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Figure 2. Ultrasound scan 7 weeks after transfer of a single embryo,
showing three gestational sacs.
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Figure 1. Embryo that divided, resulting in a triamniotic monochorionic gestation. (A) Day 2 of development (45.0 h post-insermination (hpi)). Three
cells, 20% fragmentation. (B] Day 3 of dev Llu} ment (68.9 hpi). Eight asymmetric cells, 20% fragmentation. {C) Day 5 of development blastocyst after
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Table 1. Charactenstics of patients of the monozygotic twins and
triplets (MZT-MTPF) and Singleton cohorts.

MZT-MTP Single pregnancy

M 9 G
Patient age () 41.56+6.02 38.44 +6.17
Paternal age (y) 4167 +8.73 39.11+6.53
Oocyte age (h) 28.56+6.33 27.22+3.87
Oocytes ongin (n)

Vitrified 5 !

Fresh 4 5
Donated oocytes (n) B 9
Semen crigin (n

Couple 8 B8

Donor 1 0

Testicular biopsy 0 1
Hyaluronate enriched embryo 5 5

transfer medium {n)

Data are mean = 50 unless stated othareise. P-value =005 for
each parameter
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Table 2. Characteristics of the results of the monozygotic twins
and tnplets (MZT-MTF) and singleton pregnancies.

MEIT-MTP Single pregnancy
Transferred embryos 9 o
Beta-hCG (mlU/ml), 966 + 915.1 440+477.6
mean = 5D
Miscarriage 3 (33%) 0
Type of delivery
Eutocict 0 5
Caesarean® 6 t
Live newborn babies 13 {5 set of twins 9
and 1set
of tnplets)
Male 9 3
Female 4 b
Birthweight {gr) Mean + 5D+ 2077 £561.5 3268 £557.7

*  Poyalue = 0.025.
o Pevalue = 0.0001
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Table 3. Morphokinetic events of monozygotic twins and triplets

(MZT-MTPF) and singleton pregnancies.

Single
Morphokinetic MZT-MTP pregnancy
event (h) (n="5) (n=9)
tFNa 8.h5+3.64 J.5+1.99
tPNE 220+182 214217
t2 238+1.79 24 2+226
13 3.0+ 225 33.9+417
td 37 B+479 3621251
5 48.7+321 44 7561
tb 5095182 458.1=3.09
t7 52.2+£593 49 3+ 5 32
t8 54 7 +B.59 54.1+6.89
o F02x8.03 654344
thd 85.1+10.00 /8. 1+£535
t5E 99.0+105 9291490
tb 106 £9.7 101 +£5.6
tEE 109+£5.5 107 +6.6

Morphokinetic parameters recorded by CHLOE included tPNa (first frame of
pronuclel appearance), tPHI (frst frame of pronuclei fading); cell division from
2 to 9 cells or more: t2, £3, t4_ 5 te, t7, t8, 9 (frst frame of 2, 3, 4,5,6,7, 8, and

% discrete membrane-separated blastomeres); tM {cellular compaction and
blurring of distinctive individual cell membranes); t58 (hrst identification of

blastocyst cavitation); tB (blastocyst cavitation filling and the beginning of
ermbryo expansion); and tEB (clearly expanded blastacyst with a minimum

diameter of 190 um). Data are mean + 50. P-value for all comparisons =0.05.
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Figure 3. Morphokinetic events of the embryos transferred in the monozygotic twins and triplets (MZT-MTF) and singleten pregnancies.

Morphokinetic parameters recorded by CHLOE were pronuclear appearance (tPMNa) and fading (tPNf); cell division of 2 to 9 cells or more (12, 3, t4, 15, 16,
7, t8, t9); morula formation (thd), start of blastulation (t5E), complete blastocyst stage (tB], and blastocyst expansion (tER). P = 0.05.
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Table 4. Gardner's classification of trophectoderm (TE) and inner
cell mass (ICM) automatically generated by the artificial
intelligence software CHLOE-EQ) for monozygotic twins and
triplets (MZT-MTP) and singleton pregnancies.

MZIT-MTP (n=9) Single pregnancy (n=9)
TE A 8/9 7/9
TEB 0/9 1/9
TEC 1/9 1/9
ICM A 6/9 7/9
ICMB 1/9 1/9

ICMC 279 1/9
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Table 5. Embryo measurements (means + 50D) for monozygotic
twins and triplets (MZT-MTP) and singleton pregnancies.

MZIT-MTP Single pregnancy

(n=9) (n-9)
Embryc diameter pm 162 +26.5 179+ 25.9
Embryoc area (um-*) 21680+ /267 26 520+ 7254
ICM area (pm”) 3456+ 723.0 3350+£1179.6
Embryc area/ICM area ratio 6.6+ 265 BS+271
CHLOE-ECQ was utilized to objectively measure different embryonic
pararmeters. The blastocyst is a three-dimensional structure, so the focal

plane of the embryo and the ICM were used to measure bath the two-
dimensional area and the diameter. P > 0.05
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Table 6. BLAST and CHLOE-EQ scores for monozygohe twins and
triplets (MZT-MTP) and singleton pregnancies

MZIT-MTP Single pregnancy
(n=9) (n=29)
BLAST score 0.81+£0.11 0.85+0.06
CHLOE EQ score 0.83 +£0.30 098 +£0.01

The BLAST score forecasts the embryo’s ability to reach the blastocyst stage at
68 hpi. The CHLOE EQ) 5¢ _rL[~:LJ| ts the potential for embryo implantation
The EQ'-.,_rl_ iz available starting from 30 hpi and fluctuates throughout
embryonic development based on mory phalogy and morphokinetics, up unti

