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Abstract

to verify the potential mechanisms.

Background Uveitis manifests as immune-mediated inflammatory disorders within the eye, posing a serious threat
to vision. The ketogenic diet (KD) has emerged as a promising dietary intervention, yet its impact on the immune
microenvironments and role in uveitis remains unclear.

Methods Utilizing single-cell RNA sequencing (scRNA-seq) data from lymph node and retina of mice, we conduct
a comprehensive investigation into the effects of KD on immune microenvironments. Flow cytometry is conducted

Results This study demonstrates that KD alters the composition and function of immune profiles. Specifically, KD
promotes the differentiation of Treg cells and elevates its proportion in heathy mice. In response to experimen-

tal autoimmune uveitis challenges, KD alleviates the inflammatory symptoms, lowers CD4* T cell pathogenicity,

and corrects the Th17/Treg imbalance. Additionally, KD decreases the proportion of Th17 cell and increases Treg cells
in the retina. Analysis of combined retinal and CDLN immune cells reveals that retinal immune cells, particularly CD4*
T cells, exhibit heightened inflammatory responses, which KD partially reverses.

Conclusions The KD induces inhibitory structural and functional alterations in immune cells from lymph nodes
to retina, suggesting its potential as a therapy for uveitis.
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Background

Dietary interventions have swiftly gained popularity
for enhancing human health and serving as alterna-
tive treatments for various diseases. A ketogenic diet
(KD), characterized by a high-fat, low-carb composi-
tion, was initially employed to treat intractable epilepsy
due to its neuroprotective properties and later revealed
promising therapeutic potential for a spectrum of con-
ditions from obesity to malignancies [1, 2]. Recent
studies have further highlighted KD as a promising
therapeutic approach for several immune-mediated
disorders [3], such as childhood intractable epilepsy
[4] and colitis [5]. However, the changes in immune
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microenvironments following KD treatment have not
been adequately elucidated.

Uveitis manifests as immune-mediated inflamma-
tory disorders within the eye, posing a serious threat
to vision [6]. It is also an autoimmune disease affect-
ing central nervous system (CNS), differing from other
organs or tissues owing to the relative immune privi-
lege [7]. The disrupted Th17 and Treg cell homeostasis
stands as the pivotal mechanism of various autoim-
mune conditions, including uveitis [8—11]. However,
the exact mechanisms of this imbalance remain unclear.
At present, corticosteroids, immunosuppressants and
biologics persist as the primary treatments for uveitis,
but they encounter significant hurdles, including seri-
ous systemic side effects, limited efficacy and a nonspe-
cific nature [12—-14]. Consequently, there is a pressing
need for the development of new therapeutic options
for uveitis. Meanwhile, the role and mechanism of KD
in uveitis remain unclear.

Lymph nodes (LNs) are crucial sites for activating
T cells and initiating autoimmune responses [15-17].
Autoimmune effector T cells from LNs migrate to tar-
get organs, mediating inflammation and tissue dam-
age [18, 19]. Among these LNs, cervical draining lymph
nodes (CDLNs) hold particular significance as major
CNS-draining lymph nodes [20]. Experimental autoim-
mune uveitis (EAU) is a classical and widely used animal
model for studying uveitis, closely mirroring experimen-
tal autoimmune encephalomyelitis (EAE) in pathogenic
mechanisms [21]. Removing CDLNs before inducing
EAE significantly reduces disease severity [22]. In uveitis,
pathogenic T cells migrate from LNs to the retina under
the stimulation of self-antigens or infection, initiating the
disease [23]. Recent studies have reported the presence
of lymphatic drainage systems in the eye, with draining
function to the CDLNs through lymphatic vasculature in
the optic nerve sheath [24]. However, the impact of KD
on immune cell interactions between LNs and retina has
not be defined.

(See figure on next page.)
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In this study, we have constructed an immune cell
atlas of CDLNs and retina from KD-treated mice, using
scRNA-seq. Our findings discover that KD induces sig-
nificant immunological changes. Specifically, KD reduces
the proportion of T cells and inhibits pathways related to
autoimmunity in healthy mice, and markedly promotes
Treg differentiation. Using the animal model of uveitis,
we observe that KD mitigates EAU progression by restor-
ing the Th17/Treg balance and reducing CD4* T cell
pathogenicity. In the retina, KD also led to a decline in
Th17 cell proportion and an elevation in Treg. Analysis of
the combined retinal and CDLN immune cells reveal that
retinal immune cells, particularly CD4" T cells, exhibit
heightened inflammatory responses, which KD could
partially counteract. Collectively, our findings provide a
comprehensive insight into the impact of KD on immune
system, and propose KD as a potential therapy for uveitis.

Results

Ketogenic diet induces complicated and extensive changes
in the immune profile of CDLNs

To evaluate the impact of ketogenic diet (KD), mice were
evenly matched and then randomly allocated into two
dietary cohorts: the normal diet (ND) and KD groups
(Fig. 1a). Throughout the observation period, no signifi-
cant difference in body weight (Fig. 1b) was observed
between ND and KD group, indicating a comparable
baseline nutritional status in both sets.

