
iScience

Article

ll
OPEN ACCESS
Dietary caloric restriction protects experimental
autoimmune uveitis by regulating Teff/Treg
balance
 PI3K
 PI3K

 PI3K
 PI3K

 AKT

 AKT AKT  AKT

Normal diet Low intake

XXX/YYY

ad libitum (AL) Caloric Restriction (CR)

CD4+T cellImbalance balance

EAU mice

EAU ameliorateEAU

XXX/YYY

c-MYCc-MYC

c-MYC

c-MYC
c-Myc

c-Myc

c-Myc

c-Myc

Glycolysis
Glycolysis

Glycolysis
Treg Treg TeffTeffTeff

Teff

Hk2, Pkm, Ldha
Hk2, Pkm, Ldha

Hk2, Pkm, Ldha

Zhaohuai Li,

Runping Duan, Qi

Jiang, ..., Wenjun

Zou, Ying Lin,

Wenru Su

wenjunzou2022@163.com

(W.Z.)

linying@gzzoc.com (Y.L.)

suwenru@sjtu.edu.cn (W.S.)

Highlights
A single-cell transcriptomic

immune atlas for EAU and

CR in lymph nodes

CR alleviated EAU

symptoms and regulated

Teff/Treg balance

CR influenced the balance

of CD4+ T cells by

inhibiting the Pi3k/Akt/c-

Myc pathway

Li et al., iScience 27, 111279
December 20, 2024ª 2024 The
Authors. Published by Elsevier
Inc.

https://doi.org/10.1016/

j.isci.2024.111279

mailto:wenjunzou2022@163.com
mailto:linying@gzzoc.com
mailto:suwenru@sjtu.edu.cn
https://doi.org/10.1016/j.isci.2024.111279
https://doi.org/10.1016/j.isci.2024.111279
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.111279&domain=pdf


iScience

Article

Dietary caloric restriction protects experimental
autoimmune uveitis by regulating Teff/Treg balance

Zhaohuai Li,1,5 Runping Duan,1,5 Qi Jiang,2,5 Jiaying Liu,1,5 Jialing Chen,3 Loujing Jiang,1 Tianfu Wang,1 He Li,2

Yihan Zhang,2 Xuening Peng,1 Zhaohao Huang,1 Lei Zhu,1 Wenjun Zou,4,* Ying Lin,1,* and Wenru Su2,6,*

SUMMARY

Uveitis, an autoimmune disease, often leads to blindness. CD4+ T cells, including regulatory T cells
(Tregs) and effector T cells (Th1 and Th17), play a critical role in its pathogenesis. Caloric restriction
(CR) has been shown to alleviate autoimmune diseases. However, careful characterization of the
impact of CR on experimental autoimmune uveitis (EAU) is poorly understood. This study used
single-cell RNA sequencing to analyze cervical draining lymph nodes in mice under ad libitum
(AL) and CR diets, with or without EAU. CR increased Tregs, altered immune cell metabolism,
reduced EAU symptoms, and downregulated inflammatory and glycolysis genes. Flow cytometry
confirmed CR’s inhibitory effect on Th1 and Th17 proliferation and its promotion of Treg prolifera-
tion. CR also balanced CD4+ T cells by inhibiting the PI3K/AKT/c-Myc pathway and reducing GM-
CSF in Th17 cells. These findings suggest CR as a potential therapeutic strategy for autoimmune
diseases.

INTRODUCTION

Uveitis is an autoimmune disease characterized by inflammation within the eye, affecting the central nervous system (CNS).1–3 It is a sig-

nificant cause of blindness, accounting for 10–25% of global vision loss, and severe visual impairment or blindness occurs in up to 35% of

patients.4,5 Currently, corticosteroid therapy is the primary treatment approach, which comes with potential long-term side effects. There-

fore, gaining a comprehensive understanding of uveitis pathogenesis is essential for the development of effective treatment strategies.

Experimental autoimmune uveitis (EAU) serves as an extensively accepted animal model to explore potential pathogenic mechanisms un-

derlying uveitis.6 T lymphocytes exert a pivotal effect in regulating adaptive immune responses, and their impaired tolerance can lead to

the polarization of T cells (TCs) into hyperactive and pathogenic inflammatory phenotypes, contributing to T cell-mediated autoimmune

diseases such as uveitis.1,3 However, the precise mechanisms responsible for T cell polarization into inflammatory phenotypes remain

poorly understood. A deeper understanding of intrinsic and extrinsic factors influencing T cell polarization will aid in identifying novel tar-

gets for uveitis treatment.

Caloric restriction (CR) is a dietary approach that decreases calorie intake but does not cause malnutrition. It has been demonstrated to

modulate nutrient-sensing mechanisms, resulting in improved metabolic profiles, reduced oxidative stress, enhanced stress resistance, sup-

pressed inflammation, and alleviation of metabolic disorders.7,8 Therefore, it may be a critical strategy for targeting the metabolic system to

achieve immune modulation. Nonetheless, the signaling pathways and networks that regulate inflammatory induction across tissues and the

impact of CR on EAU are largely unknown and require further investigation.

Lymph nodes play a crucial role in autoimmune processes9–11 as they serve as sites where distinct immune cells including T cells

(TCs), B cells (BCs), as well as dendritic cells (DCs) interact. Lymph nodes facilitate antigen presentation, immune cell activation,

and the initiation of autoimmune responses.12 Among them, cervical-draining lymph nodes (CDLNs) are particularly important

for efficient drainage of macromolecules as well as immune cells from the CNS.13 Consequently, CDLNs may act as production

sites for autoreactive TCs as well as BCs targeting CNS autoantigens. In this study, our objective was to employ single-cell RNA

sequencing (scRNA-seq) to map the immune cell landscape of CDLNs in mice fed ad libitum (AL) or subjected to CR, with or

without EAU.
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Figure 1. Study design and CR induces complicated and extensive changes in the immune profile of CDLNs

(A) Schematic of the experimental design for single-cell RNA sequencing. CDLNs were harvested from normal (N) mice with ad libitum (A) or caloric restriction

(R) diet. Samples were processed via scRNA-seq by using the 10x Genomics platform.

