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Background: Recurrent implantation failure (RIF) presents a crucial obstacle to in vitro fertilization success. Previous research has
shown that small extracellular vesicles (EVs) from endometrial RIF patients hinder embryo development, yet the underlying
mechanism and potential solutions remain largely unexplored. In this study, we aimed to investigate the effectiveness of miR-218-
5p as a molecular factor in RIF-EVs. Our findings revealed that miR-218-5p disrupted mouse embryo development, and this effect
could be reversed by engineered extracellular vesicles (E-EVs) containing anti-miR-218-5p.

Methods: The percentage of blastocyst development and hatching rates, embryo morphology, and the total cell number were
measured. RNA-sequencing was used to analyze transcriptional changes in embryos post miR-218-5p agomir treatment. The abnormal
segregation genes of trophectoderm (TE) and inner cell mass (ICM) were visualized via qRT-PCR and immunofluorescence staining.
The E-EVs were using the EVs derived from Human Umbilical Cord Mesenchymal Stem Cells (HUMSCs). Characteristics of the EVs
were measured using Western blotting, nanoparticle tracking analysis, and transmission electron microscopy. EVs internalization was
visualized using BODIPY TR ceramide staining.

Results: Mouse embryos were arrested at the morula stage and demonstrated reduced blastocyst and hatching rates following miR-
218-5p agomir treatment (P < 0.001). Essential transcription factors for TE and ICM, such as Cdx2, Yapl, Sox2, Nanog, Tead4, were
reduced at the mRNA level in the miR-218-5p treated morula. This was accompanied by decreased Cdx2 protein levels at the 8-16-
cell stage (P < 0.001) and disruption of co-localization of Yapl and Cdx2. The blastocyte rate was increased by anti-miR-218-5p-
encapsulated E-EVs compared with miR-218-5p group (P < 0.001).

Conclusion: This study offers valuable insights into the potential role of miR-218-5p in RIF and presents. The utilization of

engineered vesicles containing anti-miR-218-5p may present a promising avenue for patients facing challenges with RIF.

Plain Language Summary: The phenomenon of recurrent implantation failure (RIF) is a common occurrence in patients undergoing
the assisted reproductive technology (ART) process. It intensifies the strain on patients, but as of now, there is no universally accepted
definition, cause, or therapeutic strategy. RIF can result from various factors, and recently, the impact of small vesicles released from
cells called extracellular vesicles (EVs) has garnered increasing attention in the disease process of RIF. However, there is still a lack of
mechanistic evidence and therapeutic recommendations. In this study, we discovered that miR-218-5p is one of the functional
molecules inside the RIF-EVs, and it disrupts the development of the embryo into a blastocyst. Furthermore, we found a deeper

mechanism related to the distribution of the formation of the trophectoderm (the embryo’s outer cell). This provides a plausible
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explanation for one form of embryonic disorder associated with RIF. Most significantly, our work introduces a novel therapeutic
approach, employing engineered EVs encapsulating anti-miR-218-5p, which effectively mitigates the deleterious effects of miR-218-
5p. This research provides a novel and non-invasive insight into potential therapeutic strategies for RIF.

Keywords: recurrent implantation failure, extracellular vesicles, microRNA, pre-implantation embryo, engineered extracellular

vesicles

Introduction
Assisted reproductive technology (ART) provides an alternative opportunity for couples unable to conceive naturally due
to various etiologies.! However, recurrent implantation failure (RIF) is a common issue during ART, significantly
impacting the mental and financial well-being of affected families.'"* RIF is a complex condition, involving factors
such as the maternal immune system, the aneuploid embryos, the unsynchronized embryo-endometrial interactions, and
the imbalanced reproductive tract microenvironment.”’ Understanding the underlying mechanisms of RIF and devel-
oping effective treatment strategies is crucial.

Extracellular vesicles (EVs) are nanosized biological particles that transport molecular cargo, including microRNAs
(miRNAs), proteins, and lipids, intercellularly and across tissues.*” EVs in the microenvironment of the female
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reproductive tract mediate the embryos-maternal cross-talk process.'® They exhibited divergently proteomic and pro-
transcriptional profiles that are phase-specific during the menstrual cycle.“’12 We focused on the EVs from RIF patients’
endometrial cells during the window of implantation (WOI), the prerequisite period for successful implantation.'*'* Our
former research constructs the consequence that blastocyte formulation was impaired after co-culturing with WOI-
endometrial EVs of RIF patients in vitro.'> However, the current explanation of the effectiveness of the RIF-EVs in the
embryos is limited since most of the transcripts are under bioinformatic analysis only.'"'®"'® The identification of the
causes of the RIF-EVs disturbed embryo development requires a deeper understanding of the molecular mechanisms.
Among all the components in the EVs, miRNAs, the small non-coding RNAs that regulate gene expression post-
transcriptionally, are considered one of the major functional molecules.'”?* The miRNA patterns in EVs, originating
from endometrial cells, organoids, and uterine fluid, exhibit distinct variations throughout the menstrual cycle.'®*'"%* Our
previous study revealed the altered miRNA profiles in RIF-EVs.'® Similarly, Carolina et al reported variations in miRNA
profiles in the WOI uterine fluid of RIF patients.* These results indicate that the composition of miRNAs in women with
RIF deviates from that of healthy fertile women. Furthermore, these variations imply that maternal miRNAs have a
widespread presence throughout both physiological and pathological processes. In addition to the embryonic miRNA,