EAU model was induced by the uveitogenic reti-
nal protein, IRBP,_,,. On day 14 after immunization,
we conducted scRNA-seq on the immune cells from
CDLNs of four groups: normal diet healthy control
(NDC), ketogenic diet heathy control (KDC), nor-
mal diet EAU (NDE) and ketogenic diet EAU (KDE)
(Fig. 1c). We firstly explored the impact of KD on
healthy mice. Employing classical lineage mark-
ers [25-27], we identified eight major immune cell
types, including T cells, B cells, neutrophils (Neu),
monocytes (Mono), macrophages (Macro), classical

Fig. 1 Ketogenic diet induced complicated and extensive changes in the immune profile of CDLNSs. a Daily diet composition during the normal
diet (ND) and ketogenic diet (KD) stages respectively, represented in percent calories. b Changes in body weight of mice fed with ND or KD
throughout the study protocol. ¢ Schematic of the experimental design for single-cell RNA sequencing (scRNA-seq). CDLNs and retinas were
harvested from the normal diet healthy control (NDC), ketogenic diet heathy control (KDC), normal diet EAU (NDE) and ketogenic diet EAU (KDE)
group. Samples were processed via sCRNA-seq by using the 10x Genomics platform. IRBP1-20: Interphotoreceptor retinoid-binding protein 1-20.
d Uniform manifold approximation and projection (UMAP) plot: the left showing the cluster of cell types, the right showing sample distribution
across two groups. Neu, neutrophils; Macro, macrophages; Mono, monocytes; cDC, classical dendritic cells; pDC, plasmacytoid dendritic cells; NK,
natural killer cells. e Pie charts chart showing the percentages of the immune cells derived from scRNA-seq data. f Number of DEGs between KDC
and NDC group within each cluster projected onto the UMAP plot. g Volcano plot showing upregulated and downregulated DEGs of total
immune cells in the KDC/NDC comparison group. h-i GO terms and KEGG pathways enriched in upregulated (H) and downregulated (I) DEGs

of total immune cells in the KDC/NDC comparison group. Significance was calculated based on the accumulative hypergeometric distribution
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dendritic cells (cDC), plasmacytoid dendritic cells
(pDC) and natural killer cells (NK) (Fig. 1d; Fig. Sla-
b). The proportion of T cells showed reduction when
transitioning to a KD (Fig. 1e).

To identify the gene signature alterations caused by
KD, we performed a DEG analysis. Initially, we quanti-
fied the numbers of DEGs, noting their predominance
in T and B cells (Fig. 1f). Subsequently, we explored
the regulation of specific gene expression. KD was
found to downregulate inflammation-related genes
(Fos and Junb, both of the AP-1 family) [28], autoim-
mune disease-related genes (Cebpb and 1d2) [29] and
lymphocyte activation-related genes (Cxcr4, 1l7r, and
CD69) [30]. Meanwhile, genes related to Statl/IFN-y
pathway inhibition (Mbd2) [31], apoptosis (MclI)
[32] and T cell stemness (Foxol) [33] were upregu-
lated (Fig. 1g). When compared to the NDC, KDC
group exhibited a lower glycolysis score and a higher
AMPK signaling pathway score (Fig. Slc-d). In addi-
tion, the TGEF-P signaling pathway score was increased
across most cell subtypes in the KDC (Fig. Sle). Gene
function analysis of all immune cells revealed that
pathways related to the negative regulation of intracel-
lular signal transduction, histone modification, cellu-
lar senescence and FOXO-mediated transcription were
upregulated in response to KD (Fig. 1h); and pathways
related to cellular responses to stress, TCR signal-
ing and IL-17 signaling were downregulated (Fig. 1i).
When attributed to each cell subset, pathways related
to mechanisms associated with pluripotency, IL-2
signaling were upregulated (Fig. S1f) across a broad
range of cell types; and pathways of neurodegenera-
tion, cellular responses to stress, leukocyte activation,
lymphocyte activation were downregulated (Fig. S1g).
Overall, these findings suggested that KD may sup-
press the inflammation- or immune activation-related
genes and pathways at baseline, particularly in T cells,
highlighting its potential therapeutic benefits.

(See figure on next page.)
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Ketogenic diet triggers functional changes of T cell

and promotes Treg differentiation

Given the aforementioned findings that emphasized the
impact of KD on T cells and the well-documented pivotal
role of T cells in uveitis, we further re-clustered T cells
into nine subsets, including naive CD4" T cells (NCD4),
regulatory T cells (Treg), T helper 17 cells (Th17), pro-
liferative T cells (ProT), T helper 1 cells (Thl), T follicu-
lar helper cells (Tth), y8T cells (y8T), naive CD8" T cells
(NCD8) and CD8™" T cells with cytotoxic activity (CTL)
(Fig. 2a, Fig. S2a-b). The DEG numbers caused by KD
were predominant in Treg, CTL and NCD4 (Fig. 2b), and
the upregulated genes was exclusively most in Treg cells
(Fig. S2c¢), including genes that maintain stability (NrpI)
[34], promote cell differentiation (Maf, Orail) [35, 36]
and Treg inhibitory effects (PvtI) [37] (Fig. 2c). Gene
function analysis of Treg cells unveiled several inhibi-
tory pathways were upregulated in KDC group, such as
T cell receptor signaling pathway, signaling by TGF—beta
receptor complex, FOXO—mediated transcription, and
CTLAA4 inhibitory signaling (Fig. 2d). Meanwhile, genes
specifically downregulated in ProT cells accounted for
the largest proportion (Fig. S3a), including cell cycle reg-
ulatory genes (Ccnb2, Ccnd2, Cdk4, Cenpa, Mcm?7 and
Psmd7) (Fid. S3B). The corresponding pathways related
to cell cycle were also downregulated (Fig. S3c). These
results suggested KD may enhance inhibition function of
Treg, while inhibit the proliferation of T cells.