the paint of culture termination. Dat A are mean + 50, P-value =005 I'ur::nll
[I'_'lr:llr"drl'-_-rl'-
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Figure 4. Observation of the blastocyst’s inne T ce Il mass (lCM) reveals v arymg degrees of cell decompacuon (A)E l stocyst exhibiti w t;vl tly packed
ICM at 114.1 h post-insemination (hpi). (B) Bla /st exhibiting a peorly structured ICM at 115.8 hpi. The, ;r oduced a single p n:y
after SET.
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BEWICHWMSh, HEOREICEELGREZR LTS EIEEME A S (Zumoffen
5. 2013),
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T, BHRICEE T AR E=XRTBD)IEEDHEMESIZEY. AIA/ARET
DR IIEFHEDZL DT TCREERLTWS , AILH/AFIE, ZHEEMEES
HAEEH SN LA MR (ASC) MBS FEBINL3DIFEETILTHY . B HBEs
BCERNEZELTEY . EFDEHin vitroETILZBIEA[EETH S (Clevers,
2016) . £D3DIEIEIL . in vivolZE 1T 5B E L BN < )y IR ED Y IERITE
BERAZEMLTLNS,
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2009) , EAEFESHEDERF LA /AFDRAFEIZEISIZEFTILL (Kessleris, 2015 ; Turco
5. 2017 ; Haideris ., 2018; Koppers., 2019) . $F ICHIDERIE (HF) A LA /A FETIL
DEFE TIL. NotchBS EUWnt T FILEBEBENZD R ESEIZEESL TSI EATR
M7= (Kessleris, 2015) , Changis (2020) I&, ERIRERRENA LA /AFNTEE B
HREZHEAR ~ MR ICH -2 TRIEFETESEFHEL-. CNODPEAETILIEZ. &
SEUTREDINEET ILDIAE (Kessleris, 2019) X5, IIE R K EEIRO MR T & 14
BEAILA/ARETILED LLERIZEHISASNT= (Yucers, 2017) , SBIZ. CNLDET
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JMRETIVERBEEGHRETILOVLEDOTH D,
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HBCHIE X, 377 F—EAFE=IX1(2.5mg/m) B XV AHE|ZEL L Thispase 11 (Roche.
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108 BIZTH#EZ1TLN., 1)L HT=Y300ulD TrypLE (Thermo Fisher Scientific) Z{# AL T %
BRI EEE. O IEMatrigel EICEBELTI S/ —HILFr—EL. FRY &
CorningZ M Transwellf Y —bk EIZEE D MatrigelZ2 ALV TIEFEL =, Transwell/ > —+%

RAWSIET . MEANA/AEDTEDIL (BRAD AV N— AV MNIEERET I CATELIEE
EMNEILSN, BBIBFOBRASLIVERRABT S EGES=(F1SE),

I LIBIER . 48T ILTL—FE KU Transwell (FLEZO.4um) ITBEINT=AIILH /AKIE, 52
CRILESIEMATIORRIEE SN, TD & . MEFEEMBEZ AV TERBMIZHEEFE
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[T RENETEHL, SV REBDAILE /AR TLERL-, BT/ \5A—425 &
VBHERREX. BEFIZBVWTERBE LV RETH—INnT-,
BEZELOBEITHBHRIILUTORYTHS:
Ki67:5,196 ~ 27,1584
*PAX8:5,196 ~ 27,158#HR4
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Figure 1. Human fallopian tube (HFT) organoid culture on Transwell
Corning” for easy sperm drop-off and pick-up in the apical
compartment. The illustration shows an HFT organoid (1) in a cell
culture insert (2) comprising a microporous membrane (3
a frame (4). The cell-culture insert (2) can be placed within a culture
vessel (5), thus separating the culture vessel intc two compartments: a
lower basal compartment containing specific organocid culture medium
(6) and an upper apical compartment containing minimum medium (7)
enriched by apical secretome of HFT organoids. Gamete cells (8) can
easily be dropped off and picked up in the apical compartment.
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Figure 2. Human fallopian tube ampulla (HFTA) and human fallopian tube isthmus (HFTI) 3D organoid cultures derived directly from patients’ cells.
(A) Patient tissue before cell culture. Left: Photograph of an ex vivo human fallopian tube retrieved from a patient; the ampulla and the isthmus are
physically separated before mechanical and enzymatic treatments. The red arrows show the segments treated by standard histological procedures.
Scale bar = 3 cm. Middle: Hemalun-eosin staining of the fallopian ampulla (top). Scale bar = 200 ym. Hemalun-eosin staining of the fallopian isthmus
(bottom). Scale bar = 200 ym. Right: Scanning electron microscopy (SEM) of patient tissue from the ampulla (top) and isthmus (bottom). (B) Organoid
axis length at passage n°1, Day 24. The long axis of the organoids was measured with adjustment for the number of crganoids per well (linear
regression). Number of organoids (n) was 147 and 118 in isthmus and ampulla group respectively. The size difference was significant (P = 0.028). (C)
HFTA organoid culture. Left: At passage n“0, Day 5. Scale bar = 40 pm. Centre: At passage n°1, Day 24. Scale bar = 200 ym. Right: at passage n°1, Day 24.
Scale bar = 90 pm. (D} HFT1 organoid culture. Left: At passage n°0, Day 5. Scale bar = 40 ym. Centre: At passage n°1, Day 24. Scale bar = 200 pm. Right:
at passage n°1, Day 24. Scale bar = 90 ym.
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Figure 4. Scanning electron microscopy (SEM) images of human fallopian tube (HFT) 3D-organoids at the end of passage n'1 after 24 days of growth
and differentiation. Left: global view of an HFT isthmus 3D organcid cut in half. Scale bar = 500 pm. Centre and right: injected spermatozoa moving in
HFT ampulla (centre) and isthmus (right) 3D organoids surrounded by ciliated and secretory cells of HFT organoids. Scale bar = 10um.
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Figure 5. Relative gene expression (—ACt) of 11 targeted genes related to ciliary, secretory, and other funetions. Samnple sizes (n—numbers) were
respectively 8 and 8 for hurnan fallopian tube [HFT) ampulla and isthmus tissue, 7 and 7 for undifferentiated HFT ampulla and isthrmus 3D-organaoids,