25-27 it is also established that the maternal

whose distribution is linked to embryonic abnormalities and infertility,
miRNAs affect the pro-implantation embryo development at the post-transcriptional level ranging from the zygote to the
blastocyst stage.”® ' Several miRNAs have been reported to modulate early-stage embryo development, for example,
miR-212 silences the transcription factor in the germline alpha leading to a halt in embryo at the 8-cell,*> and miR-218
can impede the progression of bovine morula embryos to the blastocyst stage.*** The miRNAs represent diverse gene
patterns in the cargo of the pre-receptive or receptive-phase endometrium EVs, which are highly related to uterus
receptivity and embryo development.*> Our previous research employed miRNA sequencing analysis and validated that
miR-218-5p, miR-1246, and miR-6131 were up-regulated in RIF-EVs.'® However, there is still a lack of research on the
impact of those three miRNAs on pre-implantation. The specific miRNA pattern of RIF-EVs emphasizes the importance
of understanding the role of these molecules in RIF. To investigate whether the presence of miRNAs in RIF-EVs affects
embryo development, we co-cultured embryos with miR-218-5p, miR-1246, and miR-6131 and identified miR-218-5p as
a critical molecule in the process of pre-implantation embryonic development. We aim to elucidate the impact of RIF-
EVs containing miR-218-5p on embryo development and the underlying mechanisms. Moreover, we explore the
potential therapeutic application of engineered extracellular vesicles (E-EVs) encapsulating anti-miR-218-5p to counter-
act the detrimental effects of RIF-EVs. E-EVs are considered novel vesicles with slight allograft rejection and high
targeting ability.’® This research seeks not only to enhance our understanding of the molecular mechanisms involved in
RIF but also to lay the groundwork for the development of innovative treatment strategies targeting these mechanisms.

Materials and Methods

Animals and Mouse Superovulation

Institute of Cancer Research (ICR) mice (female 6-10 weeks old, male 8-20 weeks) were kept in the Animal Center of
Tongji Hospital, with regulated temperature conditions, 12 hours light-dark cycle and libitum water and food. All animal
experiments were approved by the Medical Ethics Committee of Tongji Medical College, Huazhong University of
Science and Technology (2022S067) and followed the National Institutes of Health guide for the care and use of
laboratory animals (NIH Publications No. 8023, revised 1978). All female mice were intraperitoneally injected with 5 TU
pregnant mare’s serum gonadotropin (PMSG, Sigma-Aldrich, St. Louis, USA) at 5-6 pm and followed by 5 IU hCG
(Sigma-Aldrich) injection 48 hours later. The mice underwent ovarian stimulation were mated in a male:female ratio of
1:2 after the hCG injection immediately, and the vaginal plug were checked next morning.

Mouse Embryo Culture

The 2-cell stage embryos from the female mice oviduct were collected in M2 medium (M7167, Sigma-Aldrich) after
36—40 h hCG injection and cultured in the CZB medium (MRO19, Sigma-Aldrich) covered by mineral oil (M5310,
Sigma-Aldrich) in a triple gas incubator (6% CO2, 89% N2, and 5% oxygen) at 37°C. The embryos were co-cultured
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with miRNA agmoir at E2.0 (4-cell-stage, zygote is considered as embryo day E0.5), 54-55 hours after the hCG
injection. Agmoir or anti-miR-218-5p were diluted with CZB medium at 3 nM and the mini-drops were pre-incubated for
2 hours before embryo culture, and each droplet under 50 uL volume, contained 5-10 embryos from at least three mice.
The 8-cell, morula and blastocyte rate were counted at E2.5, E3.25 and E 4.5, respectively.

RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction

The total RNA of the embryos was extracted using the Dr. GenTLE Precipitation Carrier kit (NO. 9094, TaKaRa, Japan)
following the manufacturer’s instructions. For the miRNA detection, synthesis cDNA and quantitative real-time poly-
merase chain reaction (q-RT-PCR) were using the All-in-one miRNA qRT-PCR Detection Kit (QP015, GeneCopoeia,
Guangzhou, China), and 100 ng total RNA was used to synthesize cDNA. The expression of miRNA was normalized by
miR-U6. For the mRNA detection, the embryos were reversed using Single-Cell Sequence Specific Amplification Kit
(P621-249 01, Vazyme, Nanjing, China). The q-RT-PCR analysis was performed using the ChamQ Universal SYBR
gPCR Master Mix (Q711, Vazyme) and a Roche Light Cycler 480 Instrument II PCR System. The relative expression of
mRNA was calculated by normalization to the GAPDH mRNA levels, using the 2 *“* method. Each experiment was
performed triple. The details of the primer information are listed in Table 1.

RNA-Seq Library Construction and Deep Sequencing

The ¢cDNA from each sample was transcript reversed by the Smart Seq2 and checked by Qubit® 3.0 Fluorometer and
Agilent 2100 Bioanalyzer to ensure the production with length around 1~2kbp. Seven to ten compacted embryos at E3.25
from at least three different mice constituted one sample of miR-218-5p and miR-NC groups, respectively. The RNA-Seq
library was prepared following the Illumina library preparation protocol,”’ then loaded onto the Illumina HiSeq platform
for PE150 sequencing.