Next, we performed trajectory analysis to clarify the
developmental relationships of CD4* T cells during KD.
Ordering of cells in pseudotime arranged most of NCD4,
Teff (Th17, Th1 and Tfh) and Treg into an initial trajec-
tory (NCD4-branch) and two bifurcations (Teff-cell fate
and Treg-cell fate), respectively. We observed a pseu-
dotemporal path started from NCD4 to Teff and Treg
(Fig. 2e). Compared to the NDC group, the KDC group
showed an increased ratio of Treg-cell fate, with a merely
unchanged ratio of Teft-cell fate (Fig. 2f). By flow cytom-
etry, KD didn't influence the proportions of Thl and

Fig. 2 Ketogenic diet triggered functional changes of T cell and promoted Treg differentiation. a UMAP plot of T cell subsets: the left showing

the clusters of all T cell, the right showing sample distribution across KDC and NDC groups. b Wind rose diagram showing the numbers

of upregulated and downregulated DEGs in the KDC/NDC comparison group. ¢ Violin plots showing the expression levels of Nrp1, Matf, Pvt1,

Orail inT cells. d GO terms and KEGG pathways enriched in upregulated DEGs of Treg cells in the KDC/NDC comparison group. Significance

was calculated based on the accumulative hypergeometric distribution by Metascape webtool. e Pseudotime trajectory analysis of CD4* T cells.
Cells are colored by pseudotime (left), celltype (middle) and state (right) as indicated. Teff: Th17, Th1, Tth. f Bar charts showing the percentages

of different states between NDC and KDC groups, based on the pseudotime analysis. g-i Proportions of Th17 cells (G), Th1 cells (H) and Treg cells (1)
in CDLNs measured by flow cytometry, gated on CD4*T cells. Data expressed as mean =+ SD. Significance was determined using unpaired two-tailed
student’s t test. ns P>0.05, ***P < 0.001. j The Treg differentiation rates of NCD4 between NDC and KDC group, measured by flow cytometry, gated
on CD4*T cells. Data expressed as mean = SD. Significance was determined using one-way ANOVA. ****P < (0,0001. NCD4: naive CD4* T cells, Treg:
regulatory T cells, Th17: T helper 17 cells, ProT: proliferative T cells, Th1: T helper 1 cells, Tfh: T follicular helper cells, y8T: y&T cells, NCD8: naive CD8* T

cells, CTL: CD8* T cells with cytotoxic activity
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Th17 cells, whereas significantly increase the Treg cells
(Fig. 2g—1i), indicating that KD may promote Treg differ-
entiation. To validate this hypothesis, NCD4 cells were
isolated from both NDC and KDC mice, and then cul-
tured under Treg-polarizing conditions for 72 h. Notably,
the KDC group displayed a higher rate of Treg differenti-
ation (Fig. 2j). Collectively, these findings suggest that KD
treatment can promote Treg differentiation.

Ketogenic diet induces changes in B cell transcriptional
profile and immune cell-cell communications
For a comprehensive illustration of KD’s impact, we
further re-clustered B cells into three subsets, includ-
ing naive B cells (NBC), germinal B cells (GBC), plasma
B cells (PBC) (Fig. 3a, Fig. S4a-b). By SCENIC (Single
Cell Regulatory Network Inference and Clustering), the
transcription factor (TF) regulatory networks were pre-
dicted to determine how KD regulates B cell transcrip-
tional profiles. Among the top 10 TFs of the two group:
autoimmune related regulator, Junb and Cebpb, showed
decreased transcriptional activity in KDC mice, while
Bcllla and Rfx7 ( DNA repair and anti-apoptosis regu-
latory molecule [38, 39]) displayed elevation (Fig. 3b). In
addition, DEG analysis of NBCs revealed that genes asso-
ciated with inflammation (Cd24a, Cxcr4, Id2, Cd69 and
Cebpb) [40], MAPK signaling pathway (Junb, Fos, DuspI),
glycolysis regulatory (Myc) [41] and immunoglobu-
lin (Igkc, Ighm) were downregulated in the KDC group
(Fig. 3c). Pathways related to T or B cell activation, dif-
ferentiation, and signaling were downregulated (Fig. 3d).
Secondly, we compared the relative regulon activity
of myeloid cells: the regulators related to autoimmune
disease (Irf5), oxidative stress (KIf9) and macrophage
activity (Bhlhe40) were decreased in KDC group (Fig.
S4c). DEG numbers were exclusively most in ¢cDC cells,
whatever upregulated or downregulated in KDC group
(Fig. S4d). Therefore, we performed gene function analy-
sis of ¢cDC cells. The downregulated DEGs in KDC were
enriched in pathways related to neutrophil degranulation,
antigen processing and presentation and mononuclear
cell migration, while the upregulated are related to nega-
tive regulation of immune system process and leukocyte

(See figure on next page.)
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cell—cell adhesion (Fig. S4e, S5a). Together, these results
suggested that KD may inhibit inflammatory activation of
B cells and the immune response of cDC cells.

Lastly, using the CellChat, we compared signaling path-
way networks among all immune cell subtypes between
the KDC and NDC groups. The circle plots showed that
the TGF-P signaling pathways were enhanced by KD,
and the branches of endpoint to Treg cells were enriched
but absent in the NDC group (Fig. 3e). The CXCL sign-
aling pathways (from cDC cells to Th17 and y8T cells)
and ICAM signaling pathways (from ¢DC cells to effec-
tor CD4" T and ProT cells) were enriched in NDC group
but decreased in KDC group (Fig. 3f—g). Furthermore,
SCENIC analysis validated that the chemotaxis signaling
pathways between ¢cDC and Th17, y8T cells were indeed
weakened (Fig. 3h; Fig. S5b). As dendritic cells are crucial
antigen presented cells, the chemotaxis signaling path-
ways associated with inflammation were also decreased
between pDC and all T cell subtypes (Fig. S5c—e). These
results indicated that KD could weaken the inflammatory
cell-cell communications.

