servicebio, Wuhan, 
China), and then paraffin embedding. Samples were sec-
tioned into 4-µm-thick slices, with their pathological 
alternation being tested based on the TUNEL and H&E 
staining. Subsequently, paraffin sections were subjected 
to immunofluorescence staining with antibodies against 
NLRP3 (1:500, Servicebio, Jinan, China) and F4/80 
(1:500, Servicebio). Image analysis relied on a fluores-
cence microscope together with a light microscope.

TUNEL staining
Paraffin sections were deparaffinized in xylene for 
5–10  min, followed by incubation in fresh xylene for 
another 5–10 min. The sections were then incubated in 
absolute ethanol for 5 min, 90% ethanol for 2 min, 70% 
ethanol for 2 min, and distilled water for 2 min. A pro-
teinase K solution (20  µg/mL, DNase-free, Beyotime, 
ST532) was added to the samples and incubated at 37 °C 
for 20  min. The sections were washed three times with 
PBS to remove residual proteinase K. The TUNEL detec-
tion solution was prepared using a TUNEL staining kit 
(Beyotime, C1089) at a 1:9 ratio of TdT enzyme to fluo-
rescent labeling solution. A total of 50 µL of TUNEL 
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detection solution was applied to each sample, followed 
by incubation at 37  °C in the dark for 60  min. The sec-
tions were then washed three times with PBS. Finally, the 
slides were mounted with anti-fluorescence quenching 
mounting medium and observed under a fluorescence 
microscope.

Bone marrow-derived macrophages (BMDM) isolation and 
culture
bone marrow cells from mice femur and tibia first under-
went erythrocyte lysis, followed by seven days of culture 
in complete medium encompassing DMEM added with 
10% heat-inactivated FBS and 30% L929-conditioned 
medium. To activate M1like, (0.5–0.7)×106 macrophages 
were arranged to receive 100 ng /mL LPS treatment 
(Invivogen) in tissue culture dishes.

RNA extraction and real-time PCR analysis
The QuantiTect Rev. Transcription Kit (Vazyme, Nan-
jing) was applied to synthesize the RNA obtained from 
cells or tissues (EASYspin Plus kit, Aidlab) to Comple-
mentary DNA (cDNA) and SYBR Green qPCR Mix 
served for the augmentation (Vazyme) on Bioer- Light-
cycler. Table S1 in the Supporting Information lists the 
relevant primers and the Beijing Genomics Institute took 
charge of the corresponding synthesis.

Western blotting analysis
After three times of washed in cold PBS, macrophages 
underwent 30 min of lysis using protease and phospha-
tase inhibitor cocktails (selleck) by virtue of radioimmu-
noprecipitation assay (RIPA) (Beyotime). Quantification 
of protein concentration was based on the bicinchoninic 
acid (BCA) protein kit (Beyotime). After sodium dodecyl 
sulfate (SDS)-polyacrylamide gel electrophoresis, pro-
teins samples were moved onto polyvinylidene fluoride 
or polyvinylidene difluoride (PVDF) membranes (Mil-
lipore), which received 1  h of blockage in 5% bovine 
serum albumin (BSA) (Solarbio) and 0.1% Tween 20 in 
Tris-buffered saline, followed by one night of incubation 
using primary antibody at 4 °C. Table S1 in the Support-
ing Information lists corresponding antibodies.

ELISA
We measured IL-1β and IL-18 concentration in culture 
medium with an ELISA kit (#PI305, #PI558, Beyotime) 
as per producer’s protocol, and used Sunrise spectropho-
tometer to examine the absorbance at 450 nm.

MeRIP-qPCR
we dissolved the total RNA (EASYspin Plus kit, Yishan, 
China) in RNase-free water (40 µL). We assigned two 
groups of cells. One was for input and another (1 mL) 
receive 2  h of incubation with buffer (encompassing an 

RNase inhibitor (RVC), an m6 A-specific antibody or 
rabbit IgG (Sigma Aldrich)), followed by another 2  h of 
incubation after added with prewashed beads, and 1  h 
of incubation at 4 °C after added with elution buffer that 
contained an anti-m6A antibody (Synaptic Systems). We 
used 5 mg of glycogen and 1/10 volumes of 3 M sodium 
acetate to precipitate the methylated mRNA in a 2.5 vol-
ume of 100% ethanol for one night at − 80 °C. qPCR was 
employed for calculating the m6 A-bound RNA, which 
was normalized to the input to obtain relevant m6 A 
enrichment.