RNA Seq Data Analysis

The DEGs between miR-218-5p and miR-NC groups were defined as log? |fold change[>1 and Benjamin—Hochberg corrected
P-value <0.05 with DESeq2 R package. The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis based on the calculated DEGs were annotated with Bonferroni-corrected P-value < 0.05, using
the Goatools (https://github.com/tanghaibao/Goatools) and KOBAS (http://kobas.cbi.pku.edu.cn/home.do). The Volcano
plots and the heatmap were constructed with DEGs using the R platform.

Table | Primer Sequence

Primer Name Primer Sequence

miR-218-5p TTGTGCTTGATCTAACCATGTAAA
miR-6131 GGCTGGTCAGATGGGAGTGA
miR-Ué CGCTTCACGAATTTGCGTGTCAT
Nanog-F TTCTGGGAACGCCTCATC
Nanog-R GCTTTTGTTTGGGACTGG
Tead4-F TTGGAGTTCTCGGCTTTC
Tead4-R TCATAGATTTGGCGGATG

Cdx2-F GGAAAATCAAGAAGAAGCA
Cdx2-R AGGTCACAGGACTCAAGG
Gapdh-F GGTGAAGGTCGGTGTGACCG
Gapdh-R CTCGCTCCTGGAAGATGGTG
Yapl-F GCAATACGGAATATCAATC
Yapl-R TGCCACTGTTAAGAAAGG
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Immunocytochemistry

Embryos from the various developmental stages were fixed with 4% paraformaldehyde (PFA) for 30 minutes. The fixed
embryos were permeabilized with 0.5% Triton X-100 for 20 minutes, then blocked with 10% FBS (Thermo Fisher
Scientific, CA, USA) with PBT 0.1% Triton X-100 for 2 hours at room temperature. The primary antibody was incubated
over night at 4°C, and washed three times in blocking buffer next day following the incubation with secondary
fluorescent antibody for 1 h at room temperature (RT). The detailed concentration of antibodies was listed: Cdx2
(12306, 1:200 diluted, Cell Signaling Technology, Danvers, MA, USA), Yapl (14074, 1:200 diluted, Cell Signaling
Technology), Goat Anti-Mouse IgG (ab150117, 1:500 diluted Abcam), FlexAble CoraLite® Plus 555 Antibody Labeling
Kit for Rabbit IgG (KFA002, Proteintech, Planegg-Martinsried, Germany). DNA was dyed with 4 pg/mL Hoechst 33258
staining dye solution (Servicebio, Wuhan, China) for 30 min at RT. All images of the samples were captured by the laser
scanning confocal microscope (Dragonfly/CR-DFLY-201-40, ANDOR, UK).

EdU

The proliferation of the blastomere was detected by the Cell-Light™ EdU Apollo in vitro Kit (RIBOBIO, Guangzhou,
China) following the manufacturer’s instructions. In brief, the miR-218-5p treated morula was incubated with 5-Ethynyl-
2'-deoxyuridine (EdU) in a triple gas incubator at 37°C for 2h, then fixed with 4% PFA. The fixed morula was stained by
1xApollo reaction buffer and Hoechst 33258 then imaged by fluorescence microscope.

TUNEL Assay

The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was used to detect the apoptosis of
embryos from miR-218-5p and miR-NC groups, with TMR (red) Cell Apoptosis Detection Kit 242 (G1501, Servicebio)
according to the manufacturer’s instructions. The labeled embryos were mounted onto glass slides, under glass cover
slips, in a drop of anti-fade reagent (G1401, Servicebio). The apoptosis cell number was counted.

ROS Analysis and Mitochondrial Staining

The intracellular ROS levels in the 8-cell embryos stage were detected using a ROS assay kit (S0033S, Beyotime,
Shanghai, China) according to the manufacturer’s protocol. The activity of mitochondria in the morula at E3.25 was
evaluated using Enhanced mitochondrial membrane potential assay kit with JC-1 (C2003S, Beyotime) according to the
manufacturer’s protocol. A fluorescence microscope (Axio Observer Al, Carl221 Zeiss, Germany) was used to image the
embryos, and the fluorescence intensity was analyzed based on ImagelJ software.