(B) Line chart showing weights of NR and NA mice at different time points.

(C) UMAP plot showing clusters of immune cell subsets.

(D) Volcano plot showing upregulated and downregulated DEGs of all immune cell types in the NR/NA comparison group. Red and blue dots indicate

upregulated and downregulated DEGs in NR group compared to NA group, respectively.
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RESULTS
CR induced complicated and extensive changes within the immune profile of CDLNs

The influence of CR on the immune profile of CDLNs was investigated by generating scRNA-seq data from CDLNs of normal mice with CR

(NR) and normal mice with AL (NA) (Figures 1A and S1A). Weight changes in these groups at different time points are shown in Figure 1B. The

general effect of CR on the immune profile of CDLNs in normalmice was illustrated. Cell clustering revealed seven immune cell lineages: TCs,

BCs, macrophages (Macro), neutrophils (Neu), conventional DC (cDC), plasmacytoid DC (pDC), as well as natural killer cells (NK) based on

classical markers (Figures 1C and S1B–S1D). To find out the global gene signatures related to CR in CDLN cells, DEGs were identified for

all cell lineages in CDLNs from normal mice. Gene Ontology (GO) analysis of these genes was conducted (Figures 1D–1F). DEG analysis re-

vealed downregulation of Fos, Jun, and Junb in NR mice (Figure 1D). These genes encode components of activator protein 1 (AP-1), which is

implicated in various inflammatory pathologies, such as rheumatoid arthritis and psoriasis.14–16 Gapdh, the main enzyme involved in glycol-

ysis, was also downregulated in NRmice. Conversely, Il27ra, a suppressive regulator of effector Th1 and Th17 cells via its role as the receptor

for IL-27, was upregulated in these mice.17 Ddit4, an mTORC1 inhibitor and a regulator of endoplasmic reticulum stress,18 was more highly

expressed in NRmice than in NAmice (Figure 1D). Ppp2cb, Ppp2ca, and Ppp2r5a were upregulated in NRmice (Figure 1D), encoding protein

phosphatase 2A (PP2A) known to inhibit phosphatidylinositol 3-kinase (PI3K)/AKT, dephosphorylate forkhead transcription factor O class 1

(FOXO1), and promote Treg functions.19 Enrichment analysis revealed that downregulated DEGs amongNRmice were related to the biosyn-

thetic processes of the cytoplasm and the activation of the immune system (Figure 1E). Upregulated genes in NRmice were enriched in phos-

phatase and tensin homolog (Pten) regulation, antigen processing and presentation, and oxidative phosphorylation (Figure 1F). Pten, a tumor

suppressor, acts as a negative regulator of PI3K signaling.20 Collectively, theseDEGs andGOanalyses indicated a decreased immune effector

response, particularly in autoimmunity, and a reduced rate of CDLN glycolysis in NR mice.

Further investigation into cell type-specific transcriptome alterations induced by CR revealed that downregulated DEGs of TCs in NRmice

were enriched in the activation as well as the proliferation of TCs, Th17-cell differentiation, and IL-17 signaling pathways (Figure 1G). Mean-

while, negative regulationmarkers of phosphorylation and PTEN regulationwere upregulated (Figure 1H). In BCs, themitogen-activated pro-

tein kinase (MAPK) signaling pathway and the regulation of BC differentiation and activation pathways were downregulated (Figure 1G).

Within myeloid cells, cDC as well as pDC from NR mice expressed fewer genes enriched in positive regulation of myeloid leukocyte

differentiation and cellular responses to stress (Figure 1G), while these cells highly expressed genes enriched in transforming growth factor

(TGF)-beta signaling and negative regulation of PI3K/AKT pathway (Figure 1H). CR-downregulated biological pathways related to the tumor

necrosis factor(TNF) signaling pathway, positive regulation of immunity mediated by NK cells, and response to IL-1 were observed in NK cells

(Figure 1G), whereas upregulated pathways included PI5P, PP2A, and IER3, which regulate PI3K/AKT signaling and positive regulation of

dephosphorylation pathways (Figure 1H). Additionally, proinflammatory cytokine production scores were compared between the two groups.

TNF-a, IFN-g, and IL1-b production scores were significantly decreased in TCs, NK cells, cDC, andmacrophages in NRmice compared to NA

mice (Figures 1I and S1D–S1F; Table S1). Consistently, the immunoglobulin production score in BCs fromNRmice was significantly decreased

as well (Figure S1G).

To further investigate themetabolic changes induced by CR, glycolysis or gluconeogenesis, the TCA cycle, and oxidative phosphorylation

processes were examined in all cells of the two groups. The results showed that glycolysis or gluconeogenesis was suppressed by CR in all

cells, particularly in BCs and TCs (Figures 1J and S1H).

CR induced functional changes of TC and BC compartments in CDLNs

CR induces functional changes in the TC andBC compartments in CDLNs. Lymph nodes primarily consist of T andBCs, which play crucial roles

in adaptive immunity. Therefore, our focus was on the alterations induced by CR in both of these cell types.

We categorized eight subtypes of TCs fromNR and NAmice based on classical markers, such as naive CD4+ TCs (NCD4), naive CD8+ TCs

(NCD8), cytotoxic TCs (CTL), T helper 17 cells (Th17), regulatory TCs (Treg), T follicular helper cells (Tfh), T helper 1 cells (Th1), and proliferative

TCs (ProT) (Figures 2A, S2A, and S2B).

The GO analysis demonstrated that downregulated DEGs of Th17 from NRmice were enriched during proinflammatory cytokine produc-

tion, specifically regulation of TNF production and IFN-g production, IL-17 signaling pathway, as well as Th17 cell differentiation (Figure 2B).