RNA stability assay
We used 5  µg /mL actinomycin D to treat BMDMs 
seeded in 12-well plates and collected cells at specific 
time points (MedChemExpress), thereby measuring the 
stability of mRNA. RT-PCR was employed for analyz-
ing the total RNA (EASY spin Plus kit, Aidlab). Linear 
regression analysis engaged in estimating the half-live 
time of mRNA.

RNA pull down assay
Biosune Biotechnology (Shanghai) took charge of the 
synthesis of single-stranded RNA that contained adenos-
ine (regardless of methylation) (Table S1). Pierce RNA 
3′ End Desthiobiotinylation Kit and Pierce Magnetic 
RNA-Protein PullDown Kit (20163, 20164, Thermo Sci-
entific) served for NLRP3 RNA desthiobiotin labeling 
and the RNA pulldown assays, respectively. In brief, 50 
pmol of RNA underwent 5 min of denaturation at 85 °C 
and the T4 RNA ligase biotin labeling. After biotin label-
ing, nucleic acid underwent the incubation with strepta-
vidin beads (50 µL) coupled with BMDMs protein lysates 
(2 mg). At last, we boiled the eluted RNA-binding protein 
complexes meanwhile using anti-IGF2BP2 antibody for 
detection.

Cell culture and treatment
Culture conditions for ARPE-19 cells (Chi Scientific, 
Jiangsu, China) included: DMEM encompassing 10% FBS 
(Biological Industries, Italy). THP-1 cells (National Col-
lection of Authenticated Cell Cultures) were cultured in 
RPMI 1640 (Gibco, USA) added with 10% FBS. THP-1 
cells underwent one day of treatment using 100 µM PMA 
for the formation of THP-1 macrophages (THP-M cells), 
seeded in a 6-well plate (1 × 106 cells/well). After cocul-
ture on inserts (diameter: 24 mm; pore diameter: 0.4 μm; 
#3412, Corning, USA), RPE cells underwent 48 h of treat-
ment using H2O2, (SML0583, Sigma–Aldrich, USA) fol-
lowed by the co-culture with THP-1 cells. After 48 h of 
transfection with or without IGF2BP2 siRNA, THP-1 
cells received 48 h of co-culture with RPE cells.
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Fig. 1 (See legend on next page.)
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Transfection of SiRNA
We used INTERFERin (Polplus) for transfecting cells 
with IGF2BP2 siRNAs, and Control siRNAs as per pro-
ducer’s protocol. 50 nmol siRNA together with 10 µL 
of reagent were employed for transfecting BMDMs for 
3 consecutive days, then experiments were conducted. 
Genepharma Company (Shanghai) took charge of the 
design and synthesis of targeting siRNA sequences (Table 
S1).

Flow cytometry
Cell Apoptosis Detection Kit (#556547, BD Bioscience, 
San Jose, CA, USA) served for detecting the cell apop-
tosis. Cells isolated by 0.25% trypsin were centrifugated 
at 300 × g for five minutes, resuspended in the 1 × 106 
cells/mL binding buffer, and cultured for fifteen minutes 
in Annexin V-FITC and propidium iodide reagents (1:20 
dilution) in dark environment in succession. Cell analysis 
relied on an Accur C6 Plus cytometer (BD).

Hoechst staining assay (HSA)
Cells were properly treated, and received PBS wash after 
the removal of culture medium. After 10 min of fixation 
in 4% paraformaldehyde solution, cells with superna-
tant removed received another PBS wash. Subsequently, 
cells underwent 5 min of incubation in hoechst solution 
in dark environment at room temperature. An inverted 
fluorescence microscope (Olympus IX53, Japan) was 
employed to take 3 images for each well in a random 
manner.

Preparation of FA-MSN-CWI1-2
The synthesis of MSN was carried out using a previously 
reported soft-template method to produce uniform MSN. 
The aminated mesoporous silica was then reacted over-
night with excess NHS-PEG-FA (Ruixi Biological Tech-
nology Co., Ltd., Xian, China), followed by centrifugation 
and washing several times to obtain FA surface-modified 
mesoporous silica. Finally, FA surface-modified mesopo-
rous silica was stirred overnight with CWI1-2 and FITC 
at room temperature, and the resulting product, mesopo-
rous silica nanoparticles loaded with CWI1-2/FITC and 
surface-modified with FA, was collected by centrifuga-
tion and washing.