Human Umbilical Cord Mesenchymal Stem Cells Cultural and EV Isolation

Human Umbilical Cord Mesenchymal Stem Cells (HUMSCs) were provided by Warner Bio technology (Wuhan, China),
cells were cultured in DMEM/F12 (Thermo Fisher Scientific) with 10% FBS (Thermo Fisher Scientific) and 1%
penicillin/streptomycin (Thermo Fisher Scientific) at 37°C and 5% CO, in a humidified incubator. Flow cytometry
was used to identify related surface markers using HLA-DR (Cat. No. 307603, BioLegend, US), CD34 (Cat. No. 560942,
BDbio), CD45 (Cat. No. 304005, BioLegend), CD44 (Cat. No. 561858, BDbio), CD73 (Cat. No. 344003, BioLegend),
CD90 (Cat. No. 328109, BioLegend), CD105 (Cat. No. 800503, BioLegend) in 1:500 diluted. To isolate MSC-EVs,
HUMSCs were rinsed twice with PBS, cultivated in 10% Exo-free-FBS in DMEM/F12 medium (Thermo Fisher
Scientific) for 48 hours, and the supernatant was collected for EV extraction. The EV isolation protocol used the classic
ultracentrifugation method."'>*%3? Briefly, centrifuge the medium at 300 g (10 min), 2000 g (10 min), and 10,000 g (30
min) at 4°C to remove cells, dead cells, and debris. Filter the supernatant with 0.22 um, followed by the 90 min 100,000
g ultracentrifugation. The pellet was resuspended in PBS, repeated 100,000 g ultracentrifugation, then resuspend in 50 pul
PBS and stored at —80°C.
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Nanoparticle Tracking Analysis (NTA)

The diameter and distribution of EV were analyzed by nanoparticle tracking analysis (NTA, ZetaView Metrix, Germany).
Samples were diluted in ddH,O to reach the ideal particle per frame value (100-200 particles/frame). All samples setting
as the same sensitivity following the manufacturer’s default software settings.

Transmission Electron Microscopy (TEM)

The 10 pL of fresh EVs was pipetted onto a 400-mesh copper grid with carbon-coated formvar film and incubated for 2
min and removed extra liquid. The grid was briefly placed on 10 pL of uranyl acetate and washed twice with 100 pL
MilliQ water. Dried EVs-attached grids were observed by Tecnai G220 High Resolution Transmission Electron
Microscopy, FEI, US.

Western Blot

HUMSCs were rinsed in IP lysis buffer for 30 minutes on ice, centrifuged at 12,000 g for 15 minutes at 4°C. The
concentration of both EVs and HUMSC:s lysates protein were analyzed by DC Protein Assay Reagents Package (Bio-Rad
Laboratories, Delaware, USA) followed by the manufacturer’s protocol. Each sample was boiled at 100°C 5 min and
separated (10 pg) via sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) then transferred to a
polyvinylidene fluoride membrane (Millipore). Membranes were blocked in 5% skimmed milk then incubated with
primary antibodies overnight at 4°C, followed by appropriate horseradish peroxidase-conjugated secondary antibodies
incubation 1 h at RT for bands signal detection. The primary antibodies were added at 1:1,000 dilution and listed:
TSG101 (ab125011; Abcam, Cambridge, MA, USA), CD9 (A1703, ABclonal), CD63 (ab134045, Abcam), CDS81
(27855-1-AP, proteintech), Calnexin (2679; Cell Signaling Technology)

Engineered Small Extracellular Vesicles Packaging

The peptide-based method*® was used to load the anti-miR-218-5p into the HUMSC derived EVs. In brief, 300 pmol of
the anti-miR-218-5p, Exosome-Transit Peptide (ETP) (ExoLoad®, Echobiotech, China) and 100 pL EVs (3x 102
particles/mL) were added in the reaction buffer, incubated at 37°C in the dark for 2 hours with continuously shaking
(150 rpm). Removed the free nucleic acid and peptide in the buffer by washing with PBS in a 100 kDa Amicon
Ultracentrifugal filter (Merck Millipore, Billerica, MA, USA) centrifuge at 2000 g until the volume is reduced to 100 pL
(1x 10" particles/mL). Added the approximate volume of packaged E-EVs into the CZB (MRO019, Sigma-Aldrich)
embryo culture medium to reach the final concentration 2x10'° particles/mL and pre-warm 2 h.

Embryo EV Uptake Assay

Added 100 pL (Ix 10'? particles/mL) EVs or E-EVs with 1 pL BODIPY TR ceramide (Thermo Fisher Scientific)
incubate at 37°C in the dark for 20 min, followed by the 90 min 100,000 g ultracentrifugation. The pellet was
resuspended in PBS, repeated ultracentrifugation to obtain the stained EV. Added the stained EVs into the CZB
(MRO019, Sigma-Aldrich) embryo culture medium. After 2 hours pre-warm, transfer the 4-cell embryos into the pre-
incubated droplets, co-cultured the embryos with the stained EV for 10 h then fixed the embryos with 4% PFA for 30
minutes. After 30 min Hoechst 33258 staining (Servicebio), fixed embryos were imaged using fluorescence microscopy
(Zeiss, Germany).

Statistical Analysis

Quantitative variables were presented as mean + standard deviation (SD). The data were subjected to Student ¢ test to
evaluate statistical significance between miR-218-5p and miR-NC groups. The 8-cell rate, morula rate, blastocyte rate,
and hatching rate were conculcated by the Chi-square tests followed by Bonferroni tests. For all the statistical analysis, P
< 0.05 was considered statistically significant.
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Results
Effects of miRNAs in RIF-EVs on Embryonic Development

To investigate the functional impact of specific miRNAs on mouse blastocyst formation mediated by RIF-EVs, we
conducted in vitro embryo culture experiments involving three up-regulated miRNAs previously identified in our
research: miR-218-5p, miR-1246, and miR-6131. The blastocyte and hatching rates were significantly decreased after
miR-218-5p treatment, but remained unchanged with miR-1246 and miR-6131 agomir (Figure 1A, B and Supplemental
Figure 1). After miRNAs agomir treatment, the blastocytes were highly expressed in the miR-218-5p (Figure 1C). Bright
fields of mice embryos are displayed in Figure 1D. The miRNA expression in mice embryos was stage-dependent.*' **
Our results indicated that the expression of the miR-218-5p, miR-1246 and miR-6131 was increased markedly at the 8-

cell stage and restricted at the blastocysts (Supplemental Figure 2), while the expression of those miRNAs was relatively

high at blastocyst after agomir treatment (Figure 1C).