Moreover, the expression of Il17a, Il1r1, and Il23r was decreased in Th17, while TNF-a and IFN-g production scores were lower in Th1 and Th17

cells from NR mice compared to those from NA mice (Figures 2D, S2C, and 2F), suggesting suppressed function of Th17 cells in NR mice.

NCD4 and NCD8 cells exhibited downregulated biological pathways related to MAPK activation, TC activation, and differentiation induced

by CR (Figure 2B). Tregs from NR mice highly expressed genes enriched in MAPK activation (Figure 2B), while positive regulation of TC dif-

ferentiation and activation, TC proliferation, and the T cell receptor (TCR) signaling pathway were upregulated (Figure 2C). Additionally, other

Figure 1. Continued

(E and F) Representative GO terms and KEGG pathways enriched in downregulated (E) or upregulated (F) DEGs of total immune cells in the NR/NA comparison

group.

(G and H) Representative GO terms and KEGG pathways enriched in downregulated (G) or upregulated (H) DEGs of immune cell subsets in the NR/NA

comparison group.

(I) Heatmap showing average inflammation pathway scores of all immune cell types in NR and NA group.

(J) Heatmap showing average metabolic pathway scores of all immune cell types in NR and NA group.
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Figure 2. CR induces functional changes of T cell and B cell compartments in CDLNs

(A) UMAP plot showing clusters of T cell subsets from NA and NR mice.

(B and C) Representative GO terms and KEGG pathways enriched in downregulated (B) or upregulated (C) DEGs of T cell subsets in the NR/NA comparison

group.

(D) Heatmap showing expression of Il17a, Il1r1, and Il23r in Th 17 cells from NA and NR group.

(E) Heatmap showing average glycolysis pathway scores of T cell subtypes in NR and NA group.

(F) Boxplots showing TNF-a and IFN-g production score in Th1 and Th17 cells from NA and NR group. Data are represented as mean G SD. Significance was

determined using Wilcoxon rank-sum test. *p < 0.05, **p < 0.01, ****p < 0.0001.

(G and H) Proportions of Treg cells from lymph nodes (LN) (G) or spleen (SP) (H) of NA and NR group were measured by flow cytometry. Each group contains six

mice. Data are represented as mean G SD. Significance was determined using unpaired two-tailed Student’s t test. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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TC subtypes inNRmice showed upregulated genes related to pathways such as PTEN regulation, regulation of dephosphorylation and phos-

phorylation, negative regulation of the PI3K/AKT network, and FOXO signaling pathway (Figure 2C).

Flow cytometry confirmed that CR treatment increased CD4+ Foxp3+ TCs in NR mice (Figures 2G and 2H), but led to no change in the

proportion of CD4+ IL17A + T as well as CD4+ IFN-g+ TCs (Figures S2F–S2I), which was observed in both lymph nodes and spleens. Further-

more, we investigatedmetabolic alterations in CR-inducedTCs. The glycolysis pathway score inNCD4, Tfh, Th17, and Treg cells fromNRmice

was significantly lower compared to that in NAmice (Figures 2E and S2D). Moreover, inflammatory genes such as Fos, Junb, and Pim1, as well

as glycolysis-related genes like Gapdh, were expressed less in NR mice. Conversely, Ppp2ca, Ppp2cb, Ppp2r5a, and Pik3ip1 were more ex-

pressed in these mice relative to their counterparts (Figure S2E). To further elucidate the role of glycolysis in the anti-inflammatory effects of

CR, we assessed the expression levels of key glycolytic molecules and enzymes. Our findings indicated that CR reduced the expression levels

of HK2, PKM2, and LDHA in Th17 cells (Figures S2K–S2M), but led to no change in the expression levels of c-Myc in Th17 cells (Figure S2J).

These findings indicate that TCs in CR-inducedCDLNs exhibited anti-inflammatory and regulatory phenotypeswhile displayingdecreased

autoimmune ability. Thus, CR may induce various immune alterations in different TC subsets and suppress glycolysis in these cells. We also

observed impaired Th17 cell function in CR-induced CDLNs.

Regarding BC compartments, we identified three subtypes of BCs from NR and NA mice based on classical markers: naive BCs (NBC),

germinal center BCs (GC), and plasma cells (PC) (Figures S3A–S3D). The GO analysis of BCs demonstrated that the upregulated DEGs

were enriched in PTEN pathways and regulation of dephosphorylation in NBC, as well as PI3K/AKT signaling in GBC (Figure S3E). CR down-

regulated regulation of BCproliferation and activation,MAPK signaling pathway, regulation of BC receptor signaling pathway, and regulation

of translation in BCs, particularly in NBC (Figure S3F). We then examined the metabolic changes among BCs and found that the glycolysis

pathway score induced by CR was significantly lower in GC and NBC compared to AL (Figure S3G). Similarly to TCs, the changes in gene

expression in BCs fromNRmice showed similar tendencies, including Ppp2r5a, Ppp2ca, andGapdh (Figures S3H and S3I). Thus, CRmay sup-

press the primary functions of BCs.

CR mitigated EAU symptoms and altered immune cell response to the challenge of EAU

To understand this phenomenon and further investigate the relationship between CR and EAU, we conducted an analysis of changes in auto-

immune responses during EAU in mice subjected to CR (Figure 3A). We assessed the weights of EAU mice with CR (EAU-CR) and with AL

(EAU-AL) at different time points and documented the severity of EAU symptoms using a published clinical grading scale.21 Evaluation of

the eyes using a fundus camera revealed multiple chorioretinal lesions and/or infiltration as manifestations of EAU (Figure 3C). Upon histo-

logical examination of sectioned eyeballs stainedwith H&E, we observed inflammatory infiltration together with retinal foldingwithin the EAU

lesions (Figure 3D). EAU-CR mice showed milder symptoms of EAU, characterized by lower clinical and pathological scores, in contrast with

EAU-AL mice (Figures 3C and 3D).