Ketogenic diet alleviates EAU inflammation and restores
the Th17/Treg balance

To further explore the effect of KD on autoimmune dis-
eases, we next conducted experiments on EAU, a classical
animal model of uveitis. The KDE group displayed mild
inflammatory infiltrate with markedly reduced clinical
scores (Fig. 4a). Histopathological manifestations aligned
with clinical observations (Fig. 4b), in that the KDE group
showed only slight inflammatory cell infiltrations. The
scRNA-seq analysis revealed a reduction of T cell ratio in
the KDE (Fig. 4c).

Subsequently, we explored its regulation on specific
gene expression. Compared to the ND group, the DEG
numbers of KDC and KDE group were consistently con-
centrated in T cells and B cells (Fig. 4d). When compared
to healthy control group, the NDE exhibited a high num-
ber of DEGs in T and B cells, whereas the KDE showed a
low number (Fig. 4e). These downregulated genes in the
KDE group were related to inflammation (Cxcr4, Atf4
and Cebpb), MAPK signaling pathway (Junb, Fos, Fosb,

Fig. 3 Ketogenic diet induced changes in B cell transcriptional profile and immune cell-cell communications. a UMAP plot of B cell subsets:
germinal center B cells (GBC), naive B cells (NBC), and plasma cells (PC). b Heatmap exhibiting the average regulon activities of top 10 transcription
factors in KDC and NDC groups, color key from white to red indicates relative expression levels from low to high. ¢ Volcano plot showing
upregulated and downregulated DEGs of NBC in the KDC/NDC comparison groups. Significance was determined using “FindMarkers” functions

of Seurat package with Wilcoxon Rank Sum test and adjusted by Bonferroni correction. d Downregulated GO terms and KEGG pathways enriched
in NBC cells in the KDC/NDC comparison group. Significance was calculated based on the accumulative hypergeometric distribution by Metascape
webtool. e-g Circle plot showing the TGF-{ signaling (e), CXCL signaling (f), ICAM signaling (g) of immune cell subsets in KDC and NDC groups,
calculated by CellChat. The thickness of the lines represents the numbers of interaction. h Dotplot showing the relative expression of interaction

pairs from cDC to y&T cells (left) and Th17 cells (right), respectively
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Jund) and Th17 cell activation (Piml) (Fig. S6a). Gene
function analysis of all immune cells revealed that path-
ways associated with cellular responses to stress, T cell
activation and IL-17 signaling were downregulated in
KDE group, while negative regulation of immune system
process and PD—1 checkpoint pathways were upregu-
lated (Fig. S6b-c). We also found that the IL-17 pathway
was downregulated in almost all immune cell subtypes,
while the AMPK pathway was upregulated (Fig. S6d).
These results indicated that KD rescued the changes in
gene expression caused by autoimmune responses.

Since autoimmune diseases, including uveitis, are
often characterized by the aberrant differentiation of
CD4* T cells [3, 42-44], we subsequently focused on
these cell subsets. Based on scRNA-seq, the proportion
of Th17 and Thl cells was declined and the Treg was
increased in the KDE group (Fig. 4f), consistent with the
average expression levels of 1/17a and Foxp3 in CD4* T
cells (Fig. 4g). Flow cytometry results further confirmed
these findings, and the Th1l showed a declined tendency
(Fig. 4h-j). Changes in splenic CD4*T cell subtypes
showed a consistent trend (Fig. S6e-g). Further studies
found that the expression levels of T cell activation and
inflammation related genes were decreased in almost all
T cell subsets, especially in effector CD4" T cells (Fig.
S7a). Pathways related to IL—17 signaling pathway and
cell cycle were downregulated in Th17 cells, while T cell
activation and proliferation were upregulated in Treg
cells (Fig. S7b-c). Importantly, when CD4" T cells from
the NDE and KDE mice were transferred into blank mice,
respectively, the KDE group exhibited attenuated patho-
genicity (Fig. S7d-e). These results demonstrated that
KD effectively alleviated EAU progression and restored
Th17/Treg balance.

Ketogenic diet inhibites immune cell infiltration

and inflammatory response in retina

Retinal damage is the main clinical manifestation in
uveitis. Therefore, we sorted the retinal immune cells for

(See figure on next page.)
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scRNA-seq to elucidate the effect of KD on local immune
microenvironment. We clustered immune cells infiltrat-
ing in the retina into eight subsets, including T cells, B
cells, neutrophils (Neu), monocytes and macrophages
(MM), classical dendritic cells (cDC), plasmacytoid den-
dritic cells (pDC), microglias (MiG) and natural killer
cells (NK) (Fig. 5a; Fig. S8a). The proportion of retina-
infiltrating T cells also decreased after the KD (Fig. 5b).
The expression of IL17 signaling-related genes (Id2, Cd69
and Piml) [40] and glycolysis regulatory gene (Hifla)
[41] were downregulated in response to KD, while genes
involved in retinal development were upregulated (Gnb1I,
Prph2, Pde6b, Prkn) (Fig. 5¢). Gene function analysis of
all immune cells unveiled pathways related to regulation
of cell activation, TCR signaling were downregulated;
while pathways associated with negative regulation of
intracellular signal transduction, myeloid cell and neutro-
phil apoptotic process were upregulated (Fig. S8b-c). Fur-
ther subtype analysis demonstrated a significantly lower
Th17 cell differentiation score in T cell and Neu subsets
of the KDE group (Fig. 5d), accompanied by increased
AMPK signaling pathway scores in most subtypes (Fig.
S8d).

