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Abstract

Primary ovarian insufficiency (POI) is a pathological condition characterized by the early loss of functional ovarian
follicles, leading to infertility and systemic consequences affecting reproductive, skeletal, cardiovascular, and neuro-
cognitive helath. Aberrant immune activation, particularly an augmented T cell response in the ovary, plays a critical
role in POl pathogenesis. In this context, therapeutic modulation of immune responses through immune checkpoint
ligands has garnered interest. In the present study, we identified Lamp2b as an optimal scaffold for engineering
extracellular vesicles (EVs). By genetically modifying HEK-293 T-derived EVs to present PD-L1 and Gal-9, enabling them
to suppress ovarian autoreactive T lymphocytes and protect ovarian cells from immune-mediated destruction. Func-
tionally, the bioengineered nanoplatform demonstrated potent immunosuppressive effects by promoting apoptosis
of effector T cells, reducing intraovarian CD8* T cell infiltration and reinstating serum anti-Mllerian hormone (AMH)
levels in POl models. These combined actions effectively halted disease progression, ultimately preventing POI pro-
gression and preserving ovarian function.
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Background

Primary Ovarian Insufficiency (POI), also known as
premature ovarian failure (POF), is a condition where
ovarian function declines before the age of 40, leading
to reduced estrogen production, menstrual irregulari-
ties, and infertility [1, 2]. Clinically, POI manifests with
menstrual irregularities, infertility, depression [3] and
symptoms of estrogen deficiency, including hot flashes,
vaginal dryness, and osteoporosis risk. Diagnosis is typi-
cally confirmed by elevated follicle-stimulating hormone
(FSH >25 IU/L) and low estradiol (E2) levels on at least
two occasions. Biomarkers such as anti-Miillerian hor-
mone (AMH) provide additional insight into ovarian
reserve [4, 5]. POl is a heterogeneous disorder with mul-
tiple contributing factors, including genetic mutations
[6], autoimmune dysfunction [7], iatrogenic damage [8],
and environmental exposures.

Considering its profound impact on reproductive
health, effective management strategies exist to mitigate
complications. Hormone replacement therapy (HRT)

is recommended to prevent osteoporosis, cardiovascu-
lar disease, and menopausal symptoms. While emerg-
ing regenerative approaches, including stem cell therapy,
platelet-rich plasma (PRP), and ovarian tissue transplan-
tation are being explored for ovarian function restora-
tion, the outcomes remain limited. Thus, it is vital to
exploit novel therapeutics to treat the POI. Approaches
to mitigate the augmented T cell-mediated autoimmun-
ity in the periphery and ovarian microenvironment is the
one of the promising insights for POI therapy.

While immune checkpoint blockade (ICB) therapy [9]
is primarily used to enhance immune responses in cancer,
including target T-cell receptors like programmed cell
death protein 1 (PD-1), cytotoxic T-lymphocyte-associ-
ated protein 4 (CTLA-4) [10, 11] and T cell immunoglob-
ulin mucin 3 (TIM-3) [12, 13]. However, dysregulation
of these checkpoints has been implicated in the patho-
genesis of multiple autoimmune diseases, including sys-
temic lupus erythematosus (SLE), rheumatoid arthritis
(RA), multiple sclerosis (MS), and type 1 diabetes (T1D).




Zhou et al. Cell Communication and Signaling (2025) 23:246

Immune checkpoint molecules such as programmed
cell death protein 1 (PD-1), programmed death-ligand 1
(PD-L1), cytotoxic T-lymphocyte-associated antigen 4
(CTLA-4), lymphocyte-activation gene 3 (LAG-3), and T
cell immunoreceptor with Ig and ITIM domains (TIGIT)
function to suppress excessive immune responses and
prevent autoimmunity. However, in many autoimmune
diseases, these inhibitory pathways are either function-
ally impaired or insufficient to control pathological
immune activation. Restoring immune checkpoint sign-
aling has emerged as a potential therapeutic strategy to
re-establish immune tolerance and prevent autoimmune-
mediated tissue damage.

Autoimmune-mediated POI is thought to result from a
breakdown in immune self-tolerance, leading to an aber-
rant immune response against ovarian tissues. In affected
individuals, autoreactive T cells and autoantibodies tar-
geting ovarian antigens contribute to follicular depletion
and stromal inflammation, ultimately impairing ovarian
endocrine and reproductive function [7, 14, 15]. Histo-
logical studies of autoimmune POI cases reveal lympho-
cytic infiltration of the ovarian cortex, further supporting
the role of immune-mediated destruction in disease pro-
gression [7]. Given the growing recognition of excessive
immune activation in POI, targeted immunomodulatory
therapies aimed at restoring immune tolerance are being
explored. Immune checkpoint agonists, regulatory T cell
enhancement, and cytokine blockade strategies may hold
promise for preserving ovarian function in autoimmune
POIL However, further research is needed to elucidate
the precise immune mechanisms underlying POI and to
develop targeted interventions that can mitigate ovarian
inflammation while preserving fertility.