We performed single-cell analysis on the CDLNs of EAU-CR and EAU-ALmice, as depicted in Figure 3A. Using classical markers, we iden-

tified the major immune cell clusters, as shown in and Figures S4A, S1A and S1B. Our initial analysis focused on identifying DEGs between

EAU-CR and EAU-AL mice. We observed similar changes in DEGs as those observed in NR mice compared to NA mice, such as Gapdh,

Ppp2ca, Pim1, and Pik3ip1 (Figures 3E and S4B). GO analysis revealed downregulation of positive regulation of immune response, cell acti-

vation, and translation pathways (Figure 3F), while upregulated pathways included PTEN regulation, negative regulation of the PI3K/AKT

network, and negative regulation of phosphorylation (Figure 3G). Additionally, CR attenuated the EAU-induced increase in glycolysis pathway

scores in both T and BCs (Figure 3H).

We proceeded to investigate the influence of CR on the response of TC subsets to the EAU challenge. We identified eight TC subsets in

EAU-CR and EAU-ALmice, similar to those found in normalmice (Figure S4C). To gain insights into the functional alterations induced by CR in

response to EAU, we conducted GO analysis on these TC subsets (Figures S4D and S4E). Our findings revealed downregulation of MAPK

signaling, NF-kB signaling, as well as PI3K/AKT signaling pathways, while the PTEN regulation pathway was upregulated in the T cell subsets

of EAU-CR mice (Figures S4D and S4E). Additionally, we observed downregulated pathways associated with inflammation (annotated as

Figure 3. Study design and CR mitigates EAU symptoms and alters immune cell response to EAU challenge

(A) Schematic of the experimental design for single-cell RNA sequencing. CDLNs were harvested from normal (N) mice and EAU.

(E) mice with ad libitum (AL) or caloric restriction (CR) diet. Samples were processed via scRNA-seq by using the 10x Genomics platform.

(B) Line chart showing weights of EAU-CR and EAU-AL mice at different time points.

(C) Representative fundus images and clinical scores of eyes from the EAU-AL and EAU-CR group after immunization at day 14. Each group contains six mice.

Data are represented as mean G SD. Significance was determined using unpaired two-tailed Student’s t test. ****p < 0.0001.

(D) Representative histopathological images (hematoxylin and eosin staining) and pathological scores of eyes from EAU-AL group and EAU-CR group after

immunization at day 14. Each group contains six mice. Data are expressed as mean G SD. Significance was determined using unpaired two-tailed Student’s

t test. ****p < 0.0001. Scale bars, 20 mm.

(E) Volcano plot showing upregulated and downregulated DEGs of all immune cell types in the EAU-CR/EAU-AL comparison group. Red and blue dots indicate

upregulated and downregulated DEGs in NR group compared to NA group, respectively.

(F and G) Representative GO terms and KEGG pathways enriched in downregulated (F) or upregulated (G) DEGs of total immune cells in the EAU-CR/EAU-AL

comparison group.

(H) Boxplots showing average glycolysis pathway scores of BC and TC in NR, NA, EAU-CR, and EAU-AL group. Data are represented as meanG SD. Significance

was determined using Wilcoxon rank-sum test. *p < 0.05, ****p < 0.0001.
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positive regulation of IFN-g production, positive regulation of cytokine production, along with IL-17 signaling pathway) and immune re-

sponses (annotated as TC differentiation and activation, and positive regulation of the immune response) in EAU-CRmice (Figure S4E). These

results suggest that CR induces a suppressive immuneprocess andmitigates the severity of inflammation in response to the challenge of EAU.

Changes in gene expression were further explored, specifically in Th17 cells among the four groups. Differential expression analysis of Th17

cells between EAU-CR and EAU-AL mice revealed genes affected by CR, including Ppp2cb, Pik3ip1, Pim1, and Gapdh (Figures 4A and 4B).

Moreover, the expression of Il17a, Il23r, and Il1r1, whichwere increased during the EAU challenge, was reduced in Th17 cells by CR (Figures 4A

and 4B, and 4C), indicating a restrained function of Th17 cells induced by CR. Notably, CR also decreased the glycolysis pathway score in Th17

cells, both in normal and EAU mice, which exhibited enhancement during the EAU response (Figure 4D). Furthermore, we assessed the

expression levels of transcription factors in the four groups. Transcription factors associated with Th17 differentiation and function showed

reduced expression in Th17 cells induced by CR, such as Jun, Runx1, Rora, and Rorc (Figures 4E and S4F). Conversely, Treg cells exhibited

enhanced expression of Foxo1 and Stat3 under CR conditions (Figure 4E). Therefore, it appears that CR weakens the role of Th17 cells and

promotes immunosuppression during EAU development.

We also classified three subtypes of BCs in EAU-CR and EAU-AL mice based on classical markers: NBC, GC, and PC (Figure S5A). GO

analysis conducted on BCs revealed upregulated pathways enriched in PTENpathways, negative regulation of dephosphorylation, and nega-

tive regulation of immune system processes, particularly in GBCs (Figure S5B). Downregulated pathways included BC proliferation, differen-

tiation, activation, and immune effector processes (Figure S5C). Furthermore, the glycolysis pathway score, which may be enhanced in EAU

mice, was reduced in these BC subtypes under CR conditions, especially in NBCs (Figure S5D).

In summary, our findings elucidated the alterations in TC and BC subsets in the CDLNs in response to the challenge of EAU, in normalmice

as well as EAU mice. CR resulted in a mitigated inflammatory status, a suppressive immune response process, and a restrained role of Th17

cells during the EAU challenge. Moreover, the reduction in the glycolysis process induced by CR suggested decreased activation of immune

cells, potentially contributing to the amelioration of EAU symptoms.