Based on scRNA-seq, the proportion of CD4*T, Th17
and Thl cells exhibited a decreased trend in the KDE
group (Fig. S8f, Fig. 5f). The inflammation-related genes
(B2m and Piml) [40] and glycolysis regulatory gene
(Hifla) [41] were downregulated in KDE group (Fig. S8g).
The pathways related to necroptotic cell death, retinal
cell apoptotic process, regulation of protein catabolic
process were upregulated in KDE group; while regula-
tion of T cell activation, Th17 cell differentiation, PIP3
activates AKT signaling and TCR signaling were down-
regulated (Fig. S8h-i). Flow cytometry results showed
that in the KDE group, the proportions of CD4" T cells
and Th17 cells infiltrating in the retina were significantly
reduced, the Treg cells was significantly increased, and
the Th1 cells showed the declined trend (Fig. 5g—j). Addi-
tionally, using the CellChat, we compared the cell—cell

Fig. 4 Ketogenic diet alleviated EAU inflammation and restored the Th17/Treg balance. a Representative fundus images and clinical scores of eyes
from the NDC, NDE and KDE group, captured on day 14 post-immunization through fundus photography. Red arrows indicate inflammatory
exudation and vascular deformation. Data represented as mean + SD. Significance was determined using one-way ANOVA. ***P <0.001,
****¥P<0.0001. b Representative histopathological images (hematoxylin and eosin staining) and pathological scores of retinas from the NDC, NDE
and KDE group, captured on day 14 post-immunization. Red arrows indicate infiltration of inflammatory cells and retinal folding. Data represented
as mean £ SD. Significance was determined using one-way ANOVA. ****P <0.0001. c Pie charts showing the percentages of the immune cell subsets
in CDLNSs from NDE and KDE groups. d Wind rose diagrams showing the numbers of upregulated and downregulated DEGs in the KDC/NDC

and KDE/NDE comparison groups. e Wind rose diagrams showing the numbers of upregulated and downregulated DEGs in the NDE/NDC and KDE/
KDC comparison groups. f Pie charts showing the percentages of the T cell subsets in CDLNs from NDE and KDE groups. G Violin plots showing
expression of /17a and Foxp3 in CD4T cells in NDE and KDE groups. h-i Proportions of Th17 cells (h), Th1 cells (i) and Treg cells (j) in CDLN CD4*T
cells measured by flow cytometry on day 14 post-immunization from the NDC, NDE and KDE group. Data expressed as mean + SD. Significance

was determined using one-way ANOVA. ns P>0.05, *P < 0.05, **P<0.01, ***P <0.001
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communication between the KDE and NDE groups.
The circle plots showed that the MHC-II signaling path-
ways were weakened in the KDE group, while the TGF-f3
signaling pathways were enhanced (Fig. 5k-1). Collec-
tively, these results suggested that KD could prevent the
immune cell infiltration into the retina and mitigate the
inflammatory response therein.

Integrated analysis of immune cell subsets from retina
and CDLNs in KD mice
In uveitis, pathogenic immune cells in LNs migrate
to the retina, altering retinal immune microenviron-
ment [27] and causing damage. Therefore, we integrated
the scRNA-seq data from retina and CDLNs (Fig. S9a),
revealing significant heterogeneity (Fig. 6a). In terms of
proportions, B and T cells dominated in CDLNSs; while
c¢DC, Microglia, MM, Neu and NK were more abundant
in retina (Fig. 6b; Fig. S9b-c). In addition, KD simultane-
ously decreased the ratio of NK and T cells in retina and
CDLNs. Whether in CDLNSs or retina, genes related to T
cell activation (Cd69, Racl), IL17 pathway (/l1b, Cebpb),
and autoimmune response (Bhlhe40, Fos, S100al0,
S§100a13, S100a4, S100a6) were downregulated in the
KDE group, and most of them express higher levels in the
retina (Fig. 6¢c; Fig. S9d). Multiple immune-inflammatory
pathways were upregulated from LN to retina, but exhib-
ited a mitigated tendency in the KDE group (Fig. 6d),
which was same goes for immune cell subtype (Fig. S10a).
To delineate the KD’s impact on evolution tendency of
CD4* T cell from CDLNs to retina, we further re-clus-
tered the merged T cell subsets (Fig. 6e) and conducted
a trajectory analysis using monocle 2. The pseudotime
ordering of cells were started from NCD4 to Thl_17_fth
(Th17, Thl and Tfh) and Treg cells (Fig. 6f). The CDLN
CD4* T cells were mainly located at the starting pseudo-
time, while the retinal predominantly accumulated at the
ending pseudotime, and almost no NCD4 in the retina
(Fig. 6g). In addition, the retinal CD4* T cells are at a
higher degree of developmental status, and KD restrain
the development of Th1l_17_fh (Fig. 6g). Analysis of cell
ratios revealed that state 1 was dominated by NCD4 cells,

(See figure on next page.)
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both state 2 and state 3 were dominated by Thl_17_fth
fate cells, with state 3 containing more Treg cells (Fig.
S$10b). In the KDE group, the proportion of NCD4 cells in
state 1 and the Treg cells in state 3 were both upregulated,
while the Th1l_17_fh in state 3 was declined (Fig. S10b).
Moreover, KD suppressed the expression of genes related
to immunological pathways (Cxcr4, I1[b2) and IL-17 sign-
aling (Piml, Id2) with pseudotime (Fig. 6h—k). Together,
these results suggested that retinal immune cells exhib-
ited greater inflammatory responses than CDLN cells in
uveitis, which KD could partially counteract.

Discussion

In this study, we explore the impact of KD on immune
system, uncovering significant immunological changes.
Specifically, KD decreases the proportion of T cells and
pathways related to autoimmunity, and promotes Treg
differentiation significantly at baseline. Using the EAU
model, we observe that KD mitigates EAU progression
by increasing Treg cell ratio, reducing Th17 cell ratio
and CD4* T cell pathogenicity. Among the immune cells
infiltrating the retina, KD restore the Th17/Treg balance.
Analysis of integrated retinal and CDLN reveals that
retinal immune cells, particularly CD4* T cells, exhibit
greater inflammatory responses than CDLN cells, which
KD could partially counteract.

