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DISEASES AND DISORDERS

Apolipoprotein E drives microglia activation in the
development of autoimmune uveitis through
up-regulation of peptidyl prolyl isomerase F

Shuhao Zeng't, Yakun Wang'?t, Xianyang Liu’, Hui Feng', Fan Cao’, Baorui Chu', Chao Wu',
Wei Fan®, Ke Hu?, Fengyang Lei'*, Shengping Hou'*

Autoimmune uveitis (AU) is a category of sight-threatening diseases with different pathological causes. Transcriptomic
analysis of patients with AU revealed a highly oxidative stress profile as well as an up-regulated apolipoprotein E
(APOE) expression in their peripheral blood mononuclear cells (PBMCs). In addition, single-cell RNA sequenc-
ing of retinal microglia also identified an up-regulated expression of APOE in a murine model of experimental AU
(EAU). Our results and others previously suggested that microglia are tightly associated with the development of
AU. Meanwhile, although APOE has been reported to play a myriad of functions ranging from lipid metabolism to
neural regeneration, little is known about its detailed mechanism in the development of AU. In this study, a mu-
rine EAU model was used to investigate the association between APOE, microglia, and EAU, and it is found that
APOE is indispensable for EAU induction as APOE™'~ mice failed to develop EAU. In vitro studies using microglial
cells further demonstrated that APOE is positively corelated with microglial inflammation, which could be re-
versed by knocking down APOE using short hairpin RNA. Proteomic analysis indicated that APOE-mediated mi-
croglial activation relies on reactive oxygen species (ROS) pathway, through peptidyl prolyl isomerase F (PPIF),
which was further verified in PBMCs derived from patients with AU. Supplementation of PPIF reverses APOE
deficiency-caused ROS activation in vitro. In addition, Adeno-associated virus-mediated overexpression of PPIF
exacerbated EAU phenotype, suggesting its important role in driving uveitis initiation. These results provide
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an understanding of APOE and PPIF in the pathogenesis of uveitis.

INTRODUCTION

Autoimmune uveitis (AU) is a common ocular disease that affects
multiple segments of the eye, primarily the uvea and choroid, and is
caused by dysregulated ocular immune homeostasis. Clinically, it
manifests with a combination of different signs such as conjunctival
hyperemia, ciliary congestion, posterior synechiae, and, most prom-
inently, pain (I). Patients with AU also frequently present with sys-
temic symptoms, including psoriasis, arthritis, and vasculitis; thus,
it is equivalently important to treat AU as well as other autoimmune
diseases (2-4). However, current clinical management of AU pri-
marily focuses on symptomatic relief using corticosteroids and im-
munosuppressants (5). Thus, decrypting the etiologic mechanisms
would help develop a targeted therapy for AU.

Previous studies have shown the breakdown of the blood-retinal
barrier (BRB) (6), dysfunction of peripheral T cells (7, 8), and the
activation of retinal microglia (9, 10), all of which are associated
with the disease progression of uveitis. Accumulating evidence sug-
gests that microglia play a pivotal role in the pathogenesis of uveitis,
with their aberrant activation exacerbating pan-ocular inflamma-
tion (1I). Furthermore, classical experimental AU (EAU) failed to
be induced in PLX5622-treated mice, a small-molecule CSFIR in-
hibitor that blocks CSF1R signaling and thus depletes microglia
(12). Hence, understanding the detailed role of microglia in uveitis
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development would generate previously unknown information for
defining novel targets in uveitis management.

Microglia are recognized as a group of highly specialized resident
immune cells within the central nervous system (CNS), including the
retina, where they perform multifaceted functions in maintaining
physiological homeostasis and modulating local neuroinflamma-
tion (13). Under physiological conditions, retinal microglia, as the
sole resident immune cells, survey the retinal microenvironment and
maintain its wellness and integrity (14). Morphologically, quiescent state
microglia have a ramified shape, which facilitates communication with
neurons and other cells (15). Under pathological conditions, microg-
lia often undergo a phenotypic switch from ramified to ameboid-like,
accompanied by production and secretion of proinflammatory cyto-
kines, such as tumor necrosis factor-o (TNF-a) and interleukin-6 (IL-6)
(16). This transition leads to a further disruption of the BRB and
the recruitment of peripheral immune cells, ultimately exac-
erbates the inflammatory response, and promotes the develop-
ment of uveitis.

Apolipoprotein E (APOE) is a member of the vertebrate exchange-
able apolipoprotein family, comprising 299 amino acids and fea-
turing an amphiphilic helix encoded by multiple nucleotide tandem
repeats, which plays a crucial role in lipoprotein metabolism and
immune regulation (17). Recent studies have demonstrated a no-
table association between APOE and the formation of amyloid-p
precursor protein in Alzheimer’s disease (18), highlighting the im-
portant role of APOE in neurologic disorders. Furthermore, the
role of APOE has been reported in atherosclerosis (19) and also in
the pathogenesis of glaucoma (20). In addition, APOE also serves
as a transcription factor that regulates gene expression, influenc-
ing lipid transport, inflammation, and cellular stress (21). In the
context of inflammation and oxidative stress, APOE’s regulatory
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functions can modify the expression of genes that either mitigate
or exacerbate these conditions (22, 23). Nevertheless, little is known
about the function of APOE in microglia in the pathogenesis of
uveitis. Thus, studying APOE might provide new insights into uveitis
pathology and therapy.

Reactive oxygen species (ROS), including superoxide and hydro-
gen peroxide, play a critical role in the inflammatory and autoim-
mune conditions. Predominantly generated in mitochondria, these
molecules function as signaling agents that modulate immune re-
sponses, influencing the activation and proliferation of immune
cells (24-26). Although essential for defending against pathogens,
excessive ROS production results in oxidative stress, thereby exac-
erbating inflammation and tissue damage (27). In autoimmune
diseases, excessive ROS also intensify chronic inflammation and
injury (28).