CR alleviated aberrant intercellular communication in EAU

To understand the intercellular communication among immune cells in the four groups, the cell-cell communication network was explored

utilizing CellphoneDB2 analysis (Figures 4F, 4G and S6A). We found that the enhanced interactions observed in response to EAU were

rescued by CR, specifically the interactions involving Th17 cells and other immune cells (Figures 4F and 4G). Notably, the interaction between

CSF2 and its receptors, which is known to be associated with CNS autoimmunity, occurred between Th17 cells and myeloid cells after EAU

development and was suppressed by CR (Figure 4G). Additionally, the interactions involving CD244 and CD48, IL-15R and IL-15, as well as

IGF1 and IGF1Rbetween Th17 cells andmyeloid cells ormacrophages were reduced under CR conditions (Figure 4G). These findings suggest

that the activation and function of Th17 cells were suppressed by CR.

Further analysis revealed that the reduction in interaction pairs observed during EAU development, such as the interaction between

TGFB1 and its receptors, was enhanced by CR (Figure S6A), indicating a higher immunosuppressive status induced by CR in EAU mice. In-

teractions associated with proinflammatory cytokines, such as IL1R2, CCL8, and CCR5, were enhanced after EAU development (Figure S6A).

Interestingly, the interaction involving CCL7 and its receptors betweenmacrophages and other cells, which can amplify the inflammatory pro-

cess, was decreased in EAU-CR mice compared to EAU-AL mice (Figure S6A). These results further demonstrate that CR attenuates the in-

flammatory process.

CR suppressed inflammatory status and reduces Th17 pathogenicity via PI3K/AKT/c-Myc axis

The analysis of DEGs andGO revealed that CR induces the attenuation of inflammation and immune processes. We utilized flow cytometry to

validate these responses and changes. Our findings demonstrated that CR decreased the population of Th1 (IFN-g+) cells as well as Th17 (IL-

17A+) cells, while increasing the number of Treg (Foxp3+) cells during the development of EAU. Moreover, CR resulted in decreased expres-

sion of inflammatory and pathogenic factors. These observations confirmed the suppressive inflammatory status and immune process

induced by CR (Figures 5A–5J).

To identify the impact of CR on Th17 cell’s function, which was essential for the pathogenicity of AU,22 we analyzed the DEGs specifically

in Th17 cells among the four groups. The expression levels of Il17a, Csf2, as well as Il23r were lower among Th17 cells fromCRmice compared

to those from AL mice following EAU development (Figures 4A–4C). Additionally, flow cytometry analysis showed reduced production of

Figure 4. CR-induced alterations in T cell subsets and cell-cell communication

(A) Volcano plot showing upregulated and downregulated DEGs of Th17 cells in the EAU-CR/EAU-AL comparison group. Red and blue dots indicate

upregulated and downregulated DEGs in NR group compared to NA group, respectively.

(B) Heatmap showing gene expression in Th17 cells of NA, NR, EAU-AL, and EAU-CR group.

(C) Violin plots showing the expression of Il17a, Csf2, Il23r, and Il1r1 in Th17 cells of NA, NR, EAU-AL, and EAU-CR group.

(D) Boxplot showing average glycolysis pathway scores of Th17 cells in NR, NA, EAU-CR, and EAU-AL group. Data are represented as meanG SD. Significance

was determined using Wilcoxon rank-sum test. *p < 0.05, **p < 0.01.

(E) Heatmap showing single-cell regulon scores inferred by SCENIC in T cell subtypes of NA, NR, EAU-AL, and EAU-CR group (g, genes; extended, SCENIC-

annotated additional genes).

(F) Heatmap showing the number of possible interactions between immune cells analyzed in NA, NR, EAU-AL and EAU-CR groups.

(G) The interaction of Th17 cells with myeloid cells and B cells in NA, NR, EAU-AL and EAU-CR mice.
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Figure 5. CR weakened Th17 pathogenicity

(A–E) Proportions of Th1 cells (A), Th17 cells (B and C), regulatory T cells (Treg) (D) and GM-CSF+ Th17 cells (E) from LN of EAU-AL and EAU-CR group were

measured by flow cytometry. Each group contains six mice. Data are represented as mean G SD. Significance was determined using unpaired two-tailed

Student’s t test. **p < 0.01, ***p < 0.001.

(F–J) Proportions of Th1 cells (F), Th17 cells (G and H), regulatory T cells (Treg) (I) and GM-CSF+ Th17 cells (J) from spleen (SP) of EAU-AL and EAU-CR group were

measured by flow cytometry. Each group contains six mice. Data are represented as mean G SD. Significance was determined using unpaired two-tailed

Student’s t test. **p < 0.01, ***p < 0.001.
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granulocyte-macrophage colony stimulating factor (GM-CSF), predominantly secreted by Th17 cells along with a characteristic feature dis-

tinguishing pathogenic Th17 cells from non-pathogenic ones,23 in the lymph nodes and spleens of EAUmice subjected to CR (Figures 5E and

5J). Collectively, these results indicate impaired Th17 pathogenicity resulting from CR during EAU.

To further confirm these findings within the IRBP1-20-specific response, CDLN cells were collected from EAU-CR and EAU-AL mice,

cultured with IRBP1-20 as a stimulator, and we observed a decrease in the number of Th1, Th17, and in the expression of GM-CSF, due to

CR (Figures 6A–6C, and 6E). Additionally, the proportion of Tregswas elevated among EAU-CRmice (Figure 6D). Furthermore, through adop-

tive transfer experiments, we found that CD4+ TCs obtained fromCDLNs of EAU-ALmice successfully induced EAU, while those fromEAU-CR

mice failed among normal mice (Figures 6F and 6G). We obtained similar results using an alternative method to induce IRBP1-20-specific

T cells24 (Figures S7B–S7G).

To investigate whether the specificmechanismbywhichCR effectively inhibits EAU-related inflammation is related to glycolysis, we further

conducted an analysis of single-cell data. Our findings revealed that the expression levels of glycolysis-related genes, such as Pik3r1, Akt1,

Myc, and Hif1a, as well as key glycolytic enzymes, were significantly elevated in the presence of EAU and were notably reduced following CR

treatment (Figure S6B). This trend was confirmed through flow cytometry analysis (Figures 7A–7D). In summary, these results collectively indi-

cate that CR effectively restrains inflammatory and immuneprocesses, as well as weakens the pathogenicity of Th17 cells, via PI3K/AKT/c-Myc/

glycolysis axis.