Accumulating evidence underscores the intricate inter-
play between diet and the immune system [45, 46]. KD
has demonstrated effectiveness in alleviating the pro-
gression of autoimmune-related diseases [5, 47, 48], yet
an in-depth illustration of its immune microenviron-
ment effects remains incomplete. In our study, we con-
struct a comprehensive immune cell atlas of KD-mice by
scRNA-seq. In healthy control mice, KD reduces T cell
proportion, decreases the expression of genes related to
inflammation pathway (Fos and Junb), lymphocyte acti-
vation (Cxcr4, Il7r, and CD69) and autoimmune disease
(Cebpb and Id2). These genes are predominated in T
and B cells. B cell is a kind of important immune cells,
there is no clear research report on the effects of KD
on it. This study shows that in B cells, KD reduces the

Fig. 5 Ketogenic diet inhibited immune cell infiltration and inflammatory response in retina. a UMAP plot clustering of retinal immune cells

from NDE and KDE groups. b Bar chart showing the percentages of immune cell subsets in the NDE and KDE groups derived from scRNA-seq

data. ¢ Volcano plot showing upregulated and downregulated DEGs of all retinal infiltrating immune cells in the KDE/NDE comparison groups.
Significance was determined using “FindMarkers”functions of Seurat package with Wilcoxon Rank Sum test and adjusted by Bonferroni correction.
d Box plot showing Th17 cell differentiation scores across retinal immune subsets from NDE and KDE groups. @ UMAP plot clustering of T cells
from NDE and KDE groups. f Bar chart showing the percentages of T cell subsets in the NDE and KDE groups derived from scRNA-seq data.

g-j Proportions of Th17 cells (g), Th1 cells (h), Treg cells (i) in retinal CD4*T cells, and CD4*T cells (j) measured by flow cytometry on day 14
post-immunization from the NDE and KDE group. Data expressed as mean + SD. Significance was determined using one-way ANOVA. ns P>0.05,
**P<0.01,****P<0.0001. k-l Circle plot showing MHC-Il signaling (k), TGF-f signaling (I) of immune cell subsets in NDE and KDE groups, calculated
by CellChat. The thickness of the lines connecting cells indicates the numbers of interaction. MM: monocytes & macrophages, MiG: microglias
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transcriptional activity of autoimmune related regulator,
including Junb and Cebpb, while increasing the transcrip-
tional activity of Bcllla and Rfx7 (DNA repair and anti-
apoptosis regulatory molecules). B cell activation and
differentiation pathway are also downregulated. In addi-
tion, KD also downregulates the inflammatory regulon
activity of myeloid cells, and restrains the antigen pro-
cessing and presentation function in cDC. Moreover, KD
inhibits CXCL signaling pathways and enhances TGF-3
signaling pathways among immune cell-cell communica-
tion. Altogether, our findings reveal that KD inhibits the
expression of inflammatory gene and pathway at baseline,
suggesting its potential to be a treatment option for auto-
immune disease.

Uveitis, an autoimmune disorder, results in significant
ocular damage, including retinal injury. The imbalance
between Th17 and Treg cells is central to the disease,
with pathogenic Th17 cells migrating from CDLN to
retinal tissue and recruiting inflammatory cells. However,
current treatments have serious systemic side effects,
limited efficacy and a nonspecific nature, highlighting the
urgent need for new treatments. Up to now, the effects
of KD on uveitis have not been explored, and its spe-
cific impact on autoimmune diseases remains unclear.
In our study, for the first time, we demonstrate that KD
mitigates the disease severity in EAU via rectifying the
Th17/Treg imbalance both in immune organs and retina.
KD downregulates the IL-17 pathway among almost all
immune cell types in LNs, while upregulating the AMPK
pathway. In retina, KD decrease the expression of IL17
signaling-related genes (Id2, Cd69 and Pim1) and glycol-
ysis regulatory gene (Hifla). Multiple immune-inflamma-
tory related pathways are upregulated from LN to retina,
but exhibit a mitigated tendency after KD treatment. In
uveitis, retinal immune cells exhibit greater inflammatory
responses than LN’ cells, which KD could partially coun-
teract. Moreover, the CD4" T cells from KDE mice pre-
sent a weaken pathogenicity. These results demonstrate
that KD effectively alleviates EAU progression and pre-
liminary clarify its potential mechanism.

Treg cells, which express the transcription fac-
tor Foxp3, play a central role in maintaining immune
homeostasis, suppressing autoimmunity, and regulating

(See figure on next page.)
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immunity to infections and tumors [49]. TGF-f signals
are indispensable for steady-state Treg cell homeosta-
sis and for its suppression function [50]. In this study,
we find that KD can promote Treg differentiation, then
increase the proportion of LN’ Treg cells both in healthy
and EAU mice. Furthermore, the TGF-J signaling path-
way are enhanced, which may partially explain why KD
can correct the imbalance of Th17/Treg cells. Tailoring
of Treg cell functionality occurs not only at the level of
the targeted immune response, but also by the tissue site
in which these cells are to function [51]. Our previous
study had shown that during the development of uvei-
tis, retinal infiltrating cells will also experience an imbal-
ance between Th17 and Treg cells, as well as changes in
corresponding inflammatory genes and pathways [52].
This study reveal that KD also increases the proportion
of Treg cells in retinal infiltrating immune cells. Collec-
tively, our findings indicates that Treg may play a crucial
role in mechanisms of KD treatment.

In summary, this study provides a comprehensive
exploration of KD on immune microenvironment, dem-
onstrates the treatment role of KD on uveitis for the first
time and preliminary explores the potential mechanism.
Further research is needed to explore mechanisms, vali-
date clinical applicability, and identify potential adverse
effects.