In vitro cellular uptake of NPs
For measuring the cellular uptake mode regarding NPs, 
experimenters loaded FITC into MSN, and seeded 
BMDM cells and RPE cells in six-well plates (2 × 105 cells/
well) to undergo one day of culture. Cells received 2 h of 
treatment in FITC-loaded MSN medium, followed three 
times of washes in PBS and fixation treatment in para-
formaldehyde. Cell absorption was measured using an 
Olympus BX53F fluorescence microscope.

Statistical analysis
GraphPad Prism 8.0 was employed for analyzing the 
between-group statistical difference. All data presenta-
tion followed the mean ± SEM format. All experiments 
were repeated for no less than three times. The two-
way ANOVA test served for comparing the mean value 
of a continuous variable regarding 2 samples. Unpaired 
Student’s t-test served for the comparison regarding 2 
groups. P < 0.05 indicated statistical significance.

Result
IGF2BP2 participates in the disease progression of dry 
AMD
In order to study the role of IGF2BP2 in dry AMD, we 
used the dry AMD model made by NaIO3 (30  mg/kg) 
to examine the expression of IGF2BP2 in the retina and 
choroid complex of mice. We found that the mRNA and 
protein levels of IGF2BP2 were significantly increased 
in NaIO3-mediated dry AMD mice (Fig.  1A-B). These 
results suggest that IGF2BP2 may be involved in regu-
lating the progress of dry AMD. Next, we generated 
IGF2BP2-deficient (IGF2BP2-/-) mice. In healthy control 
groups, no significant differences in retinal structure and 
function were observed between IGF2BP2-/- and WT 
mice. However, in the dry AMD model, IGF2BP2-/- mice 
exhibited a milder dry AMD phenotype compared to 
WT mice. H&E staining and OCT analysis showed that 
the retinal structure of IGF2BP2-/- mice was less dam-
aged and the outer nuclear layer was thicker (Fig. 1C-F). 
In addition, ERG analysis showed that the retinal func-
tion of IGF2BP2-/- mice was better than that of WT mice 
(Fig. 1G-H). We found that IGF2BP2 deficiency alleviated 
the dry AMD phenotype of mice.

(See figure on previous page.)
Fig. 1  IGF2BP2 participates in the disease progression of dry AMD (A) the expression of IGF2BP2 protein in retinal choroid tissue after NaIO3 treatment. 
(B) The expression of IGF2BP2 mRNA in retinal choroid tissue after NaIO3 treatment. P = 0.0016 (C) Thickness of the ONL. (D) H&E staining revealed the 
histopathological changes in the retinas of WT and IGF2BP2-/- mice, both in normal controls and 7 days after NaIO3 administration. (E-F) Representative 
fundus images, SD-OCT images and a spider plot showing changes structure and thickness of fundus retina, keeping the optic nerve head (ONH) as the 
center position. (G) Amplitudes of the a- waves and b-waves. (H) Representative electroretinogram (ERG) of 24-hour dark adaptation mice. ONL outer 
nuclear layer; OPL outer plexiform layer. * P < 0.05, ** P < 0.01. Data are the means ± SEM. Data are representative of results obtained from six mice in each 
group (n = 6)
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Fig. 2 (See legend on next page.)
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IGF2BP2 affects activation of NLRP3 inflammatory bodies 
in macrophages
To investigate whether the retinal damage observed in 
IGF2BP2-/- mice was caused by the inflammatory recruit-
ment of macrophages [22, 24], we assessed the effects 
of clodronate, a chemical agent that induces macro-
phage apoptosis and subsequently leads to macrophage 
depletion [25]. Histological analysis showed that, com-
pared to the NaIO3-injected group, macrophage deple-
tion using clodronate liposomes before NaIO3 injection 
prevented NaIO3-induced thinning of the ONL. How-
ever, after macrophage depletion, the difference in ONL 
thickness between IGF2BP2-/- mice and WT mice dis-
appeared (Fig. 2A-B). These data suggest that IGF2BP2-
deficient macrophages play a key role in and mitigate 
NaIO3-induced retinal damage in mice. Regarding the 
targets of IGF2BP2 in macrophages, our analysis of pre-
vious data revealed that iRIP identified NLRP3 was one 
of the mRNAs associated with IGF2BP2 in two sepa-
rate replicates [22] (Fig. 2C). we also find the expression 
of NLRP3 in IGF2BP2-/-BMDM was down-regulated 
compared with WT (Fig.  2D-E). Meanwhile, in the 
NaIO3-induced dry AMD model, we noticed that Com-
pared to the WT group, the immunofluorescence stain-
ing of NLRP3 was reduced in IGF2BP2-/- mice and 
co-localized with macrophages (Fig.  2F), and the reti-
nal choroidal complex NLRP3 expression decreased in 
IGF2BP2-/- mice (Fig.  2H). In order to study whether 
IGF2BP2 in macrophages contributes to the activation of 
NLRP3 inflammatory bodies, we treated BMDM induced 
by lipopolysaccharide with agonists. BMDM from 
IGF2BP2-/- mice showed impaired activation of NLRP3 
inflammatory bodies triggered by ATP, which inhibited 
the maturation and secretion of IL-1β (Fig.  2G, I,J). In 
conclusion, these results suggest that IGF2BP2 supports 
NaIO3-induced dry AMD by promoting the expression of 
NLRP3 in macrophages and the activation of inflamma-
tory body-dependent IL-1β.