DISCUSSION

In our study, we have elucidated the transcriptomic shifts within CDLNs of mice subjected to CR and their subsequent response to EAU. Our

findings underscore the modulatory role of CR in immune cell dynamics, particularly in dampening the pathogenicity of Th17 cells, which is

pivotal in mitigating EAU symptoms. CR was found to influence the PI3K/AKT/c-Myc signaling axis and the glycolytic pathway, thereby

altering Th17/Treg cell differentiation and restoring T cell homeostasis.

Cellular metabolism, including aerobic glycolysis, fatty acid oxidation, and oxidative phosphorylation, is crucial for T cell fate determina-

tion.25 Recent studies indicate that enhanced glycolysis in immune cells is essential for effective processes, such as cell activation, prolifera-

tion, and effector responses.26 Nutrient metabolism significantly influences the differentiation and function of various immune cells. Dietary

interventions like calorie restriction, time-restricted eating, and fasting canmodulate immune cell function.8 Previous research has shown that

CR can reduce the expression of inflammatory cytokines associated with EAU.27 Our study offers a detailed analysis of the mechanisms by

which CR alleviates EAU through a comprehensive immune cell map. We found that CR regulates Th17 and Treg cell differentiation by

affecting the glycolytic pathway via the PI3K/AKT/c-Myc/glycolysis axis and restores T cell homeostasis by reshaping the immune

microenvironment.

The activation of effector TCs (Teff cells) heavily relies on the PI3K/AKT/mTOR signaling pathway. Conversely, the low-energy state

induced by CR suppresses the PI3K/AKT/mTOR axis while reciprocally activating adenosine monophosphate-activated protein kinase

(AMPK).28–30 The hypoglycemia induced by CR reduces anabolic hormones and inhibits insulin-dependent anabolic metabolism by impeding

the PI3K andMAPK signaling pathways, thereby preventingmTOR activation. InactivatedmTOR triggers autophagy, contributing to the sup-

pression of inflammation by downregulating IFN/proinflammatory cytokine secretion, as well as inhibiting inflammasome activity.31 Besides,

inactivation of mTOR hampers hypoxia-inducible factor 1 (HIF-1)-dependent activation of genes in relation with inflammation, the proinflam-

matory effects of reactive oxygen species (ROS), as well as NF-kB activation.32,33 The inhibition of the PI3K signaling pathway entails critical

metabolic consequences, including increased lipolysis and ketogenesis, together with a shift in substrate utilization for energy production

from glucose to fatty acids and ketone bodies.34 Our study employed single-cell metabolic analysis, which revealed reduced glycolytic meta-

bolic pathway activity during CR. We observed downregulation in the expression of glycolysis-related genes such as Gapdh and Pim1, along

with increased expression of inhibitors of the PI3K/AKT/mTOR/glycolysis pathway, including Pten, Pik3ip1, and PP2A-related genes, in TCs

and BCs.

Although previous studies have extensively investigated alterations in the immune system during CR using scRNA sequencing in various

rat organs,35 a comprehensive immune cell atlas of CR lymph nodes, which play a crucial role in immune responses, was lacking prior to our

study. Furthermore, detailed investigations of cellular changes in CR CDLNs and their association with autoimmune diseases were also lack-

ing. Therefore, our study fills these knowledge gaps and provides valuable insights into the single-cell expression landscape of EAU and CR.

Consistent with previous research highlighting the anti-inflammatory effects of CR in age-related inflammation and other eye dis-

eases,36–39 our study demonstrated that CR can attenuate the inflammatory response of immune cells within CDLNs, particularly during

Figure 6. CR weakened IRBP-specific Teff differentiation

(A–E) CDLNs cells from EAU-AL and EAU-CR group cultured with or without IRBP1-20 for 72 h. Proportions of Th1 cells (A), Th17 cells (B and C), regulatory T cells

(Treg) (D) and GM-CSF+ Th17 cells (E) of EAU-AL and EAU-CR group were measured by flow cytometry. Data are represented as mean G SD from six

independent experiments. Significance was determined using unpaired two-tailed Student’s t test. **p < 0.01, ***p < 0.001, ****p < 0.0001.

(F) The representative fundus images after induction by CD4+ T cells from EAU-AL (EAU-AL– > AT) or EAU-CR (EAU-CR– > AT) groups after immunization at

day 14.

(G) Clinical scores of EAU-AL– > AT and EAU-CR– > AT groups (n = 6). Clinical scores significantly decreased (****p < 0.0001) in EAU-CR– > AT group compared

to EAU-AL– > AT group at day 14. Data are shown as mean G SD from three independent experiments. Data were analyzed using unpaired student t tests.

(H) The representative HE staining images and pathological scores after induction by CD4+ T cells from EAU-AL (EAU-AL– > AT) or EAU-CR (EAU–>CR-AT)

groups after immunization at day 14. Scale bars, 20 mm. Each group contains six mice. Significance was determined using unpaired Student’s t test. ***p < 0.001.
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autoimmune challenges. Specifically, TCs exhibited reduced proliferation, activation, IL-17 signaling, along with differentiation toward Th17

cells. BCs showed decreased production of immunoglobulins, and other innate immune cells displayed lower levels of inflammation-associ-

ated pathways. GO analysis revealed impaired cell activation among T cell subsets as well as compromised antigen presentation and cell

division amongBC subsets.Within the various immune cell types, Th1, Th17, and Treg cells are recognized as key contributors to either uveitis

or other autoimmune diseases.22,40,41 In the present study, CR suppressed the proliferation of Th1/Th17 cells while promoting the expansion

of Treg cells. Notably, the pathogenicity of Th17 cells was diminished, as evidenced by reduced secretion of GM-CSF in CR mice.