Peptidyl prolyl isomerase F (PPIF), commonly referred to as
cyclophilin D, is a pivotal mitochondrial matrix protein that facili-
tates protein folding and regulates the mitochondrial permeability
transition pore (mPTP) (29). Dysregulation of PPIF is associated
with elevated production of ROS and mitochondrial dysfunction
(30). Recent studies have demonstrated a close association between
PPIF and cardiovascular diseases (31), as well as its role in the regu-
lation of hematopoietic stem cells (32). In the context of inflamma-
tion and autoimmune diseases, PPIF exacerbates tissue damage by
promoting cell death and oxidative stress (33, 34), and the interplay
between PPIF and ROS intensifies inflammatory responses.

In this study, patients diagnosed with Vogt-Koyanagi-Harada
(VKH) disease, a subgroup of AU, were enrolled; their peripheral
blood mononuclear cells (PBMCs) were harvested for transcrip-
tomic studies, and we identified significant enrichment of oxidative
stress pathway components together with an up-regulated expres-
sion of APOE and its associated classical inflammatory signatures.
In parallel, a murine model of EAU was used to investigate the tran-
scriptome changes in microglia by single-cell RNA sequencing
(RNA-seq), and up-regulation of APOE was also noted. Subsequent
in vivo experiments using both wild-type (WT) and APOE™~ mice
and in vitro cell assays established the positive correlation in APOE
expression, microglial activation, and uveitis development. In addi-
tion, proteomic studies using mass spectrometry identified several
downstream pathways in APOE-mediated microglial activation. In
particular, ROS pathway was also highlighted and chosen for fur-
ther analysis and PPIF protein was observed differentially expressed;
moreover, high expression of PPIF was concurrently confirmed in
samples from patients with VKH. Further research showed that the
supplementation of PPIF reversed the disruption of microglial acti-
vation caused by APOE knockdown. Collectively, our data demon-
strate that APOE is a key mediator in microglia activation and uveitis
pathogenesis through PPIF, thereby expanding a comprehensive under-
standing of the uveitis pathophysiology as well as providing poten-
tial therapeutic strategies in uveitis.

RESULTS

Transcriptome of patients with VKH and single-cell RNA-seq
of EAU murine retina revealed a pattern of high microglial
expression of APOE

We performed transcriptomic profiling from PBMCs derived from
patients with VKH and revealed a significant enrichment of pathways
related to inflammation via gene ontology (GO) analysis (Fig. 1A).
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We observed prominent transcriptional up-regulation of classical
inflammatory genes in patients with VKH (e.g., CXCL2, JUN, and
DUSPS; Fig. 1B), with concurrent elevation in immune activity-related
lipid metabolism genes (e.g., CYP2A6, APOE, and SOSC3; Fig. 1C). To
investigate the transcriptomic differences in microglia between
naive and EAU mice, retinal immune cells defined as CD45" were
fluorescence activated cell sorting (FACS) sorted and single-cell
RNA-sequencing was performed after EAU immunization (Fig. 1D)
(35). A significant increase in CD45" cells was observed in EAU
mice (Fig. 1E), further clustering revealed that the majority of
CD45" cells were microglia (Fig. 1F), and their relative abundance
was markedly elevated in retinas of EAU mice (Fig. 1G). Further-
more, transcriptomic comparison between naive and EAU microglia
identified APOE as one of the top-listed differentially up-regulated
genes (Fig. 1, H and I), which was also observed in the transcrip-
tome of patients with VKH. Notably, violin plots demonstrated that
microglia specific genes such as P2ry12 (Fig. 1J) and Tmem119
(Fig. 1K) were down-regulated in retinal microglia of EAU mice,
whereas APOE expression was prominently up-regulated (Fig. 1L).
Thus, the transcriptomic data suggested that high expression of
APOE in retinal microglia under EAU immunization might play a
critical role in determining its inflammatory phenotype.

Up-regulated APOE expression is positively associated with
EAU-induced inflammation

To validate the discoveries from single-cell RNA-seq, EAU-induced
mice were systematically evaluated from both pathologic and mo-
lecular aspects (36). EAU mice presented with severe ocular inflam-
mation and abnormalities; under slit lamp iritis, anterior chamber
turbidity and sclera vessel dilation could be observed (Fig. 2, A and
B). Histologic examination of the posterior segment showed vitre-
ous infiltration, retinitis, and choroiditis (Fig. 2, C and D). Further
analysis of retinal protein profiles demonstrated that the expression
of APOE and several inflammation-related proteins, including in-
ducible nitric oxide synthase (iNOS), TNF-a, and IL-6, was up-
regulated (Fig. 2, E to I). To further investigate the relationship
between retinal APOE expression and microglia, immunofluores-
cent staining to IBA1 and APOE was performed, and it was found
that under EAU immunization, APOE expression is significantly
up-regulated in the retina and mainly by IBA1* microglia (Fig. 2, J
and K). These data suggested that up-regulated APOE expression in
the retina of EAU mice was mediated by microglia and positively
associated with the degree of inflammation.