IGF2BP2 targets NLRP3 in an m6A-dependent manner, 
contributing to the apoptosis of RPE cells
Given the characteristic role of IGF2BP2 as an mRNA-
binding protein, we ultimately aimed to investigate 
whether IGF2BP2 directly interacts with NLRP3. We 
detected the M6A level of NLRP3 in BMDM by MERIP-
qPCR, and the results showed that M6A modified 

the expression of NLRP3 (Fig.  3A). By analyzing iRIP 
sequencing data and corresponding peaks, we designed 
single-stranded RNA baits with methylation (ss-m6A) 
and unmethylated controls (ss-A) for RNA pull-down 
assays. The RNA pull-down assay, in agreement with 
the MeRIP-qPCR results, demonstrated that IGF2BP2 
protein selectively binds to the methylated RNA bait (ss-
m6A) of NLRP3 (Fig. 3B). RNA decay assessment reports 
that NLRP3mRNA with IGF2BP2 defects decays faster 
than WTBMDM (Fig.  3C-D), indicating that IGF2BP2 
can improve the stability of NLRP3mRNA. In summary, 
these data suggest that IGF2BP2 regulates the expression 
of NLRP3 in macrophages in an M6A-dependent man-
ner. One of the key mechanisms of dry AMD progression 
is RPE dysfunction and loss of apoptosis, Evidence indi-
cates that macrophages exhibiting inflammatory activ-
ity can inflict varying degrees of damage on RPE cells, 
from sublethal to lethal [26]. To investigate the effect 
of IGF2BP2 in inflammatory macrophages on RPE cell 
apoptosis, we used ARPE-19 (human RPE cell) and co-
cultured them with PMA-induced THP-1 (human mac-
rophage cell). First, we knocked down IGF2BP2 in THP-1 
macrophages using siRNA and verified the knockdown 
efficiency (Figs. 3E-F). Next, THP-1 cells were incubated 
with RPE cells after PMA, LPS and ATP treatment for 
24  h (Fig.  3G), and RPE cells were collected to detect 
apoptosis. Nuclear morphological changes were exam-
ined using Hoechst staining. In the normal control group, 
apoptotic cells were rarely observed. However, after co-
culturing with macrophages (MP), condensed RPE cell 
nuclei and enhanced fluorescence (yellow arrows) were 
observed, indicating an increase in the number of apop-
totic RPE cells compared to the normal control group. 
In contrast, in the MP + SiIGF2BP2 group, a significant 
reduction in RPE cell apoptosis was observed compared 
to the MP co-culture group. (Fig.  3H). Secondly, the 
number of apoptotic cells was significantly higher in the 
MP co-culture group compared to the normal control 
group. In contrast, The MP + SiIGF2BP2 group showed a 
significant decrease in apoptotic cell numbers compared 
to the MP co-culture group (Fig.  3I). These results sug-
gest that macrophages can affect the apoptosis of RPE 
through IGF2BP2.