8 and 10 for differentiated HFT ampulla and isthmus 3D erganoids, and 10 and 7 for HFT ampulla and isthmus organcids on Transwell. Significance
was indicated by a mark: ¥P < 0,035, #*P - 0.001; ***+P < 0.0001.
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Figure 6. Heatmap representation of mRNA expression levels (scaled expression) analysed via qPCR Fluidigm approach. Eight different sample
groups were considered: HFTA_diff_org (human fallopian tube differentiated ampulla organoids), HFTI_diff_org (human fallopian tube differentiated
isthmus organoids), HFTA_diff_org_trans (human fallopian tube differentiated ampulla organcids in transwell), HFTA_diff_org_trans spz (human
fallopian tube differentiated ampulla organoids in transwell after 4 days of coculture with human spermatozoa), HFTI_diff_org_trans (human fallopian
tube differentiated isthmus organoids in transwell), HFTI_diff_org_trans spz (human fallopian tube differentiated isthmus organoids in transwell after
4 days of coculture with human spermatozoa), HFTA_und_org (human fallopian tube undifferentiated ampulla organoids), HFTI_und_org (human
fallopian tube undifferentiated isthmus crganoids), HFTA tissue (human fallopian tube ampulla tissue), and HFTI tissue (human fallopian tube
isthmus tissue). The heatmap presents scaled expression values ranging from -1 (blue} to 1 (red). Each cell represents the mean value of mRNA
expression for a speof‘c gene using multiple emale human denors. Sample sizes (n—numbers) was 8 and 10 for HFT differentiated organoids ampulla
and isthmus respectively, 10 and 7 for HFT organoids on Transwell ampulla and isthmus respectively, 7 and 7 for HFT undifferentiat ted organoids
ampulla and isthmus respmtwely, 8 and 8 for HFT tissue ampulla and isthmus respectively. Gene functions are colour-coded at the top of the
heatmap, including adhesion, barrier function, cytokines, proliferation, proteases, stemness, tubal functicns, and others. Dendregrams was built on k-
means hierarchical clustering of genes and sample groups, reflecting the Pearson similarity patterns within the dataset.
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Discussion fEmEHhHEIR—TUHYFET ML FET
HEEEZIZENT, NEXRIRICESE THOEELBIE (BB FORARERS. =2
. ERAIIERE) ML/ EBEELTHBOHTEETHS, LMLENL, EHEHMBIER
(ART) DERIZLY. NEITRSKHAEDE SN, BIREINTE -, LI=A> T,
INE DEEFIIT T 5= DTERLZERn vitro BT ILDRENDLETH D,

WME BEEEROKRAMEOSFEZDDIZEN LA/ ARFETILORENEAIZITH
NTHY., REABFEEYFDOEBEZFZFOSEHITIRHINTE -, CNET.HE
FIWH/ARETILOREBEMIX, EICFOREICEAETIVTFIVGERBOHR
(Kessler et al., 2015; Alsaadi et al., 2023) . ZZtE&ETEE D B8 R AR ZE (Venkata et al.,
2022) . NEHEDSEMER A MEIIESR (HGSC) DET ILIE (Yucer et al,, 2017) . &
SISO TRREDEE ST (Kessler et al., 2015) [ZPRE SN TUL V=,

— AT AR, FEEZEH/ABRREO-ODOMEF LA /ARFFBEVSEH S H
LG T7TO—FERHEELTVND, ZOERIZIE. EDFILA/AFTIETEDIL(E
BE) BINDT7 O AL EREE ThHo1-EL OB TRIEEREH 3 B (Heidari-Khoei et al., 2020) ,
KRDETILTIK, BRSNS DOMIE R BEER—REL, HIELEA LA /AR
[CWNT3a4°RSPO1& LN T B VIR IR B F4 FAL V=, F7=. Kessler (20154F) DR &
(2, HFTA LA /A R D #5077 18 5E & 7B 12 (X WntE K UNotch D /3591 VR ER HY
WETHY., BHiE—yFO#E RN, R -MEHMREADMEEZZ S,
B2, HADETILTIEWNT7aZ2 ALVTHEY . S ILINEEMAZ (ASC) D BH LINE
DRERE-HFITBWOWT TG FIILEREEMIL T IEELREFTHS (Miller and
Sassoon, 1998) , IEEDREZIZIL, 17B-R2ZHNVTH LM ER B EREL, TR T 7
Yo RFDERNBAIZECKIIZEHRETLTLNS,



COIIILTHRELEETILOMEEEICIE. BFOABERITAEAFTTAR
ThHol=o ¥ JMN)TILEEBLTORA/Q4 0293V E R A -DRE T
Hof==O . MU RDI B A Y — AW ETEAILAIZEEIZ 7O ATESE
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FILHIARETILIEZINDA Y TH S,

COHLWVEBERZAWNT, BEREDAILA /AR (RS LV RER) IZH1T55
FDEFR-EENFEL0, 48, 06FFBTRIELI-ECH, MIRDZHAEMELERLT
LEN-FFEBMENIRAZROONT -, B FEEEDERMZEBIZEFESIETIX., 5B
EXIWNH/ARELDEMT TIXEASHIZHIRI SN TNV =, ¥ o6 E TEENE M
FaSNn-CEIBETRETHS,

CORIZEALT,. EFIERTOREFESHICEAT HERFXERIZDIELVAY, 19755 (2
Ahlgren DN RUT=TAE TlE., R %86~ 1130 B D MBI ESE N HAHEF(FFEZRS
NEMOT=EREIN TS, COTEMD, RETILTOHEER IR IFLEEN
FHUEBBRLTWNSEEZDNS,

AEERICEALTIIFEEENNS . BELRICIIBFOESEICKRENLTREESS
ZABA BN TREEINT-, £f-. 2 rA—)LELTERLEEBRAIVA/ARTIEZN
MENRONT AILH/AFIEERE (RS ILOE) Z0L0ODHELEFTS
Nz, L= T RE LR ODBENGREETHLI_ENER TN,
CASAIZLBEEI X RITAIRABEINTTIL, ETOEHGFTLEEMRICIZI—EIEIZDIE
THERLNI=LDD . HFTAILH /AR DFFFIXVCL, VAP, VSL, ALHEL - T-F E 1R
ETERICEMEZ#IEEL TV =, ChoDIEEIX. FRTOZBELCEREETERND
BEIREHLEET HEINTEY (Aitken et al., 1986; Mortimer et al., 1986; Larsen et
al., 2000) . RETILOHEBHNBEFBEDOFEMICERATH LI ARSI,



Conclusion

ZHRILEVADOBRERICEIFES EHEYEEZRIBEREOSVENIEAF LA /AFE
TILE, BRI NN—F AV NIRRT VA TCEREE AT LERREBELEL -,
CDERNS AINWHA/ARETFIVERANWSCLT. MELRIETEBIEICR-TREID
— IS EAEETHI_ N TSN, SRIL. IFELENBEFEENEICEZRAZIRD
BFrAN_XLERRATHEXBIELET,

ERIRE ZERERMIICT I AN E L AENEATWVERBATL = HFTA LA /LK.
RELE. BEF. EEORBOEMTHERZRATLI=H0. EFOMBEETILEL
TEETT . FEHYTINADEERT7DORLEZBIETSA T, iI-LHRBREOREN
ROGNTEY. AIWH/AFETIVIZETREYRICEITEIMEAD=_XLOEBREEAED
L= DHRBZEY—ILEGY /T,