Methods

Mice

Female C57BL/6 ] mice of wild-type strain (6—8 weeks of
age, weighing 18-25 g) were procured from the Guang-
zhou Animal Testing Center. All procedures followed the
guidelines for animal welfare and usage. The mice were
accommodated in a specific pathogen-free environment
setting at 21 +1 °C with 60 + 5% humidity, and maintained
to a 12-h light/dark cycle. The animal experiments in our
study were approved by the Institutional Animal Care
Committee at Zhongshan Ophthalmic Center, Sun Yat-
Sen University.

EAU model establishment
The EAU model was subcutaneously induced with
human IRBP; ,, (2 mg/mL; GiL Biochem, Shanghai,

Fig. 6 Merged analysis of immune cell subsets from retina and CDLNs in KD mice. a UMAP plot clustering of retina and CDLN immune cells
from NDE and KDE groups. b Bar chart showing the percentages of immune cell subsets form retina and CDLN of NDE and KDE groups derived
from scRNA-seq data. c Line charts showing the mean expression of Pim1, Cxcr4, Hif1a, Id2 in retina and CDLN immune cells from NDE and KDE
groups. d Representative GO terms and pathways enriched in upregulated DEGs in retina/LN comparison group between NDE and KDE groups.
e UMAP plot clustering of retina and CDLN T cells from NDE and KDE groups. f-g Pseudotime trajectory analysis of CD4* T cells from retina

and CDLN of NDE and KDE groups. Cells are colored by pseudotime (right), celltype (left) as indicated (f). Cells are colored by celltype, splited

by tissues and group as indicated (g). h—k The scatter distribution plot showed the expression alteration of Pim1, Cxcr4, Ilb, Id2 in each group

during the pseudotime. The color coded for different tissues
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China) emulsified in complete Freund’s adjuvant (Difco,
San Jose, CA, USA) that contained 2.5 mg of Mycobac-
terium tuberculosis strain H37Ra (Difco) in a 1:1 volume
ratio. Additionally, on days 0 and 2 post-immunization,
0.25 pg of pertussis toxin dissolved in PBS was intraperi-
toneally administered [53]. KD groups were treated with
a 7-day adaptation to the KD, and an additional 7-day full
KD regimen before EAU induction. Per group contains
six mice. The exact composition of the ketogenic diet is
provided in Table 1.

On day 14 after immunization, the fundus of the mice
was examined and scored to evaluate EAU mice. Clinical
scores ranged from O to 4 [54], based on observable reti-
nal vasculitis, choroidal and retinal infiltration/lesions,
papilledema, retinal hemorrhage, retinal detachment,
retinal atrophy etc. (Table S1). These clinical scores were
assessed in a blinded manner.

CDLN cell isolation and treatment
Cells were isolated from cervical draining lymph nodes
(CDLNs) and spleen of mice for in vivo detection.

Adoptive transfer experiment

The CDLN cells from NDE and KDE mice (day 14) were
cultured with IRBP1-20 (20 pg/mL), for a duration of

Table 1 The composition of the ketogenic diet

Product Ketogenic diet Normal diet
gm% kcal% gm% kcal%

Protein 16.63%  9.99% 9.56% 9.99%
Carbohydrate 0.00% 0.00% 7650%  79.94%
Fat 66.50% 8991%  4.24% 9.97%
Total 100 100
kcal/gm 6.7 38
Ingredient gm kcal gm kcal
Casein 10000 400 100 400
L-Cystine 1.50 6 1.5 6

0 0
Corn starch 0.00 0 371 1484
Maltodextrin 0.00 0 35 140
Sucrose 0.00 0 406 1624
Cellulose 50.00 0 50 0
Soybean Oil 25.00 225 25 225
Cocoa butter 38100 3429 20 180
Mineral mix S100268 50.00 0 50 0
Vitamin mix, V10001C, 10xVits ~ 1.00 4 1 4
Choline Bitartrate 2.00 0 2 0
FD&C red Dye #40 0.025 0 0 0
FD&C yellow Dye #5 0.025 0 0.025 0
FD&C blue Dye #1 0 0 0.025 0
Total 6105 406400 1061.5 4063
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72 h. Subsequently, CD4™ T cells were sorted (2 x 107 liv-
ing cells/mouse), introducing into wild-type mice (n=6)
via tail vein injection.

Flow cytometry

After staining with live/dead dye, the harvested cells of
mice underwent surface marker staining. The cells were
stained with PerCP/Cyanine5.5-anti-CD4 (Biolegend,
100,434, 0.2 pg/ml), PE/Cyanine7-anti-CD25 (Biolegend,
102,016, 0.2 pg/ml).

For intracellular staining, the cells of mice were stim-
ulated with 5 ng/mL phorbolmyristate acetate (Sigma-
Aldrich, St. Louis, MO, USA), 1 pg/mL brefeldin A
(Sigma-Aldrich), and 500 ng/mL ionomycin (Sigma-
Aldrich) at 37 °C for 5 h. After stimulation, the harvested
mouse cells were fixed, permeabilized, stained with Alexa
Fluor 647-anti-IL17A (Biolegend, 512,309, 0.2 pg/ml),
Brilliant Violet 650-anti-IL-17A (Biolegend, 506,930,
0.2 pg/ml), PE-anti-IFN-y (Biolegend, 505,808, 0.2 pg/
ml), FITC-anti-Foxp3 (Invitrogen, 11-5773-82, 0.2 pg/
ml), Alexa Fluor 647-anti-FOXP3 (Biolegend, 320,014,
0.2 pg/ml). Subsequently, the cells were analyzed using
the BD LSRFortessa flow cytometer (BD Biosciences,
San Jose, CA, USA) and the results were processed with
Flow]Jo software version 10.0.7 (BD Biosciences).