APOE is the key mediator in microglia-mediated

EAU pathogenesis

To investigate the role of APOE in EAU pathogenesis, WT and
APOE™"™ mice were used. Consistent with the established asso-
ciation between APOE, microglial activation, and inflammation,
APOE™'~ mice markedly diminished EAU phenotype in both ante-
rior (Fig. 2, L and M) and posterior segments (Fig. 2, N and O).
Meanwhile, retinal tissues from APOE~'~ mice showed the de-
creased expression of inflammation-related molecules, including
iNOS, TNF-a, and IL-6 (Fig. 2, P to T). Meanwhile, flow cyto-
metric analysis revealed that APOE knockout significantly re-
duced the inflammatory cytokines expressed by retinal microglia
(CD457CD11b"CX3CR1") in uveitis (fig. S1, A to G). To further
investigate this, we constructed an adeno-associated viral vector to
deliver APOE-shRNA (short hairpin RNA). Following intravitreal
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Fig. 1. The analysis of transcriptome of patients with VKH and single-cell RNA-seq of EAU murine retina. (A) GO analysis of transcriptome of patients with VKH.
(B) Boxplot of signature differentially expressed genes related to inflammation from transcriptome of patients with VKH (statistical analysis: **P < 0.01, ***P < 0.001,
##ikp < 0.0001). (C) Boxplot of signature differentially expressed genes in immune activity-related lipid metabolism from transcriptome of patients with VKH (statistical
analysis: *P < 0.05, ***%P < 0.0001). (D) Schematic illustration of the murine experimental design of the single-cell transcriptomic sequencing. (E) Single-cell RNA-seq
revealed the retinal CD45™ cell population from naive and EAU mice. (F) Subclusters of CD45* cells, including monocytes, B cells, T cells, and microglia. (G) t-SNE plot of
the microglia isolated from both naive and EAU retina. (H) Heatmap showing the differentially expressed gene in microglia between naive and EAU mice. (I) Volcano plot
showing the microglial gene expression patten in EAU mice compared to that of naive mice; violin plots showing the differential expression of P2ry12 (J), Tmem119
(K), and APOE (L) between naive and EAU mice.
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Fig. 2. Microglia modulate the inflammatory phenotype of EAU mice through the regulation of the key mediator APOE. (A) Slit lamp images showing the anterior
segment from naive and EAU mice. (B) Clinical scores of naive and EAU mice (statistical analysis: mean + SEM; n = 6 per group; ****P < 0.0001). (C) Histologic images of
posterior segments of the eye from naive and EAU mice. (D) Pathologic scores of naive and EAU mice (statistical analysis: mean + SEM; n = 6 per group; ****P < 0.0001).
(E) Western blotting images showing the differential expression of different proteins. Image quantification of the differentially expressed proteins: APOE (F), iNOS
(G), TNF-a (H), and IL-6 (1) (statistical analysis: mean + SEM; n = 3 per group; *P < 0.05, **P < 0.01). (J) Immunofluorescent images showing the association of IBA1 and
APOE. (K) quantification of APOE* IBA1* cells in naive and EAU retina (statistical analysis: mean + SEM; n = 3 per group; ***P < 0.001). (L) Slit lamp images showing the
anterior segment from naive WT, EAU-induced WT, and APOE™" mice. (M) Clinical scores of different groups of mice (statistical analysis: mean + SEM; n = 6 per group;
#5P < 0,01, ##*%P < 0,0001). (N) Histologic images of posterior segments of the eye from naive WT, EAU-induced WT, and APOE™'~ mice. (0) Pathologic scores of different
groups of mice (statistical analysis: mean + SEM; n = 6 per group; **P < 0.01, ****P < 0.0001). (P) Western blotting images showing the differential expression. Image
quantification of the differentially expressed proteins: APOE (Q), iNOS (R), TNF-a (S), and IL-6 (T) (statistical analysis: mean + SEM; n = 3 per group; **P < 0.01).
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injection of the adeno-associated virus, EAU was induced. The re-
sults demonstrated that the knockdown of APOE significantly ame-
liorated disease severity, thereby identifying APOE as a key molecular
driver of uveitis pathogenesis (fig. S2, A to D). These findings sup-
ported the critical role of APOE in retinal inflammation of EAU im-
munization mice.

Microglial expression of APOE is inflammation dependent

An in vitro microglial activation model was used to investigate the
relationship between APOE expression and the cascade of inflam-
mation (37). In brief, human microglia cell line HMC3 was used and
stimulated with different concentrations of IL-17a and interferon-y
(IFN-y), which was a well-characterized cytokine combination for
inducing proinflammatory microglial responses (38-40). It was found
that the degree of inflammation as well as APOE expression in
HMCS3 cells was positively associated with the concentration of
stimulation. The stimulation by higher concentrations of IL-17a and
IEN-y up-regulated APOE, iNOS, TNF-a, and IL-6 expression (Fig. 3,
A to E). Migration assay showed that the migratory capability of
HMCS3 cells was also associated with the strength of stimulation
(Fig. 3, F and G). Meanwhile, the 5-ethynyl-2"-deoxyuridine (EdU)
incorporation assay showed that the proliferation capability of
HMCS3 cells was also enhanced in accordance with the degree of
inflammation (Fig. 3, H and I). These data indicated that APOE was
tightly associated with the inflammatory phenotype and severity of
the microglia.