Various therapeutic approaches have emerged in the
field of POI treatment. Currently, bacteria based thera-
pies, cell therapies [16—19] and biomaterials (such as bio-
products and hydrogel [20] and ovarian regenerative
patch [21]) have been widely employed in POI manage-
ment. Recently, with a better understanding of extracel-
lular vesicle (EV) biology [22], increasing studies have
focused on developing genetically engineered EVs as a
novel therapeutic strategy. Genetically engineered EVs
offer several advantages, including excellent biocompat-
ibility, high stability, and targeted delivery of therapeu-
tic agents to specific tissues without triggering immune
rejection or unexpected toxicity [23]. While previous
studies have demonstrated that cell therapy can ame-
liorate POI progression through diverse mechanisms
[24-26], its clinical application still faces several limi-
tations. Therefore, in this study, we aimed to: identify a
scaffold protein suitable for producing bioengineered
EVs; genetically construct plasmids for transfection into
cells to produce engineered EVs; isolate and characterize
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EVs expressing PD-L1 and Gal-9, two immune inhibitory
ligands; evaluate the impact of PD-L1-Gal-9 EVs on the
immune microenvironment and assess their therapeutic
potential in alleviating POI progression.

Methods and materials

Cell culture

The HEK-293 T cells were maintained in DMEM (Gibco)
with 1% Penicillin—-Streptomycin-Gentamicin (Beyo-
time Biotechnology) and 10% fetal bovine serum (FBS)
(Gibco). The primary CD8 +T cells were isolated and
subsequently cultured in RPMI 1640 medium with
10% FBS and 1% gentamicin, supplemented with 1 mM
sodium pyruvate, 1000 IU/mL interleukin-2 (IL-2).

Clinical samples

Fresh peripheral blood samples were collected from
women diagnosed with POI (n= 8) and non-POI healthy
women (n = 8) from 2020 to 2024 at Obstetrics and
Gynecology Hospital of Fudan University. Separation of
peripheral blood mononuclear cells (PBMCs) was per-
formed by Human Peripheral Blood Lymphocyte Separa-
tion Medium (Beyotime Biotechnology) and analyzed by
the flow cytometry [27].

Plasmid design

Synthetic gene fragments encoding PD-L1 and Galec-
tin-9 were obtained from Maipu Biotechnology (Nanjing,
China) and subsequently subcloned into a PLV expres-
sion vector. Transmembrane domains of CD63, CD81,
CD9, and Lamp2b were similarly synthesized by the
same provider for vesicle engineering purposes. The GFP
fragment, mCherry fragment, HiBiT fragment were syn-
thesized by Maipu Biotechnology (Nanjing, China). The
nanoLuc fragment was gifted from the Obstetrics and
Gynecology Hospital of Fudan University.

Mice

The Female C57BL/6 and B6 AF1 (6-week-old) were pur-
chased from The Jackson Laboratory and were housed in
animal facility of Experimental Animal Center of Fudan
University (Shanghai, China). All mice were housed
in specific pathogen-free conditions. The studies were
conducted based on the guidelines for the use and care
of live animals and were approved by the Animal Care
and Use Committees of Fudan University. Female B6
AF1 mice were immunized s.c. with 100 [U ZP3 pep-
tide (amino acids 330-342, NSSSSQFQIHGPR, Invit-
rogen, Thermo Fisher Scientific) emulsified in complete
Freund’s Adjuvant (CFA, Sigma, Louis, MO, USA). This
method was conducted for consecutive 14 days to induce
autoimmune POI model, as previous reported [7]. The
vivo experiments were conducted according to an animal
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protocol that received approval from the Institutional
Animal Care and Use Committee of Fudan University.
The POI model mice were kept untreated (control group)
or injected with PD-L1-Gal-9 EVs (30 mg/kg) or PBS
for every two days through the tail vein for 30 days. The
AMH levels of POI mice were monitored at 30 days post-
treatment, and then the mice were sacrificed for further
analysis.

Isolation of primary mouse T cells

T cells were isolated from diverse organs including ova-
ries, peripheral blood, livers and spleens. Organs were
resected from sacrificed mice and be cutted into small
pieces and were digested by collagenase type I (Beyotime
Biotechnology), followed by isolation by using EasySep
Mouse T Cell Isolation Kit (STEMCELL).

Sorting PD-1 +T cells

The PD-1 positive cells were sorted by flowcytometry.
The human PD-1 +CD8 +T cells sorting was performed
from human PBMCs. The buffy coat of POI patients were
collected and were used to isolate the PBMCs by Human
Peripheral Blood Lymphocyte Separation Medium
(Beyotime Biotechnology). The PBMCs were stained by
FITC-CD8a (BioLegend 300,916), BV421-CD3 (BioLeg-
end 344,833) and PE-PD-1 (BioLegend 329,905) and were
sorted by BD FACSAria III (BD biosciences).