Impaired Mouse Blastocyst Formation After the miR-218-5p Treatment

To identify the most reliable candidate miRNA for disrupting embryo development, further experiments concentrated on
miR-218-5p, which demonstrated the highest expression among the effective miRNAs.'® Mouse embryos were cultured
with miR-218-5p agomir, which demonstrated the highest expression among the effective miRNAs in RIE-EVs,'® from
E2.0 until the late blastocyst stage and monitored the developmental process at E2.5 (8-cell-stage), E3.25 (morula-stage),
E4.5 (blastocyte-stage), and ES5.5, respectively. As shown in Table 2, the 8-cell embryo formulation rate and the
compaction rate at E2.5 and E3.25 were lower in the miR-218-5p groups less compared to the NC group (P < 0.001),
respectively. At the general blastocyst formulation stage E4.5, there was a significantly decreased blastocyst rate after
miR-218-5p treatment (P < 0.001), while more than half of the embryo can reach to morula stage at E4.5 (52.3%). We
prolonged the culture to E5.5, there was no significant increase in the blastocyst rate of the miR-218-5p group when
comparing E4.5 (P = 0.274). Nevertheless, there was a noticeable increase in the collapse rate at ES.5 in the miR-218-5p
group (P < 0.01). As shown in Figure 2A, embryos failed to form a cavity and appeared to collapse at the late blastocyst
stage (E5.5). Those observations suggested that the delay of compaction was presented in miR-218-5p agomir treatment
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Figure | Impaired mouse blastocyst formation following miR-218-5p treatment. (A and B) Blastocyst rate and hatching rate of the embryos in each group, numbers of
initial 4-cell-stage embryo at E2.0 and the number of blastocyst and hatching embryos were shown as denominator and numerator, respectively. (C) Relative expression
of miRNAs in the blastocyst post-agomir treatment of miRNAs. (D) Bright field of mice embryos after miR-218-5p treatment. ***date significant difference between the
miR-218-5p treatment group and the negative control group (P < 0.001).
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Table 2 The Embryo Development Rate After miR-218-5p

Treatment
miR-NC miR-218-5p

E2.5
No. Total embryos 149 130
No. 8 cell (rate, %) 99 (66.4) 57 (43.9)
E3.25
No. Total embryos 156 173
No. Morula (rate, %) 133 (85.3) 104 (60.1)
E4.5
No. Total embryos 37 86
No. Collapsed embryos (rate, %) 7 (19.0) 12 (13.4)
No. Blastocyst (rate, %) 27 (73.0) 29 (33.7)
No. Morula (rate, %) 3(8.1) 45 (52.3)
E5.5
No. Total embryos 59 73
No. Collapsed embryos (rate, %) 8 (13.6) 26 (35.6)
No. Blastocyst (rate, %) 48 (81.4) 16 (21.9)
No. Morula (rate, %) 3 (5.0) 31 (42.5)

embryos from E2.5 to E4.5, and embryos were arrested at the morula stage with the failure of blastocyte formation
during prolonged cultivation until E5.5. Consistent with the observed embryo quality, the total cell number (TCN) was
significantly lower in miR-218-5p group compared to miR-NC group in both morula (E3.25) and expanded blastocyst
(E4.5), respectively (Figure 2B-D). The interruption of blastocyst formation at E4.5 caused by miR-218-5p agomir was
present in a dose-dependent manner (Figure 2E—G). Additionally, there was a reduction in EdU-positive blastomeres
(Supplemental Figure 3).

miR-218-5p Impaired the Lineage Specification of the Arrested Mouse Morula

Transcriptional changes during the compaction phase determine the fate of the blastocyst.***> To explore the mechanism
behind morula arrest in miR-218-5p embryos, we compared the transcriptomes of compacted morula in miR-218-5p and NC
groups at E3.25. Total 445, and 474 genes were identified as up or down-regulated, respectively, in the miR-218-5p group
morula (Figure 3A and Supplemental Table 1). The KEGG analysis (Figure 3B and Supplemental Table 2) of the differential
transcripts in miR-218-5p morula were produced. Heat map of the DEGs was shown in Figure 3C. As shown in Figure 3D-F

and Supplemental Table 3, the Gene Ontology (GO) analysis of DEGs between miR-218-5p and miR-NC morula were

produced in Cellular Component (CC), Molecular Function (MF), and Biological Process (BP), respectively. Interestingly,
KEGG analysis revealed enrichment of gene sets in the Hippo signaling pathway, a crucial regulator in cell fate decisions prior
to the blastocyst formation, particularly in the segregation of the trophectoderm (TE) and inner cell mass (ICM). ¢+