AAEDOFHREE HFTAIILA/AFERVCERABREEBFOHEBEERAEZHETHE
TIVEREILLI-RICHVET, EROHREERTIR# THH-BFEORHA(HZRX
BRE) HIEELXTTREICL, AHD=XLDEMREO, ZHE#HE -mE~ADEZHATEL .
IEBEOHEBNRREFEFEICLT. AN ZHICBT2ZHERLUVREEEXTYTDOHB 1O,
WEREOBARRENBFEINET, 512, N/ NELSIRESBMO EELIER
EXTHY., ZROBEREICEELGREZR-FTEMD, HFTA LA /AR IZHRES /N
BDNLA)T7H2—ELTOREERELELET,

NODMRIE. KEEEBA NI/ (IFeRAWV-EEERREOH-LREAZ T
DTHY. 5. RFOREEOHEFERAOHMEAEREBLTULAIEEENHYET .
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GRAPHICAL ABSTRACT

Achievements Perspectives

,,westigauon post-facum  MoOdeling of human implantation :
Research with no harm!

I \‘_.J Yo .
,-; ; {\ \ \-? & Hidden, unique, ineffective, difficult-to-study
}-‘ Assemblouds

Placental \nlll
5 » Standardized =8 ‘:';;:;;;:‘;"
Decldua ?} ’E? A » Validated organoids i
» Reproducible
. = H H .
Animals s Llfehke.
» Accessible

- Jrophoblast -
" sphercid

» Ethically permissible

Tissue
Explants

Advanced
3D cultures

2D cultures

(s8nap ‘suixoy ‘siapiosip) ASojoyred

Extended human
embryo culture

Norm (development and cell biology)

Primary, cancer,
stem, immortalized cells

Human implantation is a unique, ineffective, and difficult-to-model process, with a variety of in vivo, ex vivo, and in vitro models attempting to
simulate certain phases of human implantation and related events; the advanced 3D implantation surrogates/assembloids are promising avenues
for the future research of implantation.
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Figure 1. Maternal-fetal interface during early and term human pregnancy. Paraffin sections stained with hematoxylin and eosin were obtained
according to the published protocol (Terzieva et al., 2019). (A) decidualization of the endometrium, note numerous decidual glands and blood vessels.
(B) Both parts of the placenta—decidua and trophoblast. (C) Anchoring placental villus with a column of cytotrophoblasts. (D) Floating placental villus
with sincytio- (blue arrow) and cytotrophoblasts (yellow arrow). (E) Clusters of EVTs (blue arrows) remodeling blood vessel and decidual stromal cells
{yellow arrows) around. (F) Term placental villi bordering basal plate (maternal surface) with numerous EVTs (blue arrow). G, gland; BV, blood vessel;
D, decidua; Tr, trophoblasts; AV, anchoring villus; TrC, cytotrophoblast column; FV, floating villus; Syn(ST), syncytiotrophoblasts; CT, cytotrophoblasts;
EVT, extravillous trophoblasts; PL, placenta; BP, basal plate.
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RAUL: BIRER RO R EELAFET 5K,
(C)
‘AE: **EEEH E (anchoring villus) **& R 9,
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A In Vivo models

B Ex Vivo models  Trophoblast

(Explants

Primates and rodents I

4.1 Spheroid

4.2 Organoid/
assembloid

|2. Established cell lines ’ IVR——

C In Vitro models
2.1 Cane 2.2 Immortalized I

4.3D models 4.3 Synthetic embryo

l 3. Human stem cells \ \
3.1 Embryonic 3.3 Adult Somatic 4.4 Extended embryo
culture
i ®-O
3.2 Trophoblast o

Figure 2. Modeling of human implantation. The range of in vivo, ex vive, and conventicnal (2D) and advanced {3D) in vitro models, used to recapitulate
trophoblast or/and decidua behavior in the peri-implantation period. (A) In vivo (animal) models: primates and rodents. (B) Ex vive models: placental
explants, representing the fetal part of the placenta. (C) In vitro conventional (2D) models: {1) primary cells (isolated from the maternal or fetal part of
the placenta); (2) cancer (2.1) and immortalized (2.2) cell lines of maternal or fetal origin); (3) stem cells; (4) advanced 3D models: 4.1. spheroids of
maternal or fetal origin, 4.2. self-organized organoids or assembloids, 4.3. synthetic embryos (blastula/gastrula) and 4 4. extended embryo culture. The
scheme is created on Biorender.com. The microscope images are the authors’ property and have not been published before.
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A Implanting blastocyst B Implanting Sw71 spheroid model

Crested o BioRendercom biv

trophectoderm

‘,b""'b

’, Blastocyst\

Fiol

Sunab1hty of the 3D Sw71 spheroxd model as a blastocyst-like surrogate to study trophoblast migration and invasion during human
1mplantat10n (A) Overall view of an implanting human blastocyst (Day 7-9 post-fertilization). (B) Lp; er panel {light microscopy, ECHO Revolve

scope RVL-100-M, Echo, San Diego, CA, USA, m agnification 10x): Left—Sw71 spheroid (yellow) placed on human endometrial stromal cells (HESC)
monolayer (grey), covered with Matrigel as a subs e for ECM. Note the invading trophoblast cell ‘[-JL:] the spheroid ;‘uu;"ww (blue arrowheads,
purple zone). Sw71 spheroid trophobl: (blue arrowheads, purple zone), migrating between the stromal endometrial cells (HESC in red).

Middle—HLA-G and HLA-C expression (ir 1U'e~n' by Sw71 spheroid’s tro l:ldn cells. The staining is performed with antibodies against HLA-G (rabbit,

polyclonal, E-AB-18031, Elabscience) and HLA-C (mouse, monoclonal, sc-166088, Santa Cruz Biotechnology), and ¢

e

JIOI

wuclel are counterstained with
AX R Con ‘1'.\ al Microscope System): Blastocoel-like cavity (white arrow) of the Sw71

;llr—xr-m Left and right—The nuclei of Sw71 cells are visualized with Hoechst staining (blue and magenta, respectively); middle—Sw71 trophobla
cells are stained for HLA-G molecule (green).

Y

15t (in blue); B. Lower panel (confocal microscopy, Nikon A
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Table 1. Main differences in implantation between humans, primates, and rodents.