Immunofluorescent assay

For tissues fluorescence experiment, the ovaries tis-
sues were resected and subsequently embedded in par-
affin followed by preparing into issue sections. For the
immunofluorescent assay, we selected the primary anti-
body (anti-PD-1 (abcam, ab300425), anti-Tim3 (abcam,
ab314089)) and secondary antibodies to detect the PD-1
expression and Tim-3 expression in mice ovaries. The
sections were observed under a fluorescence microscope
(Zeiss).

Preparation of PD-L1-Gal-9 EVs

Totally 10® HEK-293 T (P11) cells were seeded and cul-
tured in T175 flasks (Beyotime Biotechnology). We trans-
fected cells with plasmids using BeyoPEI"" Transfection
Reagent (Beyotime Biotechnology) at a reagent: plasmid
ratio of 2:1. After 5 h, the medium was replaced with
Opti-MEM (Gibco) supplemented with 1% Penicillin—
Streptomycin-Gentamicin (Beyotime Biotechnology) and
EV-depleted FBS. After 48 h, the conditioned medium
was collected and centrifuged at 2000 g for 10 min. The
supernatant was then filtered through a 0.22 um Syringe
Filters (Beyotime Biotechnology). Following this, the
supernatant was subjected to additional centrifugation at
100,000 g for 60 min to isolate the genetically engineered
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EVs. The final EVs were resuspended in PBS and stored at
—80 °C in aliquots for further analysis.

Characterization of engineered PD-L1-Gal-9 EVs

The shape of the bioengineered EVs were characterized
by using transmission electron microscope (TEM, FEI
Tecnai G2 Spirit Twin, Philips). The size distribution of
the bioengineered EVs were measured by nanoparticle
tracking analysis, (NTA, NanoSight NS300, Malvern).
And the markers of engineered EVs including CD63,
Alix, Tsgl01 and Grp94 were detected by Western blot
experiment. The PD-L1 expression and Gal-9 expression
in bioengineered EVs were also detected by Western blot.

Western blot

EVs proteins were detected by Bradford Protein Con-
centration kit (Thermo Fisher Scientific). Since all the
detection in this study is EVs surface protein, we did not
lysate the EVs. Then, the EVs were added into the SDS—
polyacylamide gel electrophoresis gel according to the
standard procedure, followed by blotting onto the poly-
vinylidene difluoride membrane. After the blocking for
1 h at room temperature and incubation with primary
antibody at 4 °C overnight, the membrane was incu-
bated with HRP conjugated secondary antibodies and
was visualized with enhanced chemiluminescence. EVs
markers detection including CD63 (abcam, ab134045),
Alix (abcam, ab275377), Tsgl01 (abcam, ab133586) and
Grp94 (abcam, ab238126). The PD-L1 (abcam, ab205921)
and Gal-9 (abcam, ab228686) were used to detect the
presenting ability of bioengineered EVs.

Ex vivo inhibition of T cells

PD-1 +CD8 +T cells were sorted and incubated into the
96-well plates with RPMI (10% FBS) at concentration of
10° cells/mL in 6-well-plate. The cells were treated with
PBS, balnk EVs and PD-L1-Gal-9 EVs for 24 h, separately.
We selected the FITC-Annexin V apoptosis detection
kit (Beyotime Biotechnology) to analyze the apoptosis of
PD-1 +CD8 + T cells via flow cytometry. In addition, pri-
mary spleen CD8 +T cells isolated from mice spleen by
EasySep’ Mouse CD8 +T Cell Isolation Kit (Stemcell),
then were stimulated with IL-2 (1000 IU/mL) plus CD3/
CD28 (25uL/mL), followed by treating with engineered
PBS, balnk EVs and PD-L1-Gal-9 EVs for a duration of 48
h. We also used the FITC-Annexin V apoptosis detection
kit (Beyotime Biotechnology) to analyze the apoptosis of
spleen CD8 +T cells via flow cytometry. Meanwhile, the
percentages of mice FOXP3 + Treg cells in T cell popu-
lation was detected with the same treatment procedure
(stmulation and EVs treatments) and detected by flow
cytometry.
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Flow cytometry

Immune cells from organs were digested and puri-
fied for further staining as well as flowcytometry analy-
sis. We selected antibodies as below: anti-CD3-BV421,
anti-CD4-A488, anti-CD8-PE, anti-Perforin-PE-Cy7,
anti-Granzyme A-BV510, anti-PD-1-APC. Cells were
fixed and permeabilized by using Fixation/Permeabiliza-
tion Solution KiT (554,714, BD). Acquisition and com-
pensation were conducted on a MACS Quant flow
cytometry (Miltenyi biotec, Germany). The flow cytom-
etry data were analyzed via Flow]Jo (10.8.1) software.