We endeavored to investigate the underlying biological processes associated with arrested development of the morula
in the miR-218-5p group. KEGG analysis suggested that the impaired blastocyte formation observed in RIF-EVs
encapsulated-miR-218-5p could be due to an atypical differentiation of ICM and TE. The morula presents as the initiated
specification of TE and ICM lineage.** We first detected the mRNA expression of key genes for lineage specification. As
shown in Figure 4A, the specific ICM marker genes Sox2*’ and TE-related genes Tead4, Cdx2, and Yap1® were
decreased in miR-218-5p morula. These RT-qPCR results suggested that the compromised differentiation may have led to
the arrest of embryo development, which is consistent with our RNA-seq findings. However, we failed to detect the
differential state in apoptosis activation, mitochondrial membrane potential, and Reactive Oxygen Species (ROS)
between the miR-218-5p and miR-NC embryos (Supplemental Figure 4). We further analyzed the miR-218-5p and
miR-NC morula by immunofluorescence staining of the Cdx2, which is the key transcription factor for the TE

differentiation in mammalian.’'> We found that the Cdx2 nuclei positive morula in miR-218-5p group (35.2%) were
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Figure 2 miR-218-5p induces arrest of pro-implantation embryos at the morula stage (A) Bright field images post-treatment with either miR-NC or miR-218-5p agomir at
various developmental stages. (B) Representative confocal microscopy images showing DAPI staining of morulae or blastocysts (C and D) Total cell number of embryos at E
3.25 and E4.5, respectively. (E) Bright field images of embryos at E4.5 after different concentrations of miR-218-5p treatment. (F and G) Relative expression of miRNAs in
the blastocyst and blastocyte rate after different concentrations of miR-218-5p treatment. ***date significant difference between the agomir treatment group and the
negative control group (P < 0.001); *P < 0.05; ns, no significant difference. The scar bar is 100 um in bright field images and 50 um in DAPI staining images.
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Figure 3 The differential transcriptomics of mouse morula between miR-218-5p and miR-NC groups. (A) Volcano plot of differentially expressed genes following miR-218-
5p agomir treatment in morula. Red and green dots represented up-regulated and down-regulated genes, respectively. (B) KEGG analysis of differentially expressed genes,
with dot size indicating the number of genes included and color representing P-value significance. The red text is the highlight of the Hippo signaling pathway. (C) Heat map
of the DEGs. (D-F) Bubble plots of gene ontology (GO) categories: Cellular Components (CC), Biological Process (BP), Molecular Function (MF). The size of the dots
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Figure 4 miR-218-5p impaired the lineage specification in the arrested morula. (A) Relative mRNA expression of lineage specification-related genes in morula treated with miR-
218-5p agomir. (B) Representative confocal microscopy images displaying Cdx2 expression in morula treated with either miR-NC or miR-218-5p. (C) Cdx2 nuclear intensity in
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morula. Yap| presence in the Cdx2 positive nuclei is indicated by white arrows, and absence is indicated by white arrowheads. *P < 0.5; ***P < 0.001; Scale bars, 50 um.

significantly lower than the miR-NC groups (60.8%, P < 0.001) at the 8-16-cell stage, which is the initiated asymmetric

diversion of the embryos into ICM and TE lineages>® (Figure 4B and C). As a key TF in the Hippo signaling pathway in

cell fate determination, Yapl is located in the nuclei of the outer cell of the morula in both mice and human.’*>> In the
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miR-218-5p group, we observed a disappearance of Yapl nuclear signals in Cdx2 positive blastomeres, while in the
control group, overlapping nuclear expression of Cdx2 and Yapl was evident in the outer cell layer of the morula
(Figure 4D). Hence, the expression of lineage specification-related Cdx2 and the distribution of Yapl protein were

disrupted by the miR-218-5p agmoir treatment.

Engineered Extracellular Vesicles Encapsulating Anti-miR-218-5p Counteracted the
Detrimental Effects Caused by miR-218-5p

MiR-218-5p disrupts blastocyte cavity formation and is a critical molecule encapsulated in the RIF-EVs. Consequently, we
explored whether it is feasible to counteract these adverse effects within the embryo development microenvironment. Therefore,
we conducted engineered EVs (E-EVs) encapsulated with anti-miR-218-5p. The common methods of the exogenous RNA
encapsulated into EVs include lipofection,”®>’ sonication,*® chemical transfection,”’ electroporation,®®*” and the peptide-based
method.** The peptide-based method using the cell-penetrating peptide offers an efficacious and straightforward promising
approach to load the RNAs into EVs. Thus, we loaded anti-miR-218-5p via a cell-peptide technique in utilizing Human
Umbilical Cord Mesenchymal Stem Cells (HUMSC)-derived EVs, which minimally affect embryo development.®"** The
identification of HUMSCs was analyzed by flow cytometry (Supplemental Figure 5). The characterization of the EVs and E-EVs

was firstly identified by NTA, Western Blot, and TEM. As shown in Figure 5SA—C, the mean sizes of the EVs (129.5nm) and
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Figure 5 Characters and the internalization of extracellular vesicles and engineered extracellular vesicles. (A) Size and distribution of EVs and E-EVs as detected by
Nanoparticle Tracking Analysis (NTA). (B) Western blotting analysis confirming the expression of classic EV protein markers in EVs and E-EVs. (C) Morphology of EVs and
E-EVs as observed via Transmission Electron Microscopy (TEM). Scale bars set to 200 nm. (D) Representative confocal images of mice morula co-cultured with BODIPY TR
ceramide (red) labeled EVs and E-EVs, with blastomere nuclei stained by DAPI (blue). Scale bars, 50 um.