Human

Primates (great apes, old and

new world monkeys)

Rodents (mice, rats,
guinea pigs, rabbits)

References

Decidualization

Time and type of
implantation

Attachment

Trophoblast
subpopulations

Large intervillous
spaces
EVT invasion depth

Type of placenta

Spontaneous cyclic

process independent

on the embryo

9 days post coitum,
Interstitial

Polar trophoblast
(ICM-adjacent)
adheres to and
breaches the
endometrial
epithelium

ST, CT and EVT

Yes

Decidua basalis and
the inner 1/3 of
the myometrium

Hemochorial,
villous,
discoidal

Spontaneous cyclic process

independent
on the embryo

9 days post coitum,
Interstitial (great apes),
centric (cynomolgus,
rhesus macaques)

Polar trophoblast
(ICM-adjacent)

adheres to and breaches

the endometrial
epithelium

ST, CT and EVT

Yes

Decidua basalis mainly,
decidua basalis and
the inner 1/3 of the
myometrium
(chimpanzee)

Hemochorial, villous,

discoidal or bi-discoidal

(macaques
and marmosets)

Dependent on an
embryonic stimulus

4 days post coitum,
interstitial (guinea pigs),

centric (rabbits), eccentric

(mice, rats)

Mural trophoblast
(non-ICM-adjacent)
adheres to the endome-
trial epithelium inducing
apoptosis or entosis

Two syncytial and a single
mononuclear layer of
unknown function,
spongiotrophoblasts

No, yes (guinea pigs)

Decidua basalis mainly,
deeper in rats, decidua
basalis and the inner 1/3
of the myometrium
(guinea pigs)

Hemochorial, labyrinth,
discoidal

Dollar et al., 1982

Carter and Pijnenborg, 2011

James, 2014

Carp, 2020

Nakamura et al., 2021

Lee and DeMayo, 2004

Nakamura et al., 2016
Siriwardena and
Boroviak, 2022

Enders et al., 1983

Enders, 1993, 2000

Enders and Lopata, 1999

Carter, 2007

Enders, 1989, 1995, 2000
Enders and
Blankenship, 1999

Carter, 2007

Carter et al., 2015

Elmore et al., 2022

Schlafke and Enders, 1975

Enders, 1989

Enders, 2000

Caluwaerts et al., 2005;
Vercruysse et al., 2006

Nakamura et al., 2021

Myers, 1972
Carter, 2007
Burke et al., 2010
Elmore et al., 2022

EVT, extravillous trophoblast; ICM, inner cellular mass; ST, syncytiotrophoblast; CT, cytotrophoblast.
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Table 2. Advantages and disadvantages of the primates and rodents studied as models for human implantation.

Primates (great apes, old
and new world monkeys)

Rodents (mice, rats, guinea
pigs, rabbits)

Advantages

Decidualization, same or similar
type and time of implantation,
the same type of placenta

Low-cost experiments

Easy breeding, short maturation,
available genetic information

Possibility of genetic
modifications

Disadvantages

Expensive experiments long life

cycle and gestation time
Specific housing
Low fertility
Ethical considerations

Different decidualization,
substantial mechanistic
differences in implantation

Different trophoblast
subpopulations

Studies

Myers, 1972

Enders, 1993, 1995, 2000

Carter and Pijnenborg, 2011;
Carter et al., 2015

Schmidt et al., 2015

Nakamura et al., 2016, 2021

Schlafke and Enders, 1975

Enders and Schlafke, 1969

Enders, 1989

Caluwaerts et al., 2005

Simmons and Cross, 2005

Cross, 2005

Carter, 2007

Vercruysse et al., 2006

Burke et al., 2010

Ramathal et al., 2010

Aplin and Ruane, 2017

Elmore et al., 2022
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Table 3. Ex vivo and in vitro models used to study human implantation.

Mwb 0 ex vivad [l n

Type Endometrium: Reference Trophoblast: Reference
to study decidualization to study CT proliferation, differentiation into EVT or
and endometrial receptivity ST, EVT migration and i ion, syncytialization/
fusion, i i i )l ic mecha-
nisms), apoptosis.
< Segments of late-luteal-phase » Klimanetal, 1990 < Segments of the villous part of 5-10 gw hu- » Genbacevetal, 1992
(4-7 days after the LH peak) » Dudleyetal, 1992 man placenta * Vicovacetal, 1995
2 Pros: Closesl Lo the in vivo/in situ [ealures, n * Landgrenetal, 1996 Pros: Closesl Lo the in vivo/in situ [ealures to * Caniggiaetal., 2000
S Production and regulation of the endo- » Teklenburg and study the early stages of placentation » Popovici et al., 2006
T metrial-derived cytokines, and other bio- acklon, 2009 (proliferation and differentiation of EVI' » Miller et al., 2005
b aclive subslances . ger et al., 2010 [rom the cylolrophoblastic columns in & » Baczyketal, 2013
Y Cons: Short-term cultures; The orientation of preserved villous structure » Horii etal, 2016
o the endometrium is not preserved; Cons: Short-term cultures; difficult standardi-
= Difficult standardization, timing of the zation; restricted access to specimens;
biopsies, and specimen handling; De de novo isolation for each experiment
novo isclation for each experiment
< Epithelial and stromal endometrial cells: Satyaswaroop et al.,, 1979 < Cytotrophoblasts (CT): » Kliman et al., 1950
Pros; Closest to the in vivo/in situ features; ex- * Bentin-Ley et al., 1995 Pros: Closest to the in vivo/in situ features; dy- » Tisheretal, 1989
press progesterone-regulated markers of » Chanetal, 2004 namic phenotype; Specific upregulation » Kingetal, 2000
endemelrial receplivity ¢ Teklenburgand of surface HLA-C and HLA-G upon differ- * Genbacevetal, 2011
Cons: Time- and source-consuming isolations; Macklon, 2009 entiation; provide combination of protein » leeetal, 2016
u. considerable differences in protocols for » Masuda et al., 2016 and non-protein-coding markers for vali- » Abbaset al., 2020
5 isolation; variable yields, purity and dif * Horiietal, 2016 dation of a particular first trimester tro * Horlietal, 2020
; ferentiation; limited viability; constant phablast subpopulation » Eikmans et al.,, 2022
& 1isk for unwanted spontaneous trans- Cons: Time- and source-consurming isolations; * Greenbaum et al., 2023
E formations, difficult standardization considerable difference in protocals;
[ and propagation; fresh cell isolates are

needed for each experiment

Often mixed population; Limited life
span, rapidly cease proliferation in vitro;
Tack of generally accepted minimal eri-
teria for 2 line te be determined as a
pure primary, 1* trimester, human tro-
phoblast cell line; De nove isclation for
each experiment