ELISA assay

The ELISA assay was performed upon the mice serum
to detect the level of AMH, FSH and E2 in serum, which
are widely acknowledged classic parameters to diagnose
POIL. Blood samples were collected and stored at — 80 °C
until further analysis. Prior to use, samples were thawed
on ice and centrifuged at 10,000 X g for 10 min at 4 °C to
remove debris. 96-well high-binding ELISA plates were
coated with antibodies with capture antibodies specific
for AMH, FSH, and E2. The wells were washed with
PBS containing 0.05% Tween-20 (PBST) and blocked
with 5% BSA for 1 h at room temperature. After wash-
ing, HRP-conjugated secondary antibodies were added
and incubated for 1 h at room temperature. The reaction
was developed using TMB substrate, stopped with 2N
H,SO,, and absorbance was measured at 450 nm using a
microplate reader (BioTek Synergy HT).

Immunoreactivity score

Tissue sections were subjected to immunohistochemical
(IHC) staining to detect the expression of Bax and Bcl-2.
Staining evaluation was performed using a double-blind
method by two independent pathologists. A semiquan-
titative scoring system was applied based on staining
intensity and proportion of positive cells. Staining inten-
sity: 3= brown, 2= light brown, 1= light yellow, and 0=
no color. Proportion of positive cells: 4= (> 75%), 3=
(51 ~75%), 2= (25 ~50%), 1= (5 ~25%), and 0= (< 5%).
The immunoreactivity score was determined as the sum
of the intensity and positivity scores. The median MVIS
for each experimental group was calculated for statistical
analysis.

Statistical analysis

The mean values of the data are presented with stand-
ard deviations (SD). The sample size (n) for each sta-
tistical analysis is specified in the figure legends, where
applicable. All statistical analyses were performed using
Prism 10.2.0 (GraphPad Software). Biological replicates
were used in all studies unless otherwise stated. For com-
parisons involving multiple groups, one-way analysis of

Page 5 of 17

variance (ANOVA) was performed. P-value <0.05 was
considered statistically significant.

Results

Dysregulated T cells distribution in POI

To assess immune dysregulation in primary ovar-
ian insufficiency, peripheral T cell subpopulations in
POI patients (N= 8) and healthy controls (N= 8) were
detected using flow cytometry. POI patients exhibited a
significantly increased percentage of PD-1 expression in
CD8+ T cells (Fig. 1A) as well as the increased percent-
age of CD8+ T cells in CD3+ T cells (Fig. 1B) compared
to controls. Next, we examined ovarian infiltrating T cell
subpopulations in POI mice (N= 8) and control mice
(N'= 8). Similarly, POI mice showed a significantly higher
percentage of CD8 +T cells (Fig. 1D) and PD-1 +CD8
+T cells (Fig. 1E) in the ovaries. In addition, the percent-
age of Foxp3+ Treg cells exhibited a reduced propor-
tion in both patients’ samples (Fig. 1C) and mice model
(Fig. 1F).

Identification of diverse EVs for presenting molecules
We genetically engineered the EVs with different scaffold
protein to produce the EVs as below: CD63-HiBiT EVs,
CD81-HiBiT EVs, CD9-HiBiT EVs and Lamp2b-HiBiT
EVs. Then, we compared the loading ability of HiBiT into
the engineered EVs by HiBiT Protein Tagging System.
According to the results from Fig. 2B, the Lamp2b
could load more HiBiT Protein than other scaffold pro-
teins. Similarly, according to the results from Fig. 2C, the
Lamp2b-loaded EVs treated PBMCs could exhibit higher
bioluminescence signaling than other scaffold proteins-
loaded EVs treated PBMCs. To conclude, Lamp2b was
selected as the scaffold to produce the EVs to present
the proteins of interests. Then, we produced the bioengi-
neered EVs from HEK-293 T cells (Fig. 2A), we observed
the characteristics of bioengineered EVs by transmission
electron microscopy (TEM) and evaluate the size distri-
bution by NTA. Bioengineered EVs exhibited typically
spherical or cup-shaped (Fig. 2D) and ranged from 40
to 300 nm (Fig. 2E). Meanwhile, the bioengineered EVs
exhibited expression of CD63, Aix and Tsgl01 (Fig. 2F,
Supplementary S1), which are classic EVs markers.