Disruption of APOE ameliorates microglial inflammation
through PPIF

As mentioned above, APOE mediated microglial inflammation, and
thus, it was interesting to evaluate whether knockdown of APOE in
microglia could reduce the inflammation. To knock down APOE, a
lentiviral delivery system was used. shRNA targeting APOE (sh-APOE)
was cloned into a green fluorescent protein (GFP)-tagged lenti-
viral vector to mediate the gene transduction (Fig. 3]). Following
lentiviral transduction, HMC3 cells were stimulated with IL-17a
and IFN-y before harvesting for protein analysis. We found that
APOE knockdown diminished the expression of inflammatory me-
diators iNOS, TNF-a, and IL-6 as described above (Fig. 3, K to O).
In addition, APOE knockdown also diminished expedited cell mi-
gration (Fig. 3, P and Q) and cell proliferation (Fig. 3, R and S) after
receiving IL-17a and IFN-y stimulation. To elucidate the mecha-
nism involved in APOE-mediated activation of microglial inflam-
mation, proteomic analysis was performed to cytokine-stimulated
HMCS3 cells with or without APOE knockdown (Fig. 4A). Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis re-
vealed that oxidative phosphorylation and ROS pathways were highly
up-regulated in stimulated HMC3 cells compared to unstimulated
cells, but remained repressed in stimulated APOE knockdown cells
(Fig. 4, B and C). Further analysis of the two above mentioned path-
ways identified PPIF as a potential downstream regulator of APOE
pathway in microglia (Fig. 4D). Notably, elevated expression of oxi-
dative stress—associated genes including PPIF was also identified in
patients with VKH (Fig. 4E). To further verify the expression, we
performed Western blot analysis, which validated that PPIF was a
downstream component of APOE (Fig. 4, F to H). In summary,
these datasets supported the critical role of APOE in regulating mi-
croglial inflammation and suggested that APOE regulated microg-
lial inflammation through PPIF.

Zengetal., Sci. Adv. 12, eaeb3991 (2026) 1 January 2026

Supplementation of PPIF reverses APOE deficiency-caused
impaired ROS expression

To further validate whether PPIF is a true downstream mediator of
the APOE pathway, a red fluorescent protein (RFP)-tagged lentivi-
ral vector overexpressing PPIF was generated and delivered gene
into APOE knockdown HMCS3 cells. The experimental design was
depicted in Fig. 5A, and the efficiency of dual transduction of both
empty and gene-loaded lentiviral vectors was documented in Fig. 5B.
Results showed that supplementation of PPIF to APOE knockdown
cells partially reversed the impaired ROS expression as iNOS expres-
sion was restored (Fig. 5, C to F). We also analyzed ROS expression
changes in microglia and found that PPIF supplementation effectively
reversed the impaired ROS expression induced by APOE interven-
tion in microglia (Fig. 5, G and H). Furthermore, we observed that
PPIF supplementation in APOE knockdown HMC3 cells did not
alter the mitochondrial basal oxygen consumption rate (OCR), but
significantly reduced ATP coupling efficiency and reversed proton
leakage compared to APOE knockdown HMCS3 cells (Fig. 5, I to
L). Both mitochondrial proton leak and the aberrant mPTP opening
mediated by PPIF up-regulation are closely associated with ROS
production (41, 42). Thus, our findings demonstrated that microg-
lia regulated PPIF expression through APOE-dependent signaling,
which subsequently modulated ROS production.

APOE modulates ROS expression through PPIF in mouse
model of EAU

Moreover, adenovirus was injected into the vitreous cavity of WT
mice and APOE KO mice to overexpress PPIF in the retina, followed
by EAU immunization 2 weeks later. Subsequently, we observed that
the PPIF overexpression failed to reverse the suppression of EAU
development caused by APOE knockout, suggesting the pleiotropic
functions of APOE in EAU pathology (Fig. 6, A to D). Further anal-
ysis of retinal protein revealed that PPIF overexpression reversed
ROS dysregulation caused by APOE gene knockout as the reversal of
iNOS levels in EAU mice compared to APOE KO mice (Fig. 6, E to
H). Flow cytometric analysis of retinal microglia in this model re-
vealed that PPIF supplementation could not fully reverse the attenu-
ated inflammatory phenotype in APOE™'~ mice (fig. $3, A to D). In
addition, to further verify the role of PPIF in EAU mice, adenovirus
was injected into the vitreous cavity of WT mice to overexpress PPIF
in the retina, followed by EAU immunization 2 weeks later. The re-
sults showed the overexpression of PPIF exacerbated retinal patho-
logical changes under EAU immunization (Fig. 6, I to L). Further
analysis of retinal microglia revealed that PPIF overexpression up-
regulated the expression of inflammatory cytokines, including TNF-a,
IL-6, and iNOS (fig. S4, A to F). Together, these findings indicate that
PPIF might function as an important factor influencing the progres-
sion of uveitis.

DISCUSSION

Microglia play a crucial role in the pathogenesis of various types of
neurological diseases, including neuroinflammatory, autoimmune,
and degenerative diseases (43). Substantial evidence has demon-
strated that microglia are essential not only for maintaining ho-
meostasis in CNS but also for modulating inflammation (44, 45).
Dysregulated microglial activation leads to the release of numerous
proinflammatory mediators, thus further exacerbating the pro-
gression of various inflammatory diseases (46). Studies suggest that
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corporation assay showing the proliferation of lentivirally transduced HMC3 cells under cytokine stimulation. (S) Quantification of EDUT HMC3 cells (statistical analysis: mean + SEM;
n =3 per group; ***P < 0.001).
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Fig. 4. Proteomic profiling of HMC3 cells. (A) Heatmap of protein expression in different groups of HMC3 cells. Sham: HMC3 cell transduced with empty lentiviral vector;
stimulation: HMC3 cells stimulated with IL-17a and IFN-y; Sh-APOE: HMC3 cells transduced with lentiviral vector expressing APOE short-hairpin RNA to knock down APOE.
(B) KEGG pathway analysis comparing the proteomic profile of stimulated HMC3 cells to that of unstimulated HMC3 cells. (C) KEGG pathway analysis comparing the pro-
teomic profile of stimulated, APOE knocked-down HMC3 cells to that of stimulated HMC3 cells. (D) Heatmap protein expression profiles of those in the ROS pathway.
(E) Heatmap of signature differentially expressed genes related to ROS pathways from transcriptome of patients with VKH. (F) Western blotting images showing the pro-
tein expressions of APOE, PPIF, and B-actin in different groups of HMC3 cells. Image quantification of the differentially expressed proteins: APOE (G) and PPIF (H) (statistical
analysis: mean + SEM; n = 3 per group; *P < 0.05, *##*P < 0.0001).