(See figure on previous page.)
Fig. 2  IGF2BP2 affects activation of NLRP3 inflammatory bodies in macrophages (A) Representative H&E-stained retinal sections of WT and IGF2BP2-/- 
groups after clodronate treatment. (B) Outer nuclear layer thickness in WT and IGF2BP2-/- groups after clodronate treatment. (C) The reads density land-
scape of IGF2BP2-binding peaks on NLRP3 transcripts in BMDMs from IGF2BP2-iRIPseq; n = 2. (D) the level of NLRP3 in BMDM stimulated by lps was 
detected by western blot. (E) The expression of I NLRP3 mRNA in BMDM stimulated by lps; n = 3. (F) Expression of F4/80 (red) and NLRP3 (green) was 
observed in retinal tissue, cellular nuclei were labeled by DAPI (blue); Scale bars: 50 μm. (G) BMDMs from IGF2BP2 knockout mice and wild mice was initi-
ated with LPS and stimulated with ATP. The supernatant (SN) and cell extract (lysate) were analyzed by immunoblotting. (H) the retina and choroid tissue 
extracts of IGF2BP2 knockout mice and wild mice were analyzed by Western blotting. (I-J) IL-1β and IL-18 secretion was determined by ELISA. ** p < 0.01, 
*** p < 0.001. The data is the average ± SEM
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Synthetic identification and safety of FA-MSN-CWI1-2
Our previous study demonstrated that targeting macro-
phages with nanoparticles yielded promising therapeu-
tic effects in AMD [27]. In this study, MSN loaded with 
CWI1-2 was first prepared, followed by surface conju-
gation with FA on the NPs. Since activated M1 macro-
phages express Folate Receptor 2 (FR2), MSN-CWI1-2 
was modified with FA to achieve active targeting of M1 

macrophages [28]. The average particle size of FA-MSN-
CWI1-2 was 133.613 ± 1.62  nm, with a zeta potential of 
-10.457 ± 0.79 mV. The polydispersity index (PDI) value 
was 0.186 ± 0.03, indicating stability and good dispers-
ibility (Table  1). The morphology and size of the NPs 
were characterized by TEM, which revealed a spheri-
cal structure, in addition, the UV absorption peak of 
the nanomaterials was measured (Fig.  4B-C). Regarding 

Fig. 3  Macrophage IGF2BP2 targets NLRP3 in an m6A-dependent manner, contributing to the apoptosis of RPE cells. (A) m6A enrichment of NLRP3 
mRNA in BMDMs by m6A-RIP-qPCR. Results are presented relative to those obtained with immunoglobulin G (IgG). Glyceraldehyde 3-phosphate dehy-
drogenase (Gapdh), m6A negative control; Myc peak, m6A positive control; n = 3. (B) Immunoblotting of IGF2BP2 in BMDMs after RNA pull down assay 
using single-stranded NLRP3 RNA with methylated or unmethylated adenosine. (C-D) RT-qPCR of (C) NLRP3 mRNAs and (D) NLRP3mRNA degradation 
in BMDMs treated with actinomycin D for the indicated times. The residual RNAs were normalized to 0 h; n = 5. (E-F) PCR and Western blot analysis of 
IGF2BP2 in THP-1 following si-NC or si-IGF2BP2 transfection to verify the knockdown effect. (G) Co-culture model of RPE and macrophages. (H) Analysis of 
nuclear morphological changes in ARPE-19 cells using Hoechst staining, with yellow arrows indicating damaged cells. (I) Detection of apoptosis in ARPE-
19 cells using Annexin V-FITC/PI double staining and flow cytometry. Data were shown as mean ± SEM. *P < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001 
versus the WT group by two-way ANOVA
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cellular delivery using nanomaterials, FA-MSN-CWI1-2 
demonstrated significantly higher binding affinity to 
macrophages compared to RPE cells. Additionally, in 
frozen sections of ocular tissue, FITC fluorescence was 
clearly observed accumulating within the retina, indicat-
ing its strong tissue targeting and penetration capabilities 
(Fig. 4D). To assess the safety of the drug, OCT and fun-
dus photography were performed on healthy mice at days 
1, 3, and 7 after intravitreal injection, and no significant 
retinal structural changes were observed in the FA-MSN-
CWI1-2 group compared to the control group (Fig. 4E). 
Moreover, TUNEL+ cell counting and histological analy-
sis showed no evidence of significant toxicity in the retina 
following various treatments, indicating that the drug is 
safe (Fig. 4F).