Abbreviations: NTA, nanoparticle tracking analysis; TEM, transmission electron microscopy; DAPI, 4',6-diamidino-2-phenylindole.
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E-EVs (174.4nm) particles were all under 200 nm, the EVs markers were presented at both EVs and E-EVs, the Calnexin was
presented in whole-cell lysate only. The double layer of the particles was clear in both EVs and E-EVs, which was consistent with
the typical EVs.® As shown in Figure 5D, the fluorescently labeled EVs and E-EVs were efficiently internalized by the embryo.
The loading efficiency was shown in Supplemental Figure 6. We next pre-treated embryos with the same concentration of EVs or
E-EVs (2x10' particles/mL), or 3 nM anti-miR-218-5p for 10 h, which is the same concentration as the engineered EVs
packaging. Followed by the miR-218-5p agomir treatment, the embryo development was monitored until E4.5. As shown in
Figure 6A, HUMSC-derived EVs alone did not affect blastocyst formation nor mitigate the adverse effects of miR-218-5p
agomir. However, E-EVs significantly alleviated the decrease in blastocyte rate induced by miR-218-5p agomir. The TCN of the
blastocytes increased in the E-EVs groups, and there were no significant differences in TCN between the anti-miR-218-5p and
miR-218-5p agomir groups (Figure 6B). The representative images of the TCN were shown in Figure 6C, bright field images
were shown in Figure 6D.
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Figure 6 Effects of engineered extracellular vesicles on mouse preimplantation embryo development. (A) The blastocyte rate of the mice embryo, numbers of the initial 4-cell-stage
embryo at E2.0 and the number of blastocysts were shown as denominator and numerator. (B) Total cell number (TCN) of the embryo at E4.5. (C) Representative confocal images of
blastomere nuclei DAPI staining, Scale bars set to 50 um. (D) Bright fried images of the embryo at E4.5. Ago, miR-218-5p agomir; Ago+Anti, miR-218-5p agomir and anti-miR-218-5p
group; Ago+EVs, miR-218-5p agomir and small extracellular vesicles group; Ago+E-EVs, miR-218-5p agomir and engineered small extracellular vesicles group. *P < 0.5; **P < 0.001.
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Discussion

RIF is a puzzling condition with a complex etiology that affects couples undergoing ART.* In the present study, we
uncovered that miR-218-5p was the effective cargo of the RIF-EVs, which induced the embryo arrested at the morula stage
with an apparent delay of compaction. The aberrant segregation of cell lineages contributed to this phenotype on account of
the changes in complete transcriptomes and decreased expression of Cdx2 before the 16-cell stage in miR-218-5p treated
embryos. Interestingly, we discovered that Yapl, a key transcription factor in the Hippo signaling pathway,”>** lost its co-
location with Cdx2 in the outer cell of the morula due to exogenous miR-218-5p. To counteract the detrimental impact of
RIF-EVs-miR-218-5p, we conducted the E-EVs encapsulated with anti-miRNAs in specifically targeting miR-218-5p.
Upon co-culturing the E-EV's with mouse embryos, these E-EVs effectively diminished the RIF-EVs-miR-218-5p-induced
disruption in embryonic development within the microenvironment, indicating that they could be a promising nanother-
apeutic avenue for treating the RIF embryo injury.

Maternal reproductive tract EVs are crucial for mother-fetus communication and embryonic development.'%¢3-68
Significant differences in gene patterns exist between endometrial and intrauterine fluid EVs of RIF patients and fertile
women,'"** however, most of them are bioinformatics studies and focus just on transcriptomic,”***~"* lacking in-depth
molecular mechanism investigations. We identified that miR-218-5p interrupted the expansion of blastocoels which may
be considered as the functional molecular in RIF-EVs. Previous studies have suggested that miR-218-5p is correlated
with bovine ICM formation based on bioinformatics analyses only.>* Our findings offer the initial evidence suggesting
that miR-218-5p may have detrimental effects on mouse embryo development.