The binding ability of PD-L1-Gal-9 EVs produced by “all

in one” plasmid strategy

We compared the binding ability of EVs produced with
different transfection strategies. We transfected the
HEK-293 T cells with plasmids as below to produce
EVs: “PD-L1-Lamp2b-nanoLuc’, “Gal9-Lamp2b-nano-
Luc’, “PD-L1-Lamp2b-nanoLuc-P2A-Gal9-Lamp2b-
nanoLuc” Then we treated the T cells with these EVs
separately at equal number of particles and detected the
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Fig. 1 Dysregulated T cells distribution in POI. A The percentage of PD-1 +T cells in periphery patients with POI (n = 8) and control (n = 8). BThe
percentage of CD8 +T cells in periphery patients with POI (n = 8) and control (n = 8). CThe percentage of Foxp3 +T cells in periphery patients

with POI (n = 8) and control (n = 8). D The percentage of PD-1 +T cells in ovaries from POl mice (n = 8) and control (n = 8). E The percentage of CD8
+T cells in ovaries from POl mice (n = 8) and control (n = 8). F The percentage of Foxp3 +T cells in ovaries from POI mice (n = 8) and control (n = 8)

bioluminescence signaling of EVs as well as EVs treated T
cells (Fig. 3B). As depicted in Fig. 3C, the PD-L1-Lamp2b-
nanoLuc EVs showed similar bioluminescence signal to
Gal9-Lamp2b-nanoLuc EVs and PD-L1-Lamp2b-nano-
Luc-P2A-Gal9-Lamp2b-nanoLuc EVs. However, the
cells treated with EVs produced by “PD-L1-Lamp2b-
nanoLuc-P2A-Gal9-Lamp2b-nanoLuc” exhibited higher
bioluminescence signal than other groups (Fig. 3D). This
result indicated that it is feasible to produce the EVs by
“all in one” plasmid, which could exhibit better binding
ability. Meanwhile, we also transfected the HEK-293 T
cells with plasmids as below to produce EVs as below:
“PD-L1-GFP-Lamp2b’, “Gal9-mCherry-Lamp2b’, “PD-
L1-GFP-Lamp2b-P2 A-Gal9-mCherry-Lamp2b” Then
we treated the T cells with these EVs separately at equal
number of particles (Fig. 3A). As depicted in Fig. 3E,
the cells treated with EVs produced by “PD-L1-GFP-
Lamp2b-P2 A-Gal9-mCherry-Lamp2b” exhibited both
GFP expression and mCherry expression, while cells
treated with EVs produced by “PD-L1-GFP-Lamp2b”
only exhibited GFP expression (Fig. 3F), and cells treated
with EVs produced by “Gal9-mCherry-Lamp2b” only
exhibited mCherry expression (Fig. 3G). In addition, the
PD-L1-GFP-Gal-9-mCherry EVs expressed the PD-L1

and the Gal-9 (Fig. 3H, Figure S2), while the PD-L1-GFP
EVs expressed PD-L1 and Gal-9-mCherry EVs expressed
Gal-9. Above all, these results indicated that the “all in
one” plasmid strategy is feasible to produce EVs to pre-
sent molecules, and PD-L1-Gal-9 EVs exhibited effective
ability to bind to the T cells.

The biological behavior of PD-L1-Gal-9 EVs with PD-1 +T
cells and pan-T cells ex vivo

To detect the biological behavior of engineered PD-
L1-Gal-9 EVs on the PD-1 positive T cells, we sorted the
PD-1 positive T cells and Tim-3 positive T cells from
PBMC:s (Fig. 4A), followed by treating with PD-L1-Gal-9
EVs to evaluate the apoptosis of these cells. As depicted
in Fig. 4C and D, the PD-L1-Gal-9 EVs could promote the
apoptosis of PD-1 positive T cells significantly. We also
isolated the primary T cells from mice spleen (Fig. 4B)
and stimulated them followed by treating with PD-
L1-Gal-9 EVs. As demonstrated in Fig. 4E and F, the engi-
neered PD-L1-Gal-9 EVs could promote the apoptosis in
primary mouse T cells. What’s more, the Foxp3 expres-
sion in primary mouse T cells decreased after treated
with PD-L1-Gal-9 EVs (Fig. 4G and H).
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Therapeutic efficacy of PD-L1-Gal-9 EVs in POl mice

To further evaluate the therapeutic potential of PD-
L1-Gal-9 EVs in POI progression in vivo, a POI mouse
model was established using pZP3, as previously reported
[28-30]. As shown in Fig. 5B and C, treatment with bio-
engineered PD-L1-Gal-9 EVs significantly restored ovar-
ian volume and weight in POI mice to near-normal levels,
with no significant loss of body weight. Additionally, the
numbers of preovulatory, secondary, primary, and pri-
mordial follicles were reduced in the POI group, but this
reduction was reversed following PD-L1-Gal-9 EVs treat-
ment (Fig. 5E and F). Furthermore, administration of
genetically bioengineered PD-L1-Gal-9 EVs restored the
decreased levels of estradiol (E2) (Fig. 5G) and anti-Miil-
lerian hormone (AMH) (Fig. 5I) in POI mice. Meanwhile,
the elevated follicle-stimulating hormone (FSH) levels in
POI mice were also reversed upon treatment (Fig. 5H).