FA-MSN-CWI1-2 as a strategy against dry AMD
we evaluated the role of FA-MSN-CWI1-2 in the NaIO3-
induced mouse model, administering FA-MSN-CWI1-2 
(5.0 mg/mL dispersed in DPBS) via intravitreal injection 
on days 1 and 3. Mice receiving intravitreal injections 
of DPBS were used as a negative control. qPCR results 

confirmed that the relative IGF2BP2 levels in the retinas 
of dry AMD mice treated with FA-MSN-CWI1-2 were 
significantly reduced 7 days post-treatment compared to 
control mice (Fig. 5A), indicating effective in vivo deliv-
ery by CWI1-2. Subsequently, retinal structure and ONL 
thickness changes were analyzed using HE staining and 
OCT. The ONL thickness in FA-MSN-CWI1-2 treated 
mice were significantly greater than that in the control 
group treated with DPBS (Fig. 5B-C). Furthermore, ERG 
analysis combined with TUNEL + cell counting indicated 
an improvement in retinal function in the FA-MSN-
CWI1-2 treatment group compared to the control group 
(Fig. 5D-E, G-H). To characterize changes in the retinal 
immune microenvironment following FA-MSN-CWI1-2 
treatment, we further assessed the expression of the 
NLRP3 inflammasome in retinal-choroidal tissue using 
WB (Fig. 5F). Compared to the control group, FA-MSN-
CWI1-2 treatment reduced the expression of the NLRP3 
inflammasome in the retinal-choroidal complex. These 
data provide strong evidence that IGF2BP2 can indeed 
exert its effects through macrophages.

Discussion
This study found that IGF2BP2 levels were increased 
in the retina and choroid tissues of NaIO3-induced dry 
AMD mice. IGF2BP2 enhances the stability of NLRP3 
mRNA in macrophages in an m6A-dependent manner, 
thereby participating in disease progression. Meanwhile, 
we established the FA-MSN-CWI1-2 delivery system, 

Table 1  Particle size and potential
Hydrodynamic size (nm) PDI Zeta potential (mV)

1 133.92 0.217 -10.29
2 131.86 0.182 -9.76
3 135.06 0.159 -11.32
Average 133.613±1.62 0.186±0.03 -10.457±0.79

Fig. 4  Synthetic identification and safety of FA-MSN-CWI1-2 (A) Schematic diagram shows the synthesis of folic acid-modified mesoporous silica 
nanoparticles loaded with CWI1-2 (FA-MSN-CWI1-2). (B) TEM image and particle size distribution of FA-MSN-CWI1-2. (C) UV-vis of FA-MSN-CWI1-2. (D) FA-
MSN-CWI1-2 was co-cultured with cells for 2 h, and 7 days after intravitreal injection, FITC fluorescence was observed. (E) Retinal photography and OCT 
images of healthy mice 1, 3, and 7 days after intraocular injection. (F) HE and TUNEL histological staining of representative retinal tissue in different groups
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which further provides evidence for the involvement of 
macrophage IGF2BP2 in the progression of dry AMD 
(Fig. 6).

Initially, we highlighted the characteristics and poten-
tial functions of IGF2BP2 in dry AMD. Currently, numer-
ous investigations are underway to explore the function 
and mechanisms of m6A modification in dry AMD. m6A 
modification mediated by YTHDC1 has been shown to 
protect against oxidative stress damage and maintain 
lipid metabolism in RPE cells in dry AMD by regulating 
the expression of CircSPECC1 [29]. In Aβ-induced RPE 

degeneration, FTO-dependent m6A demethylation of 
protein kinase A regulates its mRNA and protein expres-
sion, partially rescuing RPE degeneration [30]. These 
findings suggest that targeted modulation of IGF2BP2-
mediated m6A modification may represent a break-
through in the management of dry AMD. Nevertheless, 
the precise role of m6A modification in dry AMD, espe-
cially its detailed mechanisms, remains largely unknown 
and warrants further investigation. In this research, we 
identified significantly elevated levels of IGF2BP2 expres-
sion in the NaIO3-induced dry AMD mouse model. 