Limitations of the study

Our findings offered novel ideas into the intricate interaction of CR and autoimmunity, serving as valuable knowledge for researchers inter-

ested in this field of study. However, there are some limitations in this study. Firstly, the absence of human AU samples, such as the correlation

between body mass index (BMI) and AU scores or other disease activity indicators, limits the direct clinical applicability and transformative

potential of our findings. Secondly, while a decrease in glucose metabolism was noted, the study did not delve into other metabolic profiles,

including amino acids and lipids, in serum or cell lysates for both human and murine samples. Additionally, the translation of these findings

into potential treatments for human patients with AU, such as clinical trials for CR treatment, remains to be explored.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Zombie NIR Biolegend Cat#: 423106

CD4 Biolegend Cat#: 100434

IL17A Biolegend Cat#: 506912

GM-CSF Biolegend Cat#: 505411

CD25 Biolegend Cat#: 102016

IFN-g Biolegend Cat#: 505808

Foxp3 eBioscience Cat#: 11-5773-82

RORgt BD Pharmingen Cat#: 562682

p-Pi3k ThermoFisher Cat#: MA528027

p-Akt Biolegend Cat#: 606554

c-Myc Novus Cat#: NB600-302PE

HK2 Abcam Cat#: ab237314

LDHA Abcam Cat#: ab210445

PKM2 Abcam Cat#: ab210448

Chemicals, peptides, and recombinant proteins

RPMI 1640 culture medium GIBCO Cat#: 11875119

DMEM/F-12 (1:1) basic (1X) GIBCO LOT# 8119025

Fetal Bovine Serum (FBS), qualified, Australia GIBCO Cat# 10099141C

Collagenase II GIBCO Cat#17101-015

DNase I Sigma-Aldrich Cat#DN25

Phosphate Buffer Saline (PBS, 1X) CORNING LOT# 21020007

Tissue-Tek O.C.T Compound Sakura Finetek USA, Inc LOT# 0565-00

Penicillin-streptomycin GIBCO Cat#: 15070063

IRBP1-20 GiL Biochem Cat#: 051038

complete Freund’s adjuvant BD Difco Cat#: SLCC1714

Mycobacterium tuberculosis strain H37Ra BD Difco Cat#: 1294163

PTX Sigma-Aldrich Cat#: 180242A1

Phorbol 12-myristate 13-acetate (PMA) Sigma Cat#: P8139

Ionomycin calcium salt Sigma Cat#: I3909

Brefeldin A (BFA) Selleck Cat#: S7046

Critical commercial assays

Chromium Single Cell 30 Library & Gel Bead Kit v2 10X Genomics Cat#PN-120237

Deposited data

Raw data files files for scRNA-seq This study GSA: CRA016398

Software and algorithms

Cell Ranger (version: 5.0.0) 10x Genomics https://support.10xgenomics.com/

single-cell-gene-expression/software/

downloads/latest

Loupe Browser (version: 5.0.0) 10x Genomics https://support.10xgenomics.com/

single-cellgene-expression/software/

downloads/latest

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

C57BL/6J mice (6 weeks old) were obtained from the Medical Lab Animal Center (Guangzhou, China). Both normal and EAU mice were

housed in a specific pathogen-free environment at 21 G 1�C and 60 G 5% humidity, with a 12-hour light/dark cycle. All animal experiments

followed the Association for Research in Vision and Ophthalmology (ARVO) statement and institutional policies for animal use of Zhongshan

Ophthalmic Center, Sun Yat-Sen University (ethical approval number: O2022060).

METHOD DETAILS

Caloric restriction

Female mice, aged 6 weeks, were fed AL for 14 days before initiating the regimens of CR. Subsequently, the mice were randomly assigned to

distinct CR groups and kept individually in cages. The AL mice continued to be fed regular chow, while CRmice received 40% less compared

to the baseline intake of ALmice. After 28 days of CR, both AL and CRmice were randomly assigned to receive or not receive induction of the

EAUmodel (n = 6 mice/group). At day 42 of CR, with or without EAU, the mice were sacrificed. CDLNs together with spleens were aseptically

removed, followed by the analysis for scRNA-seq and flow cytometry.

EAU model induction and clinical score

EAU was induced in mice by subcutaneous injection of an emulsion containing 2 mg/mL of retinal antigen interphotoreceptor retinoid-bind-

ing protein 1-20 (IRBP1-20) (GiL Biochem, Shanghai, China) and complete Freund’s adjuvant (BD Difco, San Jose, CA, USA), with 2.5 mg of

Mycobacterium tuberculosis strain H37Ra (BD Difco, San Jose, CA, USA) in a 1:1 volume ratio. In addition, 0.25 mg of pertussis toxin (PTX)

(List Biological Laboratories, Campbell, California, USA) dissolved in PBS was injected on the same day and 2 days after immunization.21,44,45

The progression of EAU was observed using the Micron IV fundus camera (Phoenix Co., Campbell, CA, USA), and clinical findings were

graded from 0 to 4 according to observable infiltration and vasculitis in the retina.45,46

Histopathologic assessment

On day 14 after immunization, mice were euthanized, with their eyeballs harvested and immersed in 4% paraformaldehyde for a duration of

48 hours. Subsequently, eyeballs were embedded in paraffin, stained with hematoxylin and eosin (H&E), and assessed for pathological scores

using a blinded method.21

Treatment of CDLNs

Onday 14 following immunization, CDLN cells were isolated from the EAU-AL (EAU-AL) group as well as EAU-CR (EAU-CR) group. These cells

were treatedwith IRBP1-20 (20 mg/mL) at the temperature of 37�C for a duration of 72 hours, followedby flow cytometry analysis of cell samples.