Bioengineered PD-L1-Gal-9 EVs could suppress

the over-activated T cells in POl mice

Ovaries were collected from POI mice subjected to vari-
ous treatments, followed by immunofluorescence analy-
sis to detect PD-1 and TIM-3 expression. In untreated
mice with normal AMH levels, PD-1 +cells and TIM-3
+cells were almost absent in the ovaries. In contrast,
POI mice exhibited notable infiltration of PD-1 +and
TIM-3 + cells within the ovaries (Fig. 6A), indicating that
immune-toxic T cell infiltration contributes to ovarian
cell destruction in POI. Meanwhile, genetically bioengi-
neered PD-L1-Gal-9 EVs could decrease the infiltration
of PD-1 +and TIM-3 +cells. According to the immuno-
activity score, PD-L1-Gal-9 EVs could result in the low
apoptosis effect of ovaries (Fig. 6B and C). Encouragingly,
flow cytometry analysis further confirmed that treatment
with genetically bioengineered PD-L1-Gal-9 EVs partially
reduced the proportion of PD-1 +T cells (Fig. 6D and
E) as well as TIM-3 +T cells (Fig. 6F and G) compared
to the PBS-treated POI group. It is well established that
ovarian cells are eliminated by activated CD8 + cytotoxic
T lymphocytes (CTLs) via cytokine secretion, including
Granzyme A and perforin. To evaluate the involvement
of these cytotoxic mechanisms, we assessed the propor-
tion of CD8" T cells expressing perforin and Granzyme A
within the ovaries. Flow cytometry results revealed a sig-
nificant increase in perforin + CD8 + T cells (Fig. 6H and

(See figure on next page.)
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I) and Granzyme A+ CD8 + T cells (Fig. 6] and K) in POI
mice. Collectively, these data indicate that PD-L1-Gal-9
EVs effectively suppress infiltrating CD8 +T cell activ-
ity within the ovaries, contributing to the restoration of
ovarian function in POI mice.

Biodistribution evaluation of bioengineered EVs

To evaluate the pharmacokinetics, and biodistribution
of the bioengineered EVs in POI mice, we genetically
fused an NanoLuc to the EVs (PD-L1-Gal-9-Lamp2b-
nanoLuc EVs). This modification allows the EVs to gen-
erate a bright bioluminescent signal when bound to
substrate [31]. Following the production of PD-L1-Gal-
9-Lamp2b-nanoLuc EVs, the engineered EVs were
administered to POI mice via intravenous injection at a
standardized time point (Fig. 7A). Mice were then sac-
rificed at 1 day, 3 days, 7 days and 14 days to evaluate
bioluminescent signal intensity and lymphocyte com-
position across different organs. As shown in Fig. 7B,
high bioluminescent signals were detected in all organs
at 1-day post-injection. By 3 days, more than 50% of the
bioluminescent signal had diminished across all organs,
including peripheral blood. After 3 and 7 days, minimal
residual signals were detected with all the organs. Fur-
thermore, after PD-L1-Gal-9-Lamp2b-nanoLuc EVs, we
observed a decreased percentage of CD8 + T cells in the
ovaries at 3 days post-injection (Fig. 7D). However, the
level of CD8" T cell percentages kept stable after 3 days
post-injection. Additionally, at 3 days post-injection, we
detected a reduction in perforin + CD8 +T cells (Fig. 7C)
and Granzyme A+ CD8 +T cells (Fig. 7E) in the organs
and peripheral blood, which kept stable level at 7 days
post-injection. Collectively, these data indicated that
PD-L1-Gal-9 EVs only exhibited short-term inhibition
of over-activated cytotoxicity CD8 +T cells and limited
long-term distribution in POI mice.

Discussion

Primary Ovarian Insufficiency (POI) is a complex dis-
order characterized by premature ovarian dysfunc-
tion, often leading to infertility and other systemic
complications [2]. Emerging evidence suggests that
autoimmune mechanisms play a critical role in the patho-
genesis of POI, with autoantibodies targeting ovarian tis-
sue and immune dysregulation contributing to follicular

Fig. 4 The effect of PD-L1-Gal-9 EVs on PD-1 +T cells and primary spleen T cells ex vivo. A The cartoon diagram of detecting the effect

of bioengineered PD-L1-Gal-9 EVs on sorted PD-1 positive T cells. B The cartoon diagram of detecting the effect of bioengineered PD-L1-Gal-9 EVs
on primary mice spleen T cells. C The apoptotic effect of bioengineered PD-L1-Gal-9 EVs on the PD-1 positive T cells ex vivo (n = 3). D Statistical
diagram for (C). E The apoptotic effect of bioengineered PD-L1-Gal-9 EVs on the primary mice spleen T cells ex vivo (n = 3). F Statistical diagram
for (E). G The regulating effect of bioengineered PD-L1-Gal-9 EVs on Treg cells generation ex vivo (n = 3). H Statistical diagram for (G)
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depletion. Given this understanding, therapeutic strate-
gies aimed at modulating the autoimmune response have
gained interest as potential treatments for POL