Zengetal., Sci. Adv. 12, eaeb3991 (2026) 1 January 2026 7of 14



SCIENCE ADVANCES | RESEARCH ARTICLE

Cell plating  APOE knockdown PPIF knockin Stimulation Sham

/ / /
’ \ / 96 hours ’ \ 24 hours A
= D1 D2 = Sh-APOE

Analysis N
Ki-PPIF

mCherry

(¢)
O
m

m

APOE PPIF-Flag

iNOS 'i- — —l

pactn |-..q|

Relative expression

Stimulation - +
Sh-APOE - - + + - - +
Ki-PPIF - - - + - - - 4

ROS / Hoechst
hkkk kkk  hk
@ 1.0
3
2
g_ 08
‘S-_é‘ 0.6
2%
25 04
2 E
3 02
i
0.0
Stimulation + + +
Sh-APOE - - + +
Ki-PPIF - - - +
Stimulation - +
Sh-APOE - -
Ki-PPIF - - -
Basal respiration Coupling efficiency (%) Proton leak
Oligomycin FCCP  Oligomycin
40 *kk kkkk NS 1.0 nS nS ek 30
g
5 — .,
3 ) £ 08 €
g i . L g E 06 £ 20
S 40 f— = 3 o. =
& == E 20 £ g
§ 204== i\ s 84 s
ol : & g " & 10
0 10 20 30 40 50 60 70 80 90 100 o 10 O o2 8
Time (min) ) o
—@— Sham 0 0.0
—m— Sham + stimulation Stimulaton - + + + + + + + + +
—&— Sh-APOE + stimulation Sh-APOE - - + + - - + + - - + +
—¥— Sh-APOE + Ki-PPIF + stimulation Ki-PPIF - - - + - - - 4+ - - - 4+

Fig. 5. Supplementation of PPIF reverses APOE deficiency-caused impaired ROS expression and causes mitochondrial function alterations. (A) Schematic illustra-
tion of the experimental design. (B) Fluorescent images of lentiviral transduced HMC3 cells. Lentiviral vectors are tagged with either GFP (APOE knockdown, Sh-APOE) or
RFP (PPIF knock in, Ki-PPIF) to visualize the gene transduction. (C) Western blotting images showing the protein expressions of APOE, PPIF, iNOS, and p-actin in different
groups of HMC3 cells. Image quantification of the differentially expressed proteins: APOE (D), PPIF (E), and iNOS (F) (statistical analysis: mean + SEM; n = 3 per group;
*P < 0.05, **P < 0.01, ***P < 0.001). (G) Fluorescence microscopy reveals alterations in ROS levels following PPIF supplementation in APOE knockdown HMC3 cells.
(H) Statistical analysis of the relative fluorescence intensity of ROS (statistical analysis: mean & SEM; n = 3 per group; **P < 0.01, **#P < 0.001, ****P < 0.0001). (I) Oxygen
consumption rate (OCR) in microglia are measured using a Seahorse analyzer. (J) Comparison of basal mitochondrial respiration across different microglial groups (statis-
tical analysis: mean + SEM; n = 5 per group; ***P < 0.001, **##P < 0,0001). (K) Comparison of ATP coupling efficiency across different microglial groups (statistical analy-
sis: mean + SEM; n = 5 per group; ****P < 0.0001). (L) Comparison of proton leak across different microglial groups (statistical analysis: mean + SEM; n = 5 per group;

*P < 0.05).
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mean + SEM; n = 10 per group; *P < 0.05).
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microglia have an indispensable role in the pathology of uveitis (47),
and microglia depletion by using a small-molecule CSF1R inhibitor
could alleviate the pathology and severity of EAU mice, although
the CSF1R inhibitor PLX5622 has been reported to have side effects
targeting microglia; other microglia depletion approaches such as
using genetic ablation further validate this finding (48). Microglia
exhibit diverse functions, including proinflammatory, anti-inflammatory,
and reparative roles (49). Consequently, the role of microglia in uve-
itis requires detailed analysis.

In exploring the proinflammatory properties of microglia, we
performed single-cell RNA-seq of retinal immune cells at the peak
of murine uveitis and identified elevated APOE expression in acti-
vated microglia. APOE is a glycoprotein that is widely expressed in
various cell types within the CNS, including astrocytes, microglia,
vascular wall cells, and choroid plexus cells (50). It plays a pivotal
role in numerous biological processes, including immune regulation
(51), inflammation (52), and metabolism (53). Furthermore, APOE
also functions as a transcription factor, intricately regulating gene
expression and participating in the progression of disease (54, 55).
Its involvement in inflammatory pathways necessitates more com-
prehensive investigation to understand its specific role and mecha-
nism in various contexts.

Previous studies have predominantly focused on elucidating the
association between APOE and Alzheimer’s disease (56). In this
study, we observed elevated APOE expression in microglia after
EAU immunization, which has not been reported. We found that
targeting APOE significantly suppressed the activation of microglia
and ameliorated the severity of EAU mice, highlighting APOE as a
critical regulator of EAU initiation and progression.