Alternative method to induce IRBP1-20-specific T cells is described in the previous study.24

Flow cytometry analysis

Cells from the retina and CDLNs were collected, washed with live or dead dye (#423105) and phosphate buffered saline (PBS), and stained

with the following antibodies: CD4 (PerCP/Cy5.5, #100434), CD25 (PE/Cy7, #102016). For intracellular cytokine staining, cells were stimulated

with phorbol myristate acetate (5 ng/mL), ionomycin (500 ng/mL), and brefeldin A (1 mg/mL) (Sigma) at 37�C for a duration of 5 h. Following

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

R (version: 4.3.0) R Core https://www.r-project.org/

Seurat (version: 4.0.1) Butler et al., 201842 https://satijalab.org/seurat/

Harmony (version 2.0.4) Korsunsky et al., 2019 https://github.com/pardeike/Harmony

Metascape (version: 3.5) Zhou et al., 201943 http://metascape.org/

Monocle (version: 2.99.3) Qiu et al., 2017 http://cole-trapnell-lab.github.io/

monocle-release/docs/

CellPhoneDB 2 Github https://github.com/ventolab/CellphoneDB

pheatmap (version: 1.0.12) N/A https://cran.r-project.org/web/packages/

pheatmap/index.html

ggplot2 (version: 3.2.1) Wickham, 2016 https://ggplot2.tidyverse.org/

ImageJ (version: 1.8.0) NIH https://imagej.nih.gov/ij/

GraphPad Prism 8 GraphPad Software Inc. https://www.graphpad.com/

scientific-software/prism/
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fixation as well as permeabilization, cells were then stained with antibodies: IFN-g (PE, #505808), IL-17A (AF647, #506912), Foxp3 (FITC, #11-

5773-82), and Granulocyte-macrophage Colony Stimulating Factor (GM-CSF) (PE/Cy7, #505411). The measurement and analysis of cells were

carried out utilizing FlowJo software (version 10.0.7, USA).

Adoptive transfer of CD4+ TCs

CDLN cells obtained from the EAU-AL or EAU-CR group were cultured with 20 mg/mL of IRBP1-20 for a duration of 72 hours. Subsequently, the

sorted CD4+ TCs were injected into naı̈ve mice (2 3 107 cells for each mouse).47

scRNA sequencing and analysis

Single-cell suspensions fromCDLN samples were utilized to generate barcoded scRNA-seq libraries through the Chromium Single Cell 30 Re-
agent v2 kits (10XGenomics). The raw datawas processed using the "cellranger count" function fromCellRanger version 5.0.0 (10XGenomics)

to demultiplex cellular barcodes, map reads to the mouse reference genome (mm10, 10X Genomics), and generate a raw unique molecular

identifier countmatrix. The normalized aggregate data across samples was generated using the "cellranger aggr" function. Using the R pack-

ageSeurat42 (version4.0.1), the resultingcountmatrixwas thenconverted intoaSeuratobject. Toensuredataquality,mitochondrial transcripts

were restricted to less than 15%.Besides, the identifiedgenenumber in each cell was limited to fewer than200 to eliminatepotential cell debris

or doublets. Knownbiological cell typeswere assigned to each cell utilizing conventionalmarkers describedpreviously. The "FindAllMarker()"

function was employed to identify preferentially expressed genes within clusters or DEGs between the cells from different groups.

DEG analysis

The ’FindMarkers’ function was utilized to conduct DEG analysis for different cell types between different groups (NR/NA, EAU-CR/EAU-AL).

DEGs were defined as having an adjusted P value less than 0.05 and |LogFC| over 0.25. Prior to the DEG analysis, cell types withmissing values

or fewer than three cells were excluded from the groups.

Gene Ontology (GO) enrichment analysis

DEGs underwent GO and pathway enrichment analysis utilizing the Metascape webtool (www.metascape.org).43 The FDR was calculated us-

ing the Benjamini-Hochberg procedure to account for multiple testing. The pheatmap (v1.0.12) as well as ggplot2 package (v3.2.1) were used

to visualize 5-10 GO terms or pathways related with CR or EAU among the top 100 enriched GO terms across distinct cell types.

Metabolic pathway analysis

Single-cell metabolic activity was quantified as metabolic pathway score using scMetabolism R package.48 Among the 85 metabolic Kyoto

Encyclopedia of Genes and Genomes pathways along with 82 REACTOME metabolic pathways, this study focused on glycolysis/gluconeo-

genesis, citrate (TCA) cycle, and oxidative phosphorylation pathways.

Cell–cell communication analysis with CellPhoneDB 2

As a Python-based computational analysis tool developed by Roser Vento-Tormo et al.,49 CellPhoneDB 2 was employed to analyzemolecular

interactions in cell-cell communication. Ligand-receptor pairs present in over 10% of a given cell type were selected and analyzed. The mean

expression of ligand-receptor pairs among distinct cell types was compared, and pairs with P less than 0.05 were subsequently examined for

intercellular communication.

Transcriptional factor (TF)

To identify TFs, the workflow (http://scenic.aertslab.org/) was followed. TF-binding motifs were determined using the GENIE3 packages

(version 1.6.0)50 and the RcisTarget database (version 1.4.0)51 of the SCENIC (version 1.1.2.2).52 TFs were considered active if they were found

in over 1% of all cells and linked to at least one other regulon (|r| more than 0.3).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

The statistical analysis in our study involved using various tests depending on the specific comparison. Student’s t-test (unpaired, two-tailed)

was employed for some analyses, while a one-way ANOVA orWilcoxon rank-sum test was used for others. To compare expression values, we

utilized the Seurat function "FindMarkers()". Cell type markers were determined using the "FindAllMarkers()" function with a negative bino-

mial test. Statistical analyses and graphical representations were conducted utilizing R (version 4.3.0) as well as GraphPad Prism (version 8.0.2).

Adjusted p-values higher than 0.05 indicated not significant (ns), while significance levels were represented as follows: *, P < 0.05; **, P < 0.01;

***, P < 0.001; and ****, P < 0.0001.
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