(continued)
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Table 3. (continued)

Mwb 0 ex vivad ] n

]

Type ium Ref Trophobl Referenc:
Pros: Immortal and easy to propagate
Cons: Tumor cell features, constant possibility for unwanted spontaneous transformation
< HEC-1A/B - luminal epithelium. e Moetal, 2006 < BeWo- CT able Lo dilferentiate into EVT * Pallilloetal, 1968
Pros: Express cytokeratin 13 and 18, and retain * Hannanetal, 2010 or ST, » Kovatsetal, 1990
eslrogen, progeslerone and androgen * Hevir-Kene and Pros: Express HLA-C and HLA-G mRNA, pro- * Al-Naslry et al., 2006
receplors, and CD55 found in implanta- Rizner, 2015 duce hCG; Adhesiveness Lo endometrial * Bhaland
tion. Used as a model for non-receptive epithelium. Suitable for syncytialization Anderson, 2007
endomelrium Cons: Near-Lriploid; HLA-G is nol expressed * Hannanetal, 2010
Cons: Considerable difference in expression * Jamesetal, 2016
estrogen metaholism. Poor apical adhe- » Rothbaueretal, 2017
siveness due to epithelial polarization * Baneral, 2020
» Weberetal, 2021
o Lietal, 2023
< ECC-1 -luminal epithelium. » Satyaswaroop and < JEG-3-CT =blc to differentiate into EVT or ST. » Kohler and
Pros: Well-differentiated, stercid-responsive; Tabibzadeh, 1991 Pros: Express HLA-C, HLA-G and secrete HLA- Bridson, 1971
MUC secretion. Attachment surface with » Moetal., 2006 G; adhesi s to endometrial epithe- » Kovatsetal, 1990
» capacily Lo acquire a recep- * Evansetal, 2020 liurn. Non- classical cell fusion model for * Appsetal, 2009
'_g tive phenotype * Baneral, 2020 syncytialization » Appsetal, 2011
o Cons: N.B.! The original line has been lost. Cons: Near tetraploid which correlates with » Hannan et al., 2006
g Currently available ECC-1 cells are HLA-G expression; Limiled intercellular s Zouetal, 2015
5 shown to be an Ishikawa 3-H-12 deriva- membrane fusion » Poloskietal, 2016
live, MCE-/ breasl cancer cells, or a mix- * McConkey el al., 2016
ture of both * Jamesetal, 2016
* Rothbauer et al., 2017
o Veberelal, 2021
» FEikmansetal, 2022
< Ishikawa cells - glandular + lumi- * Nishida,2002 < JAR-CT able to differentiate into EVT or ST. » Kovats et al, 1990
nal epithelium. » Castelbaum etal., 1997 Pros: Adhesiveness to endemetrial epithelium. » Heneweer et al., 2005
Pros: Widely considered as good model for a * Hannanetal, 2010 Non- classical cell fusion model for syn- » Al-Nasiry et al., 2006
receptive endometrium, normal endo- » Vergaroetal., 2019 cytialization » Appsetal, 2009
melrial function, and endo- Cons: Express no or minimal amounts of HLA- » Appsetal, 2011
crine signaling C and HLA-G and did not secrete sHLA- » Hannanetal, 2010
Cons: Stable up to 45passages; N.B.! Sub clone G; Near- triploid; Limited intercellular = Jamesetal, 2016
3-H-12 has been distribuled since 1996 - membrane [usion * Rothbauer et al., 2017
not deposited in any cell bank » Weberetal, 2021
< RL95-2—glandular epithelium. * Wayetal, 1983 < ACIM-88—EVT to model EVT adhesion » Franketal, 2000
Pros: Receptive glandular epithelial cells with * Hannanetal, 2010 and migration * Kingetal., 2000
lack of epithelial polarization; strong e Evansetal., 2020 Pros: Adhesiveness to endometrial epithelium; * Hannan etal., 2010
tendency to accumulate and to form » Banetal, 2020 constitutively express HLA-G mRNA
gland-like structures * Johnetal, 1953

Cons: The line is trisomic 8 and has an 8% fre-
quency of polyploidization

Cons: The trophoblast cells are from the cho-
ricn leave- the non-villous part of the
chorion that is not part of the placenta

(continued)



ME Axdzt Mwb6 exvived [ u
> W6 invitrod A n _3

Table 3. (continued)

Type Endometrium Reference Trophoblast Reference

Epithelial and stromal endometrial cells
Pros: Derived from normal early pregnancy endometrium; easy to prepagate; Healthy placental cell features; signs of preserved stemness
Cons: Immortalization includes viral transduction or plasmid transfection that may alter initial cell features; sourced from different cycle time points or wornen in menopause

< EM-E6/E7/TERT (epithelial, glandular) » Kyoetal, 2003 < HESC (stromal)

Krikun et al., 2004

E Pros: Retain the natural characteristics of en- * Filzgerald et al., 2021 Pros: Typical stroma morphology, karyolype * Holmbergetal, 2012
= g dometrial glands and phenotype, similar reaction to treat- * Youetal,2019; You
22 Cons: Preferential use for cancer research ment with ovarian steroids, retain the etal., 2021; You