To elucidate the specific mechanisms for how APOE modulates
microglia-involved pathogenesis of uveitis, we performed proteomic
analysis of the in vitro stimulated human microglia cell line HMC3
to investigate the proteomic changes and potentially involved path-
ways (57). Subsequently, we identified a strong association between
APOE and the ROS family in the EAU development, with a particu-
lar emphasis on the PPIF gene. Emerging evidence indicates that
APOE plays a key role in regulating mitochondrial function (58).
PPIF—a central modulator of mPTP (59)—also plays a significant
role in regulating ROS production (60) and lipid metabolism (61).
Recent studies have demonstrated a pivotal interaction between en-
dothelial nitric oxide synthase and S-nitrosylated PPIF in APOE
knockout mice, and similarly, several other investigations have sug-
gested the critical role of PPIF in the pathogenesis of atherosclerosis
in APOE knockout mice (62, 63). These findings collectively high-
light the intricate relationship between APOE and PPIF. Notably,
both APOE and PPIF exhibited differential expression patterns in
transcriptomic sequencing of clinical patient-derived specimens. In
conclusion, our research elucidated a previously unknown signaling
pathway in uveitis, wherein microglia regulated the expression of
PPIF genes within the ROS family through APOE, thereby modulat-
ing ROS expression.

Although we provided a complete study describing the mecha-
nism of microglia activation in the pathogenesis of uveitis, several
limitations still exist, the first of which is the use of the microglia cell
line HMC3 and in vitro stimulation. It does not fully recapitulate the
in vivo retinal microenvironment; however, in terms of inflamma-
tory response, it could serve as a usable model. In vivo studies would
require a large cohort of animals to obtain adequate number of reti-
nal microglia cells for proteomic analysis. Thus, an in vitro model is
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a reasonable substitute. Second, for immunoblotting of PPIE, FLAG
was used to better distinguish exogenous PPIF from endogenous
PPIF, as PPIF is a key molecule in maintaining mitochondrial func-
tion, and knockdown of APOE might not fully eliminate endogenous
PPIF as mitochondria structural components. While the systemic
knockout of APOE in mice does not significantly affect inflamma-
tory processes in other retinal immune cells, including T cells, den-
dritic cells, astrocytes, Miiller cells, and retinal pigment epithelial
cells (64-68), APOE plays a critical role as a transcription factor in
microglial physiology, and the lack of it significantly abolishes mi-
croglial activation as well as uveitis development. Moreover, APOE
is a highly multifunctional molecule that participates in various bio-
logical processes including lipid metabolism, mitochondrial func-
tion, immune regulation, and neurodegenerative processes (69).
Therefore, supplementation with PPIF might not fully reverse the
disrupted microglial inflammation. It might cause the bioinformatic
analysis of the proteomic data to limit the complete description of
APOE-regulated microglial function, and this could be overcome by
combining proteomic analysis together with transcriptomic and/or
epigenetic analysis. In summary, this study describes the role of
PPIF in APOE-regulated microglial activation and following uveitis
development.

MATERIALS AND METHODS

Patient diagnosis and specimen processing

Researchers randomly collected whole-blood specimens from six
patients with VKH and six age-matched healthy controls at Beijing
Tongren Hospital. All VKH cases fulfilled international diagnostic
criteria (70) with the exclusion of ocular trauma or intraocular sur-
gical history. The study protocol was approved by the Institutional
Review Board of Beijing Tongren Hospital (protocol no. TREC2024-
KY106) in compliance with the Declaration of Helsinki. Written
informed consent was obtained from patients before enrollment.

Whole-blood specimen RNA-seq

High pure RNA was extracted from PBMCs following the protocol
of the TRNzol Universal Reagent Kit (TIANGEN Biotech, stock no.
DP424). Sequencing libraries were generated using the VAHTS Uni-
versal V8 RNA-seq Library Prep Kit for Illumin (Vazyme) following
the manufacturer’s recommendations, and index codes were added
to attribute sequences to each sample. The sequencing libraries were
quantified using the Invitrogen high-sensitivity DNA assay on Qu-
bit 4.0, and the integrity was detected with the Agilent Bioanalyzer
2100 system. Then, the sequencing library was sequenced on the
MGISEQ-T7 platform and 150-bp paired-end reads were generated.

Animals

All animal-related experimentations were conducted in accor-
dance with the Association for Research in Vision and Ophthal-
mology Statement for the Use of Animals in Ophthalmic and Vision
Research and the NIH’s Guide for the Care and Use of Laboratory
Animals. Animal research protocol approval was obtained at the
Beijing Tongren Hospital, Capital Medical University (protocol
no. TRLAWEC2024-03). Six- to eight-week-old C57BL/6NCrl
mice (stock no. 027) were obtained from Charles River Labora-
tories (Beijing, China), and APOE™'" (stock no. C001067) mice
were obtained from Cyagen Biosciences (Suzhou, China). Mice
were regularly housed at the animal facility at Beijing Institute
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of Ophthalmology, Beijing Tongren Hospital affiliated to Capi-
tal Medical University.

EAU induction

EAU was induced as described previously. The human IRBPss; 670
peptide (LAQGAYRTAVDLESLASQLT, Sangon) was dissolved in
sterile phosphate-buffered saline (PBS) and subsequently mixed
with equal volume of complete Freund’s adjuvant (Sigma-Aldrich,
stock no. F5881) (10). Emulsification was obtained by using manual
mixing in ice-chilled syringes. Emulsified IRBPgs;_670 (500 pg) were
injected subcutaneously together with 1 pg of pertussis toxin intra-
peritoneally (Sigma-Aldrich, stock no. P7208). All immunized mice
were evaluated under a slit lamp 14 days after the injection to ensure
the successful establishment of EAU. Both clinical and histopatho-
logical assessments were blindly scored by two individuals to vali-
date the results (71).