Fig. 5  FA-MSN-CWI1-2 as a strategy against dry AMD. (A) The expression of IGF2BP2 mRNA in retinal choroid tissue after NaIO3 treatment. (B) Histo-
pathological changes of retina were analyzed by H & E staining. (C) The spider diagram shows the change in the thickness of the ONL layer of the retina, 
keeping the ONH at the center. (D) Representative electroretinogram (ERG) of 24-hour dark adaptation mice. (E) Amplitudes of the a- waves and b-waves. 
(F) the retina and choroid tissue extracts were analyzed by Western blotting. (G) Representative TUNEL staining of retinal tissues from different groups. (H) 
Analysis of apoptotic index. * P < 0.05, ** P < 0.01. Data are the means ± SEM. Data are representative of results obtained from six mice in each group (n = 6)
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Moreover, IGF2BP2 knockout notably alleviated retinal 
structural and functional damage, indicating a positive 
correlation between elevated IGF2BP2 levels and the 
progression of dry AMD. Hence, modulation of IGF2BP2 
may offer a novel strategy for the treatment of dry AMD.

Inflammation and immune-mediated processes play 
a crucial role in the progression of AMD [31]. Macro-
phage infiltration is both a consequence of tissue injury 
and a result of dysregulated immune suppression mecha-
nisms that are supposed to limit macrophage entry into 
the subretinal space. Consistent with previous studies, 
our findings indicate that macrophage depletion inhibits 
NaIO3-induced ONL thinning. meanwhile, we observed 
that the difference in ONL thickness between IGF2BP2-/- 
mice and WT mice lost statistical significance. These 
findings suggest that macrophages are closely associated 
with the progression of dry AMD in the NaIO3-induced 
model, with IGF2BP2 playing a key role primarily in 
macrophages.

Macrophages are highly plastic cells whose phenotype 
and function depend on their microenvironment [32]. 
Inflammatory conditions favor the polarization of M1 
macrophages, which produce high levels of pro-inflam-
matory cytokines such as IL-1β, TNF-α, IL-6, and IL-12, 
as well as inducible nitric oxide synthase (iNOS), lead-
ing to a Th1-type immune response [33, 34]. Classically 
activated M1 macrophages are stimulated by lipopoly-
saccharide (LPS) and interferon-gamma (IFN-γ). LPS, 
a component of the Gram-negative bacterial cell wall, 
binds to macrophages via the TLR4 receptor, activating 
signaling pathways such as NF-κB and MAPK, thereby 
inducing pro-inflammatory responses and M1 polariza-
tion. Conversely, Th2-type cytokines IL-4 and IL-13 serve 
as direct activators of M2 macrophages31. These cyto-
kines are secreted by various cell types, including innate 
and adaptive immune cells, epithelial cells, and tumor 
cells. In addition to playing crucial roles in physiological 
processes such as homeostasis, wound healing, and tissue 
repair, M2 macrophages are also involved in pathologi-
cal conditions, including inflammation, hypersensitivity 

reactions, and choroidal neovascularization [35, 36]. 
Interestingly, regarding the role of IGF2BP2 in macro-
phages, Wang et al. found that IGF2BP2-deficient mac-
rophages exhibited an enhanced M1 phenotype, which 
promoted the development of dextran sulfate sodium 
(DSS)-induced colitis [22]. Unlike previous studies, which 
focused on macrophage polarization, our study primarily 
investigates the regulatory effects of macrophages on the 
NLRP3 inflammasome in the context of dry AMD, where 
the inflammatory role of M1 macrophages is a key fac-
tor. Macrophages exhibit substantial heterogeneity across 
different tissues, performing tissue-specific functions [37, 
38]. They are distinguished based on microenvironmen-
tal cues, leading to diverse gene expression profiles and 
functional characteristics [39, 40]. Thus, IGF2BP2 may 
exert distinct effects on macrophages depending on tis-
sue type and specific challenges. The classification of 
macrophage subtypes is not limited to the M1 and M2 
paradigm; instead, macrophage polarization is a dynamic 
and complex process. Although M1 and M2 are the most 
widely discussed phenotypes, macrophages can exhibit 
a spectrum of activation states in response to differ-
ent stimuli, with overlapping characteristics rather than 
strictly independent classifications. In dry AMD, single-
cell RNA sequencing of blood-derived macrophages has 
been employed to elucidate their roles in disease pro-
gression [41, 42]. Future studies are expected to further 
characterize specific macrophage subtypes and their 
functional properties, which will contribute to a more 
comprehensive understanding of the potential role of 
IGF2BP2 in regulating macrophage function.