Given that miR-218-5p is the most highly expressed functional miRNA in RIF-EVs, we were particularly interested
in understanding the mechanisms underlying miR-218-5p-induced embryonic diapause. We observed miR-218-5p-treated
mouse embryos from E2.5 to E5.5. The 8-cell rate, morula rate, and blastocyst rate all decreased in the miR-218-5p
group, indicating a significant developmental delay caused by miR-218-5p. Most notably, even when we extended the
observation time to the post-hatching stage at ES.5, the blastocyst rate in the miR-218-5p group did not increase; instead,
the quantity of collapsed embryos rose. These observations led us to deduce that miR-218-5p specifically arrested mouse
embryos at the morula stage, rather than merely causing a developmental delay. The morula stage is the crucial time in
determining the fate of the blastomeres when they acquire the first signs of polarity,”*”* followed by the re-localization of
cadherin—catenin complexes accompanied by the intercellular adhesion increases, then, blastomeres gradually
compaction.”®’”” The compaction process in mammalian embryos is remarkably intricate, marked by a sequence of
crucial molecular activities.”'-’®”® We discovered that the DEGs in miR-218-5p arrested morula were enriched in lineage
speciation-related genes. Interestingly, we found that the Cdx2 protein expression was significantly lower in the miR-
218-5p group during the 8—16-cell stage, while not the 16-32 cell stage. The blastomere undergoes first asymmetric
divisions at the 8—16-cell stage (fourth cleavage), and this process is highly programmed, rather than random. The inner
cell and outer cell of the blastomere were distinguished, which exclusively develop into ICM and TE of the embryos,
respectively.*™®' The Cdx2 distribution is polarized in the apical domains of the outer blastomeres, which are upon
differentiative divisions at 8—16-cell in a specific manner.** The natural embryo development tracking in individual cells
indicated that the highly expressed Cdx2 blastomere at the 8-cell stage contributed to TE eventually.®® In our observation,
the expression of Cdx2 was decreased by RIF-EVs-miR-218-5p at the 8—16-cell stage, which inspired us that the initial
asymmetric divisions may be interrupted by miR-218-5p. When the embryo reaches to 16-32 cell stage, the fifth

8384 and the differential expression of the Cdx2 becomes undetectable in

cleavage will be efficacious on the outer cell,
the whole morula. The successful formation of the blastocyst relies on higher Cdx2 cells preferentially contributing to the
TE, while lower Cdx2 level cells are predisposed to the ICM. A Cdx2-null trophectoderm is incapable of sustaining its
polarizing structure and forming to blastocyst.®> This observation aligns with our findings, where the reduction of Cdx2
at the fourth cleavage due to miR-218-5p in company with the blastocoel formation failure. Yap1, one of the key TFs in
the Hippo signaling pathway,*® is restricted to outer cell nuclei and binding with Tead4 to initiate Cdx2 expression in
compaction.®” In naturally normal mouse morulae, nuclear Yapl and Cdx2 are found concurrently in the nuclei of outer
cells, exclusively.*® We found that the miR-218-5p treatment losing the colocalization of the Cdx2 in the morula outer

cells. This is consistent with our KEGG analysis, which shows an enrichment of DEGs in the Hippo signaling pathway in
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miR-218-5p affected morulae. These results imply that the miR-218-5p treatment triggers a disruption in the Yap1-driven
Hippo signaling pathway.

The application of EVs in reproduction medicine is a highly encouraging and auspicious approach. It has been found
that EVs derived from endometrial stromal cells can promote mouse embryo cleavage and blastocyst formation, and
these EVs contain numerous proteins related to embryonic development such as transferrin, vinculin, fibronectin, matrix
metalloproteinase-2 (MMP2), and E-cadherin.®® EVs from pig oviducts promote embryo development and alter the
transcriptome information of embryos, and similar results have been confirmed in the in vitro culture of cow and rabbit
embryos.***! We used artificially synthesized and loaded EVs carrying anti-miRNAs to treat mouse embryos. These
E-EVs were taken up by mouse embryos and reversed the adverse effects of RIF-EVs on embryonic development.
Engineered EVs have a wide range of biological applications, and their therapeutic effects on diseases have been
increasingly recognized and verified.”>°* It has been found that loading miRNA antisense chains into EV's derived from
bone marrow mesenchymal stem cells not only enhances nucleic acid uptake efficiency but also exhibits a significant
therapeutic effect on mouse muscle atrophy. Similarly, EVs derived from mesenchymal stem cells after obtaining miR-
582 loading can interfere with the metastasis of melanoma. EVs loaded with miR-675 can promote the reperfusion of
ischemic limbs.”*® The therapeutic potential of engineered EVs in treating various diseases is increasingly being
acknowledged and validated. We constructed the efficacious E-EVs in reversing the effect of miR-218-5p on mouse
embryo development. Those results made a great convenient tool for researchers to study embryonic development and
even inspired the therapeutic method in RIF. EVs themselves are less harmful to the mental state of the embryo compared
to other methods, as they do not directly alter the embryo’s genetic code or induce any toxic effects. Also, the E-EVs
provide a protective environment for the anti-miRNA, preventing it from being degraded or eliminated. Nevertheless, a
limitation of our research is that it was solely conducted on mice. Subsequent investigations in more advanced animal
models and eventual clinical trials involving humans will be imperative to comprehensively establish both efficacy and
safety, taking into account long-term safety implications and potential side effects. Overall, the use of E-EVs in
embryonic development shows great promise in improving embryo quality and increasing the chances of successful
implantation, while also providing a safe and convenient tool for researchers to study embryonic development.

Conclusion

This study provides critical insights into the adverse effects of miR-218-5p on pre-implantation embryo development in
mice. Furthermore, we unveiled the potential of E-EVs containing anti-miR-218-5p as a promising strategy for mitigating
these detrimental effects. This research not only expands our understanding of the molecular mechanisms underlying
reproductive disorders but also paves the way for the development of innovative strategies to enhance embryo quality.
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