Adenovirus intravitreal injection

Adenovirus for gene transductions was constructed, packaged, and
purified by Shanghai Genechem Co. Ltd. In general, the PPIF gene
was cloned into pAD-CAG-3FLAG-PPIF-P2A-mCherry-WPRE
vector to deliver PPIF. 293T cells cotransfected with pCMV-dR8.91,
pCMVVSV-G6363, and targeting vector were used to generate
pseudoviral particles. APOE shRNA was cloned into PAAV-CAG-
EGFP-mir30-arm-shRNA-WPRE vector 293T cells cotransfected
with pHelper plasmid, RC8(AAV-8) plasmid, and targeting vector.
Pseudoviral particles were then concentrated and purified by ultra-
centrifugation and titered before use.

Intravitreal injection was performed as described in the litera-
ture (72). In brief, following systemic and ocular surface anesthesia,
as well as pupil dilation in mice, a precise volume of adenovirus was
carefully injected into the vitreous cavity using a micro syringe, and
EAU immunization was subsequently conducted 2 weeks later.

Slit lamp examination

For anterior segment evaluation, a slit lamp biomicroscope with an
integrated high-resolution digital camera was used (Model SLM-8E,
S & T Co. Ltd., Chongging, China). Mice were manually immobi-
lized, and eyes were gently exposed. Topical 0.5% proparacaine hy-
drochloride was applied for corneal anesthesia. Images were captured
in a darkened room to reduce glare, with camera settings optimized
for resolution and exposure. For EAU scoring, 0: no evident sign of
inflammation; 1: mild ciliary hyperemia; 2: marked ciliary hyper-
emia; 3: severe ciliary hyperemia with iris synechiae; and 4: ocular
atrophy or blindness.

Cell lines and cell culture

The human microglia cell line HMC3 was purchased from Procell
(Wuhan, China). HMCS3 cells were routinely cultured in minimum
essential medium (BasalMedia, China) supplemented with 10% fetal
bovine serum (Gibco, Australia) and 1% penicillin-streptomycin
(Thermo Fisher Scientific) at 37°C in 5% CO,.

Lentivirus transduction

Lentivirus for gene transductions was constructed, packaged, and
purified by Shanghai Genechem Co. Ltd. In general, the APOE
shRNA sequence was cloned into pMagic7.1-Puro/GFP vector, or the
PPIF gene was cloned into pLVX-CMV-3FLAG-PPIF-CAG-mCherry-
T2A-neomycin-WPRE vector to deliver either APOE shRNA or
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PPIF.293T cells cotransfected with pCMV-dR8.91, pCMV-VSV-G6363,
and targeting vector were used to generate pseudoviral particles.
Pseudoviral particles were then concentrated and purified by ultra-
centrifugation and titered before use.

For retroviral transduction, in brief, HMC3 cells were seeded on
a six-well plate with a density of 2 X 10> per well for 24 hours and
then transduced with lentiviral vector to knock down APOE or
knock in PPIF. After 72 hours, the efficiency of lentiviral transduc-
tion was evaluated using a fluorescence microscope (Leica DMiS8,
Germany). Lentiviral transduced cells were puromycin and neomy-
cin selected for 2 days, and surviving cells were used for future ex-
periments.

Hematoxylin and eosin staining

Eyes were surgically removed after euthanasia and immediately
fixed with Eyeball Fixation Solution (Servicebio, Wuhan, Chian;
stock no. G1109) for at least 24 hours, and then tissues were embed-
ded in paraffin and sectioned at a thickness of 4 to 6 pm. Hematoxy-
lin and eosin staining was performed on tissue sections per the
manufacturer’s instruction (Servicebio, Wuhan, China; stock no.
G1005). For pathologic scoring, 0 points: no cellular infiltration, no
structural changes; 0.5: mild cellular infiltration, no structural changes;
1: moderate cellular infiltration, mild focal retinal folds; 2: moderate
cellular infiltration, marked retinal folds with focal photoreceptor
cell damage; 3: severe cellular infiltration, extensive retinal folds ac-
companied by detachment, serous exudation, and subretinal hem-
orrhage, moderate photoreceptor cell damage; and 4: severe (or
mild) cellular infiltration, retinal layer atrophy, extensive photo-
receptor cell damage.

EdU incorporation assay

The proliferation of HMC3 cells was evaluated using an EdU in-
corporation assay with an EAU Cell Proliferation Kit (Beyotime,
C0071S) in accordance with the manufacturer’s instructions, and
the number of EQU™ cells was quantified using ImageJ software (NTH,
Bethesda, MD).

Migration assay

A total of 1 x 10* HMC3 cells were seeded into the upper 8-pm pore
size filter’s chamber of 24-well Transwell (Corning, 3422) without
fetal bovine serum, and an appropriate amount of medium contain-
ing fetal bovine serum was added into the lower chamber. After
24 hours, cells were fixed with 4% paraformaldehyde (Servicebio,
Wuhan, Chian; stock no. G1101) and stained with 1% crystal violet
(Servicebio, Wuhan, Chian; stock no. G1014). Then, the migrat-
ed cells were imaged using a fluorescent microscope (Leica DMis8,
Germany), and the number of migrated cells was quantified using Im-
age] software (NIH, Bethesda, MD).