In our study, we explored the efficacy of immunomodu-
latory interventions in mitigating ovarian damage and
preserving ovarian function by genetically bioengineered
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extracellular vesicles. Firstly, we compared the ability of
four published EVs scaffold proteins in producing EVs
and identified the “Lamp2b” as the scaffold protein in
our study. Then we compared different producing strate-
gies in HEK-293 T cells, including PD-L1-Lamp2b EVs,
Gal-9-Lamp2b EVs and PD-L1-Gal-9-Lamp2b EVs, and
found that the PD-L1-Gal-9-Lamp2b EVs exhibited bet-
ter binding ability than other two EVs. Then, we pro-
duced bioengineered EVs to presenting PD-L1 and Gal-9.
The engineered PD-L1-Gal-9 EVs could promote apop-
tosis in primary human CD8 +PD-1 +T cells ex vivo.
Also, the PD-L1-Gal-9 EVs could promote apoptosis in
primary mouse spleen T cells. These results are consist-
ence to previous studies [32, 33]. Based on the excellent
performance to induce apoptosis of overactivated effec-
tor T cells, the genetically bioengineered engineered PD-
L1-Gal-9 EVs exhibit ability to increase the AMH levels
and subsequent ability to preserve the ovarian function.
Consequently, the engineered EVs presenting PD-L1 and
Gal-9 could bind to “overactivated T cells” and induce
them apoptosis, which results in the postpone of POI
progression.

In this study, we selected the HEK-293 T cells to pro-
duce the EVs. While increasing studies have reported that
both MSCs and MSCs-EVs [34, 35] could exhibit promis-
ing ability in suppressing inflammation as well as wound
healing. However, considering the availability of MSCs as
well as the transfection efficacy of MSCs, we selected the
HEK-293 T cells as the producing cells for POI therapy.
Some previous studies reported that MSCs based thera-
pies could delay the progression of POI [18, 36] by sup-
pressing inflammation, promoting tissue remodeling,
and regulating the immune system [18, 37, 38]. However,
MSCs therapies remain limited in the clinical practice.
HEK-293 T cells are a promising alternative as cell origin
in the therapy fields. Furthermore, considering the criti-
cal roles of cell therapies in POI therapy field, we selected
engineered extracellular vesicles presenting Gal-9 and
PD-L1 as a novelty therapeutic platform.

Extracellular vesicles are nanoscale membrane-bound
vesicles secreted by cells that play a crucial role in cell-
to-cell communication by transferring bioactive mol-
ecules, including proteins, lipids, and nucleic acids
(mRNAs, microRNAs, and IncRNAs) [39-42]. In recent

(See figure on next page.)
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years, bioengineered extracellular vesicles have emerged
as a promising tool for modulating the immune micro-
environment, offering potential therapeutic strategies
for autoimmune diseases [43], cancer, and tissue regen-
eration. While increasing MSCs derived engineered EVs
are widely studied and exert potential immune regulation
ability [44]. However, the strict procedure of culturing
MSCs and the subsequent increased cost of producing
MSC-derived EVs limit the widely use in clinical prac-
tice. Here, we explored the HEK-293 T derived geneti-
cally bioengineered EVs could make the procedure
economic-effective and promote the widely application.
Here, we enrolled and compared four classic EVs sort-
ing domains [45], including CD63 [46, 47], CD9 [48],
CD81 and Lamp2b [49, 50] to fuse the proteins of inter-
ests outside the EVs membrane, the results showed that
the Lamp2b performed better than other three scaffold
proteins. Lamp2b, with full name as lysosome-associated
membrane protein 2b, is a transmembrane protein that is
naturally enriched on the surface of EVs. Lamp2b serves
as a stable scaffold for surface engineering, allowing for
the display of targeting ligands, peptides, or antibodies.
Our result indicated that Lamp2b-based engineering
could provide a powerful strategy to enhance the thera-
peutic efficacy of EVs.

While researchers need to transfect several plasmids
into the producing cells for different molecules pre-
senting in previous reported studies. It is a remarkable
improvement to use the “all in one” plasmid strategy to
produce the bioengineered EVs. In this study, we used
P2 A [51] link the “PD-L1-Lamp2b-nanoLuc” and “Gal-
9-Lamp2b-nanoLuc’, the result showed that there is no
significant difference of “nanoLuc” payload of different
strategy. However, the “all in one” strategy EVs could
exhibit higher bioluminescence signal. It might because
of that the co-expression of PD-L1 and Gal-9 could help
the bioengineered EVs acquire higher binding ability. The
result indicated the feasibility and its effective of “all in
one” plasmid strategy to produce bioengineered EVs.