E = ability to undergo decidualization etal, 2023

=i Cons: Not clear if the decidualization is » Banetal, 2020

e suslainable

Trophoblast cell lines

Pros: Derived from normal early pregnancy primary trophoblast; easy to propagate; healthy placental cell features; signs of preserved stemness
Cons: Immortalization includes viral transduction or plasmid transfection that may alter initial cell features; sourced from an advanced stage of trophoblasts differentiation than at

implantation.
< HTR-8/SVneo - CT able to differentiate in vitro ¢ Grahametal, 1993 < Swan71(Sw71) - EVT phenotype, migration » Straszewski-Chavez
to EVT » Kingetal., 2000 and invasion models, immune interactions, etal., 2009
Pros: CK7 positive, secrete hCG. non-tumori- » Paivaetal, 2009 and apoptosis » Appsetal, 2009
genic into nude mice. Express stemness * Appsetal, 2009 Pros: Expressicn of trophoblast markers, cyto * Fraccaroli et al., 2009
associated factors; Can express HLA A, » Weberetal, 2013 kines and growth factors, migration, and » Holmbergetal, 2012
HLA-B and HLA- class Il molecules upon * Weberetal, 2021 invasion abilities close to the primary » Racicot et al., 2014
IFN y induction * Zouetal, 2015 trophoblasts. Preserved stemness; hybrid » Reiteretal., 2017
o Cons: Mixed population of CK7+ trophoblasts » Jamesetal., 2016 CK7+/Vim+, HLA- C+/HLA-G+ pheno- * Youetal., 2019
‘E and Vim+ mesenchymal cells; Near + Abou-Kheiretal., 2017 type like primary EVT, Secrete fetal fibro- * Youetal, 2021
= triploid; may not be suitable for the » Eikmansetal, 2022 nectin and low levels of hCG; also retain » Youetal, 2023
le study of intrauterine infecticn * Sheridan etal., 2022 the ability to fuse spontaneously. can ex- » Guzman-Genuino
= press HLA-A and HLA-B, and HLA- class etal, 2019
N 1T molecules upon IFN-y induction » Banetal, 2020
Tt‘:‘ Cons: Some authors reported no HLA-GC or CX7 » Alexandrova
5] expression; near pentaploid etal., 2023
£ »  Alexandrova
£ etal., 2022b
» Pastuscheketal., 2021
* Dietrich et al., 2023
< HChEpC1b (EVT)—EVT function, autophagy * Omietal, 2009 < SGHPL-4 (MC-4)—EVT function and apopto- * Choy and
as a protective mechanism » Takahashietal, 2017 sis, phagocytic activity. Manyonda, 1998
Pros: Derived from normal early pregnancy » Nakashima et al., 2019 Pros: Derived from early pregnancy primary » Cartwrightetal., 1999
(7gw) placenta. CK7, HLA-G, and CD9 EVT; constitutively express HLA-G » Cartwright et al., 2002
positive. Vimentin positive. Non tumori mRNA; secrete hCG and express CK7 » McCormick et al., 2008
genic in nude mice. Near-diploid when grown on collagen, fibrenectin, » Hannanetal, 2010
karyotype and gelatin; amenable to stable genetic » Jamesetal, 2016

Cons: Difficult to determine the origin

manipulation
Cons: Rather long-lived than immortal

(continued)
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entiate in vitro to EVT (EVT function) or ST
(cell fusion).

Tuetal, 2010
Lietal, 2021

and function in terms of autocrine and para-
crine regulation. Derived after fusion of nor-

Rothbauer et al., 2017
Banel al., 2020

Type Trophoblast cell lines
< TEV-1(EVT) - EVT function and immune * Fengetal, 2005 < HIPEC 65 (EVT) - EVT function o Pavanetal, 2003

interactions « Chen and Zou, 2008 Pros: Derived from normal first-trimes- « Handschuh et al., 2007
Pros: CK/, HLA-G and CDS posilive; non- * Appsetal, 2009 Ler primary

@ tumorigenic in nude mice; near-diploid * Wangetal, 2011 EVT. CK7, HLA-G, and CD9 positive

E karyolype; can express HLA-A and HLA- * Wongetal., 2013 Cons: A very weak expression of HLA-G and

= B and HLA-class Il molecules upon [FN- loss of CK7 expression on ongoing pas-

& yinduction sages, no secretion of hCG

= Cons: Not reported

N

'Té < B6Tert-1 (VT (CT) to EVT)—CT able Lo differ- * Wanget al,, 2006 < ACH-3P (VT (CT) to EVT)—EVT differentiation Hidenetal, 200/

=}

g

£

Pros: Non-tumorigenic in nude mice; produce
various biomarkers of normal EVT dur-
ing the early weeks of gestation; ability
for differentiation towards syncytium

Cons: EVT differentiation requires EGF supple-

mented, FCS-free medium

mal first-trim trophoblast with

choriocarcinoma cells

Pros: Expression of trophoblast markers, inva-
sion abilities and transcriptome close to
the primary trophoblasts

Cons: Morphology, cytogenetics, and doubling
time as of the parental cancer cells.
Mixed population of villous and EVT;
Near tetraploid

Pastuschek et al., 2021
Weber el al., 2021

EVT, extravillous trophoblast; ST, syncytiotrophoblast; CT, cytotrophoblast; hCG, humar:

1 chriongonadotropin; CK7, eytokeratin 7; IFN-y, interferon gamma; EGF, epidermal growth factor; FCS, fetal call serum.
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Table 4. Assembled models to recapitulate maternal-fetal interface during human implantation and early placentation.

Pros: Closest similarity to maternal-fetal contact during human impl. ion and early pl ion. Suitable to study the ultrastructure of trophobl d ial contact, b hing of the end ial
pitheli stromal i i
Cons: The same as of the sourced cells/tissues, hard to find human embryos for research, require high expertise and expensive resources
Phase Endometrium + Trophoblast Reference
Endometrial explants of late lu + First/second/third trimester pri- « Kliman et al.,, 1990
teal-phase mary trophoblast cells Lndometrial receptivity, trophoblast adhesion to the stroma, ultrastructure of trophoblast-endometrial
(4 7 days after the LH peak) interaction.
+ IVF embryos Landgren et al., 1996
Embryo penetration of the endometrial epithelium and stroma invasion
Primary human endometrial epi- + IVF embryos « Simon et al., 1998; Meseguer et al., 2001; Caballero-Campo et al., 2002; Dominguez et al., 2010
thelial cells in monolayer Endometrial epithelium receptivity, frophoblast differentiation

¢ Galanetal., 2000

Apoptosis of the endometrial epithelial cells upon contact with the embryo-derived TE during apposition
and adhesion

« Evansetal, 2020

Adhesion and differentiation of the TE upen contact to the primary endemetrial epithelial cells

Apposition, adhesion, attachment

Primary human endometrial epi- + Blastoids « Kagawaetal, 2022
thelial cells in monoclayer Endometrial receptivity and epiblast-induced local maturation of the polar TE, endowing blastoids with
the capacity to directionally attach to hermonally stimulated endometrial cells as during implantation
HEC-1A cells +  JARorJEG-3 spheroids ¢+ Johneral, 1993

Attachment of spheroid to uterine epithelial cell monolayer
o Thie and Denker, 2002
Adhesiveness of endometrial epithelial cells