Infiltrating macrophages may contribute to the patho-
biology of AMD by activating the NLRP3 inflammasome 
and other pro-inflammatory cytokines [43, 44]. Following 
PAMP or DAMP stimulation, IL-1β is initially produced 
in an immature form within macrophages. IL-1β can 
then trigger the assembly of the NLRP3 inflammasome in 
macrophages, activating caspase-1, which cleaves pro-IL-
1β into its mature form. This active cytokine is secreted 
and further amplifies the production of inflammatory 

Fig. 6  Mechanistic Insights into IGF2BP2’s Role in Macrophage-Mediated Pathogenesis of Dry AMD
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cytokines through positive feedback [45, 46]. Previous 
studies have shown that certain components of the lupus-
associated autoantigen and complement protein C1q can 
activate the NLRP3 inflammasome in macrophages, pro-
moting IL-1β secretion [47, 48]. Age-related lipofuscin 
can similarly activate the NLRP3 inflammasome. Once 
activated, IL-1β signaling amplifies inflammation in the 
rodent eye by inducing the expression of chemokines 
such as CCL2, CXCL1, and CXCL10 [49, 50]. To support 
the role of IGF2BP2 in regulating retinal injury through 
the activation of the macrophage NLRP3 inflammasome, 
we observed that the expression of inflammasome com-
ponent NLRP3 was reduced in the retinas of IGF2BP2-/- 
mice and was colocalized with infiltrating subretinal 
macrophages (F4/80+). We also validated our findings in 
retinal-choroidal tissue and bone marrow-derived pri-
mary macrophages.

Regarding the source of NLRP3 inflammasome-
expressing cells in the eye in dry AMD, there has been 
debate about the presence of NLRP3 in RPE cells. How-
ever, consistent with our study, recent research on the 
expression of NLRP3 in single-cell RPE tissue indicates 
that NLRP3 levels are lower in RPE cells compared to 
macrophages, reinforcing our focus on macrophages [51, 
52]. Given the critical role of NLRP3 inflammasome acti-
vation in infiltrating macrophages for the production of 
IL-1β [14], and increasing evidence from retinal mouse 
models showing that enhanced macrophage infiltration 
into the subretinal space mediates RPE cell damage and 
photoreceptor death through direct cell interactions and 
paracrine release of inflammatory cytokines, We inten-
tionally devised an experiment to demonstrate that acti-
vated BMDMs, known to produce high levels of IL-1β, 
can induce RPE cell apoptosis, which can be mitigated by 
IGF2BP2 knockout.

In the posterior segment of the eye, circulating 
immune cells are generally prevented from accessing the 
retina. This is attributed to the tight junctions within the 
RPE that form the outer retinal blood barrier, along with 
the endothelial cells that create the inner retinal barrier. 
However, following injury, inflammation, or infection, 
circulating immune cells can migrate into the retina and 
preretinal membranes [53]. In this study, we employed a 
nanomaterial-based IGF2BP2 inhibitor delivery platform 
(FA-MSN-CWI1-2). The primary advantage of this plat-
form is its ability to specifically target activated macro-
phages within the eye while safeguarding other retinal 
tissues from damage. Moreover, unlike macrophage-spe-
cific conditional knockout mice, this approach does not 
affect the systemic expression of macrophages in mice, 
thus allowing for a more precise elucidation of previous 
in vitro findings. We found that intravitreal injection of 
FA-MSN-CWI1-2 nanoparticles significantly reduced 
retinal damage caused by sodium iodate and also reduced 

NLRP3 inflammasome levels. These results suggest that 
IGF2BP2 contributes to the progression of dry AMD, at 
least in part, through macrophages. However, whether 
other cell types are involved remains to be explored in 
future experiments.

Conclusion
In summary, this research provides strong in vitro and 
evidence highlighting the pivotal role of IGF2BP2 in reg-
ulating NLRP3 inflammasome activation in macrophages 
associated with dry AMD. The potential of Igf2bp2 in 
macrophages as a therapeutic target for dry AMD offers 
a promising direction for future research in the treatment 
of this disease.
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