Hematoxylin and eosin staining

Mouse eyes first underwent fixation and dehydration,
and then they were paraffin-embedded and sliced into
4 um-thick sections for staining with hematoxylin and
eosin. Pathological scoring was conducted in a blinded
manner according to the scoring criteria [54] (Table S1).

Polarization assays

Isolated from the cervical lymph nodes of mice using a
commercial kit (Stemcell Technologies, Vancouver, BC,
Canada), the purified naive CD4'T cells (2x 10°/well)
were subsequently incubated with anti-CD3/CD28 beads
(1 bead to 5 cells [1:5]) for 72 h in a 96-well plate. For
Treg cell differentiation, the culture medium was supple-
mented with recombinant human IL-2 (50 U/mL, Pep-
roTech, Rocky Hill, NJ, USA), and recombinant human
TGE-B1 (10 ng/mL, PeproTech).

Isolation of CDLNs for scRNA-seq

The CDLNs were harvested from three mice per group
and combined into one single sample for single-cell
library preparation. After grinding, the combined cells
were placed in RPMI-1640 medium (Thermo Fisher Sci-
entific) supplemented with 2% FBS (Thermo Fisher Sci-
entific), 3 mg/mL Collagenase IV (Sigma-Aldrich), Pen/
Strep antibiotics (Thermo Fisher Scientific) and 40 mg/
mL DNase I (Sigma-Aldrich). They were then incubated
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at 37 °C for 15 min. Afterward, the digested cells were
gathered and filtered through a 70 mm cell strainer. The
resulting single-cell suspension achieved a concentra-
tion of 1x 107 cells/mL (with a viability > 85%), confirmed
using the Countess® II Automated Cell Counter.

scRNA-seq data processing
ScRNA-seq libraries were generated following the man-
ufacturer’s guidelines, with slight adaptations, using
the Chromium Single Cell 5 Library and Gel Bead Kit
(10x Genomics, 120,237). In detail, after wasing with
0.04% BSA buffer (0.02 g BSA dissolved in 50 ml of deion-
ized PBS), cells were captured in droplets. Subsequently,
steps including reverse transcription, emulsion breaking,
barcoded-cDNA purification with Dynabeads, and PCR
amplification were sequentially carried out. The ampli-
fied cDNA was then utilized to construct the 5 gene
expression library. Fragmenting and end-repair, double-
size selection with SPRIselect beads, and sequencing, in
particular, were performed on 50 ng of amplified cDNA
utilizing the NovaSeq platform (Illumina NovaSeq6000)
to produce 150 bp paired-end reads. Initial processing of
the sequenced data was conducted using CellRanger soft-
ware v7.1.0 (10X Genomics). Data were integrated and
clustered using the Seurat package (v4.3.0) in R (v4.1.3).
For quality control, cells were filtered based on criteria
of 300—4000 genes with < 15% mitochondrial genes. Cells
showing high expression of Hbb-al and Hbb-bs, indica-
tive of red blood cells, were also filtered out. The influ-
ence of batch effect across different samples was rectified
using the Harmony package (v1.0) in R [55].

Dimensionality reduction and clustering analysis

For the analysis of scRNA-seq data, normalization was
performed using the “NormalizeData” function within
the Seurat package in R. Subsequently, the “FindClusters”
function was employed to cluster cells and the “RunU-
MAP” function was utilized to visualize the data with a
2-dimensional UMAP algorithm. In addition, the “Find-
AllMarkers” function was used to identify marker genes
for distinct clusters. Differential gene expression (DEG)
across different cell types were generated using the “Find-
Markers” function with Wilcoxon Rank Sum test and
adjusted by Bonferroni correction. (|Log2 (fold change)
|>0.25 and adjusted P values < 0.05).

DEG analysis

DEG analysis across various cell types among differ-
ent groups (KDE/NDE, KDC/NDC, NDE/NDC) was
conducted using the ‘FindMarkers’ function (adjusted P
value <0.05, |Log2FC|>0.25). Prior to DEG analysis, cell
types that were either absent or represented by fewer
than three cells in the compared groups were excluded.
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Gene funtional analysis

Gene ontology (GO) and pathway enrichment analysis
was conducted utilizing the Metascape webtool (www.
metascape.org) [56]. The p values of GO terms are deter-
mined through the cumulative hypergeometric distri-
bution provided by the Metascape webtool. Pathways
associated with diseases were visually represented using
the pheatmap (v1.0.12) and ggplot2 package (v3.2.1) in R.

Cell-cell communication

Intercellular communication analysis was conducted
using the CellChat package (version 1.4.0). To uncover
differential communication among immune cell types, we
input the single-cell gene expression matrix and analyzed
it based on the ligand-receptor data within CellChat soft-
ware. This approach modeled communication probabili-
ties and identified significant interactions. Additionally,
to detect functional pathway variations, we mapped sign-
aling changes across different cell subsets.

Trajectory analyses

Monocle 2 v2.5.4 (an R package) [57] was employed to
arrange single cells along a ‘pseudotime’ continuum,
positioning them along an inferred developmental tra-
jectory. After quality control, genes were integrated into
Monocle’s Reversed Graph Embedding algorithm to
sculpt this trajectory. Subsequently, Monocle executed a
dimensionality reduction on the data and organized the
cells along the pseudotime axis.

Statistics

Data analysis and visualization were conducted using
GraphPad Prism Software v 8.0.2 (GraphPad, Inc.,
La Jolla, CA, USA). The results are presented as the
mean + SD. Statistical analysis was carried out employ-
ing an unpaired two-tailed Student’s ¢-test, one-way
ANOVA. P<0.05 were considered to be statistically
significant. ns, non-significant; *P<0.05; **P<0.01;
**P<0.001; and ****P<0.0001.
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