The POI model was used the same method reported
in other published studies [29, 30]. The zona pellucida
3 (ZP3)-induced Primary Ovarian Insufficiency (POI)
model is based on the principle of autoimmune-medi-
ated ovarian failure, which mimics the mechanisms

Fig. 6 Bioengineered PD-L1-Gal-9 EVs suppress the over-activated T cells in POl mice. A Representative images of PD-1 and TIM-3 expression

in ovarian sections. B The immunoreactivity score of Bcl-2 of ovaries from mice subjected to different treatments (n = 3). C The immunoreactivity
score of Bax of ovaries from mice subjected to different treatments (n = 3). D Representative plots illustrating PD-1 +CD8 +T cells within the ovaries
of mice subjected to different treatments (n = 3). E Statistical images for (D). F Representative plots illustrating PD-1 +TIM-3 +T cells

within the ovaries of mice subjected to different treatments (n = 3). G Statistical images for (F). H Representative plots illustrating perforin + CD8 +T
cells within the ovaries of mice subjected to different treatments (n = 3). | Statistical images for (H). J Representative plots illustrating Granzyme A+
CD8 +T cells within the ovaries of mice subjected to different treatments (n = 3). K Statistical images for (J)
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underlying immune-related POI in humans. The pZP3
protein, a glycoprotein component of the ovarian zona
pellucida, serves as an autoantigen, triggering an autoim-
mune response against ovarian tissue when introduced
into an immunized host. When ZP3 is introduced as
an antigen, it triggers an autoimmune response, lead-
ing to the production of autoantibodies and autoreactive
T cells targeting ovarian follicles. This process closely
resembles immune-mediated ovarian failure observed in
autoimmune-related POI in humans. The ZP3-induced
POI model effectively replicates the immune-mediated
mechanisms of POI, making it a valuable tool for test-
ing immunomodulatory therapies designed to counteract
ovarian autoimmunity and restore reproductive function.

While immune checkpoint blockade (ICB) therapy
is primarily used to enhance immune responses in can-
cer treatment [52-54], a different approach is required
for autoimmune diseases, where the immune system is

overactive and mistakenly attacks self-tissues. In this
context, immune checkpoint agonists (stimulatory ther-
apy) or checkpoint-enhancing strategies can be used to
restore immune tolerance and suppress autoimmunity.
Immune checkpoint pathways, including programmed
cell death protein 1 (PD-1)/programmed death-ligand 1
(PD-L1) [55, 56] and cytotoxic T-lymphocyte-associated
antigen 4 (CTLA-4), play a fundamental role in maintain-
ing immune tolerance and preventing excessive immune
activation [57]. Dysregulation of these checkpoints
has been implicated in multiple autoimmune diseases,
including systemic lupus erythematosus (SLE), rheuma-
toid arthritis (RA), and type 1 diabetes (T1D) [39, 58,
59], and may also contribute to the pathogenesis of POL
Defects in regulatory T cell (Treg) function, which nor-
mally suppress autoreactive immune responses, have also
been observed in autoimmune POI, further exacerbating
ovarian inflammation.
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As for the long-term persistence of engineered EVs
in vivo and its potential suppression upon the immune
system, we conducted the animal assay to evaluate the
biodistribution of EVs encapsulated “nanoLuc” by biolu-
minescence signal at different timepoints. The biolumi-
nescence signal decreased after the bioengineered EVs
injection for 3 days and almost disappeared after the bio-
engineered EVs injection for 7 days. This result trend is
similar in live, spleen, ovary and peripheral blood. Based
on our results, it showed that the bioengineered EVs could
be clearance with several days post injection. As for the
potential suppression upon immune system, we detect the
percentage of lymphocytes in different organs, the results
showed that the bioengineered EVs could inhibit the over-
activated perforin +CD8 +T cells as well as Granzyme
A+ CD8 +T in live, spleen, ovary and peripheral blood.
However, the bioengineered EVs exhibited insignificant of
CD8 +T cells percentage at 3 days post-injection, which
indicated that the effect of bioengineered EVs in suppress-
ing immune system is insignificant.

There are also several limitations of this study. Firstly,
engineered EVs should be compared with the solu-
ble antibodies in vitro and in vivo. Secondly, whether
the engineered EVs could influence the function of the
bone marrow derived cells need to be evaluated. None-
theless, considering the various advantages of EVs, the
engineered EVs are considered potential candidates for
disease therapies.

This study significantly broadens the potential appli-
cations of genetically bioengineered EVs, which means
they could simultaneously present specific ligands on
their surface to interact with immune cells. Moreover,
the strategic design of these EVs effectively mitigates POI
progression in a mouse model by inducing apoptosis in
autoreactive T cells, thereby protecting ovarian cells
from autoimmune-mediated damage. This innovative
approach holds great promise for both alleviating and
slowing the progression of POL.
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