Western blotting

Retinas were surgically retrieved and cells were trypsinized to gen-
erate lysates for Western blotting. In brief, tissues and cells were
lysed and prepared using radioimmunoprecipitation assay lysis buf-
fer (Beyotime, PO013B). Western blotting was performed as previ-
ously described (73). The primary antibodies used for Western
blotting were as follows: Anti-iNOS (Cell Signaling Technology,
2982, diluted 1:1000); APOE (Cell Signaling Technology, 49285,
diluted 1:1000); IL-6 (Proteintech, 21865-1-AP, diluted 1:1000; Cell
Signaling Technology, 12912T, diluted 1:1000); TNF-a (Proteintech,
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26405-1-AP, diluted 1:1000); PPIF (Proteintech, 18466-1-AP, dilut-
ed 1:1000); Anti-Flag (Cell Signaling Technology, 14793, diluted
1:1000); and Anti-p-actin (Proteintech, 81115-1-RR, diluted 1:5000).
The secondary antibody used was Horseradish peroxidase (HRP)-
conjugated Goat Anti-Rabbit IgG(H + L) (Proteintech, SA00001-2,
diluted 1:5000). The ECL kit (Advansta, CA, USA) was used for pro-
tein blotting visualization. Image] software was used to analyze the
blot images.

Immunofluorescence microscopy

The tissue paraffin sections were dewaxed, antigen retrieved, and
blocked with 3% bovine serum albumin for 30 min and then incu-
bated with primary antibody (anti-APOE, Servicebio, GB112288,
1:200; anti-IBA1, Wako, 019-19741-20, 1:3000) in a wet box at 4°C
overnight. Then, the samples were incubated with different second-
ary antibodies at room temperature for 1 hour. Stained slides were
sealed with 4',6-diamidino-2-phenylindole (DAPI) mounting medi-
um (Abcam, AB104139). Images were taken with a fluorescent micro-
scope (Leica DMi8, Germany) and quantified using Image]J software.

ROS detection

The culture medium was replaced after processing the cells, followed
by the addition of the CellROX probe (Thermo Fisher Scientific,
C10422) and the NucBlue Live Cell Stain ReadyProbes reagent
(Thermo Fisher Scientific, R37605). The cells were subsequently in-
cubated at a 37°C cell culture incubator for 30 min. After incubation,
the cells were washed three times with PBS and observed under
a fluorescence microscope (Leica DMi8, Germany).

OCR measurement

The cellular OCR was measured using the Seahorse XF Cell Mito
Stress Test Kit (Agilent, Santa Clara, CA, USA) with the Seahorse
XFe 24 Extracellular Flux Analyzer (Agilent), according to the
manufacturer’s protocol. In brief, 2.5 x 10* cells were seeded into
a Seahorse XF 24 cell culture microplate per well. After record-
ing baseline measurements, 1.5 pM oligomycin, 1.5 pM FCCP,
and 1.0 pM rotenone-antimycin A were sequentially injected.
Data were analyzed using the Seahorse Wave 2.6.3 software
package (Agilent), and OCR values were expressed in picomoles
per minute.

Flow cytometric analysis

Murine retinas were gently isolated and digested with a prepared
papain dissociation system (Worthington, WK-LK003150) at
37°C for 20 min. The digested retinal tissue was then resuspend-
ed in PBS. For surface receptor staining, the prepared cell sus-
pension was treated with a mouse Fc receptor blocking agent
(Miltenyi Biotec, 130-092-575, diluted 1:100) and incubated
at 4°C for 20 min, followed by staining with specific antibod-
ies at 4°C in the dark for 20 min. Cells were then fixed and
permeabilized using a flow cytometry fixation/permeabilization
buffer (Thermo Fisher Scientific, 00-5223-56 and 00-5123-43)
at room temperature in the dark for 10 min. For intracellular cy-
tokine staining, the cells were subsequently incubated with a
flow cytometry permeabilization buffer (Thermo Fisher Sci-
entific, 00-8333-56), followed by the addition of specific anti-
bodies and incubation at room temperature in the dark for 20 min.
Acquisition and compensation were performed by Cytek Aurora
Spectral Flow Cytometry. Data were exported and analyzed using
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Flow]Jo software (v10.9). Gating strategies are shown in figs. S2
to S4, and the antibodies used for flow cytometry were as follows:
Anti-CD45 APC/Cyanine7 (BioLegend, 157204, diluted 1:100);
Anti-CD11b Horizon RB705 (BD, 570292, diluted 1:100); Anti-
CX3CRI Pacific Blue (BioLegend, 149038, diluted 1:100); Anti-
TNF-a Percp/Cyanine5.5 (BioLegend, 506322, diluted 1:50);
Anti-IL-6 APC (BioLegend, 504508, diluted 1:50); and Anti-
iNOS PE (BioLegend, 696806, diluted 1:50).

Proteomic analysis

Proteomic analysis was performed by Jingjie PTM Biolabs (Hangzhou,
China). Briefly, HMC3 cells were harvested and lysed, and protein
was extracted and hydrolyzed by trypsin. Subsequently, the pep-
tide segments are dissolved in liquid chromatography mobile
phase A and separated using the EASY-nLC 1200 ultrahigh-
performance liquid phase system (Thermo Fisher Scientific). The
peptide segments were analyzed by Orbitrap Exploris 480 mass spec-
trometry. Bioinformatic analysis was conducted with the assistance
from Jingjie PTM Biolabs (Hangzhou, China). The DIA-NN search
engine (v.1.8) was used to analyze the DIA data. The relative quanti-
tative values of the altered peptides were determined by centralizing
the signal intensity levels across samples.

Statistical analysis

The significant difference analysis between statistics in the figures
was performed using unpaired Students ¢ test, one-way analysis of
variance (ANOVA) test, or Kruskal-Wallis test. Statistical analysis
was performed using SPSS software (version 20.0). Normality of the
data was evaluated using the Shapiro-Wilk test. Data are presented
as means + SEM in bar graphs. Statistical significance was deter-
mined using the Bonferroni post hoc test or Dunnett’s test, as
indicated in the figure legends. A P value of less than 0.05 was con-
sidered statistically significant.

Supplementary Materials
This PDF file includes:
Figs.S1to S4
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