+ Mouse embryo « Martin et al., 2000
Adhesiveness of endometrial epithelial cells
LCC-1 cells *: Sw71BLS « Holmbergetal., 2012

Attachment of spheroids to endometrial epithelial cells with acquired receptive phenotype

+ Stem cell-derived spheroids Evans et al., 2020

{continued)
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Pros: Closest similarity to fetal contact during human i

sheli

stromal migrati

ial contact, b hing of the

P

and early pl

to study the ultrastructure of

Cons The same as of the sourced cells/tissues, hard to find human embryos for research, require high expertise and expensive resources

Phase Endometrium + Trophoblast Reference
Adhesion of the spheraids to the endometrial epithelial cell lines
TIshikaws cells + JAR or JEG-3 spheroids « Vergaroetal., 2019
Transcriptomic analysis of the interaction of the trophoblasts with receplive vs. non-receptive (HEC-14)
endometrial epithelium cell lines
« Evansetal, 2020
Adhnesion of the spheroids to endornetrial epithelial cell lines
+ IVF embryos or stem cell-de- ¢ Ruane et al., 2020, 2022
rived spheroids Tuman embryo breaching of the epithelium and the gene networks involved in implantation
RI.95-7 cells + BeWo, JEG-3 or JAR spheroids « Thie and Denker, 2002 Thie et al., 1998
Adhesiveness of the apical plasma membrane of endometrial epithelial cell lines
+ Hohnetal, 2000
5 The relationship between the adhesion of the trophoblast to epithelium and its differentiation
g « Heneweer et al., 2005
E Modulation of epithelial adhesiveness and apicobasal polarity by contact with JAR spheroids
[ ¢ Hoetal, 2012
£ Ahigh-throughput in vitro model for fluorometric assessment of spheroid attachment to human endome-
2' trial epithelial cells
'% hTERT-EEC cells + JAR spheroids « Aboussahoud etal., 2010
< ‘Trophoblast altachment
1
o Matrix-embedded epithelial and + IVF embryos « Bentin-Ley et al., 2000
-8 stromal cells (EMO) Ultrastructure of human blastocyst endometrial interactions during attachment and invasion showinga
'g displacement of endometrial epithelial cells, and formation of a penetration cone with no endometrial or
& trophoblastic degeneration. Epithelial penetration was achieved primarily by cellular syncytiotropho-
< blast-like cells, developed simultaneously with penetration of the epithelium
¢ Lalitkumar et al., 2007
Endometrial receptivity and TE attachment
« Rawlingsetal., 2021
Single-cell transcriptomics of differentiated and senescent subpopulations in beth glands and stroma and
role of the senescence in glandular epithelium and in the stroma on the implantation.
+  JARspheroids « Wangetal., 2012
Allachment ol'lv uman lrophoblast spheroids Lo a 3D endomelrium-like culture system with overall archi-
tecture, similar to that seen in endometrial tissue
Apical out (AQ) EMC +  IVFembryos + Shibataetal., 2024
or Model with exposed apical epithelium surface, dense stromal cells, and a self-formed endothelial network
blastoids to recapitulate apposition, adhesion, and Syn invasion.
OFEL, open-faced endomelrial + Blasloids *  Kagawa etal., 2022

layer from EMC

Attachment on the receptive endometrial epithelium, epiblast-induced local maturation of the polar TE
endows blaslold wilh the capacity Lo directionally allach o hormonally stimulated endometrial cells

{continued)
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Pros: Closest similarity to maternal-fetal contact during human i

Cons: The same as of the sourced cells/tissues, hard to find human embryos for research, require high expertise and

stromal migration/i n

and early

to study the ultrastructure of trophobl: d

ial contact, b; hing of the end

Phase

Endometrium

Trophoblast

Reference

Invasion, stromal endometrial receptivity

Primary human endometrial
stromal cells monolayer

AC-1M88 cells
or spheroids

« Gellersen et al., 2010

The invasiveness of human endometrial stromal cells promoled by decidualization and by tropheblast-de-
rived signals, by encapsulation of the conceptus the decidua supports trophoblast invasion.

« Weimaretal., 2012

DSC of wornen with recurrent miscarriage have higher migratory response Lo Lrophoblast

« Gonzalezeral, 2011

DSC supports trophoblast invasion by paracrine signals

First trim villous trophoblasts

« Vicovacetal., 1995
Trophoblast-stroma interaction, differentiaticn of trophoblasts

Mcuse embryos

¢ Hanashietal., 2003

Human decidual b1 integrin and focal adhesion kinase participate in the trophoblast invasion

« Grewal et al.,, 2010

Rho GTPase-PTK2-dependent remodeling of the endometrial stromal cell compartment may be critical for
successful embryo implantation

IVT embryos

¢ Weimaretal, 2012
DSC of fertile wormen discriminate between high- and low-quality embryos unlike women with recurrent
miscarriage
« Carveretal., 2003
Trophoblast attachment to endometrial stroma and further implantation (invasion and migration of EVT)
of the human embryo into the endometrial stroma
Teklenburg et al., 2012
Lineage development and epi- and hypoblast segregation, a lineage-specific inactivation of parental
X chromoscme

Decidua parietalis explants

First-trimester villous tropho
blast explants

Proliferative-phase endometrial
stromal cells

¢ Dunketal, 2003

Trophoblast-mediated decidual blood vessel remodeling

+ Hazanetal, 2010

Traphoblast mediated decidual blood vessel remodeling and rele of uNX cells and macrophages

¢ Popovici et al., 2006
Trophoblasts attachment and gene expression of the endometrial stromal cells during implantation

HEC-1A spheroids

AC-1M88 cells

Ishikawa spheroids

RLY5-2 spheroids

« Bucketal, 2015, 2021
Model system for trophoblast invasicn into gland-like endometrial spheroids

HESC

Sw71 trophoblast spheroids

+ Holmbergetal., 2012

Trophoblast migration into endometrial stroma

¢ Youertal, 2018, 2021, 2023

Trophoblast invasion and migration into endometrial stroma

Spiral arteries’ segments from
myometrial biopsies

Primary trephoblasts
or
SGHPL-4 cells

¢ Cartwright et al., 2002
To study interstitial invasion and endovascular invasion

IVF, in vitro fertilization; LH, luteinizing hormone; BLS, blastocyst-like structure; EMO, endometrial organcids; DSC, decidual stzomal cells.
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