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Momueayus u yenv: Knerounas nuddepeHupoBka spisiercsi pyHIaMeHTaIbHbIM OHOJIOTHYECKUM ITPOIIECCOM U B
WHIIMBHYaIbHOM pa3BUTUH GopmupyeT opranu3M. Crienuani3anus KIeTKH MEHIETCsl B SOMOPHOHAIBHOM Pa3BUTHH,
IIPU pereHepalyiy, PernporpaMMHUPOBAHUN M MHOTHX OOJIe3HSAX, HampuMep, pake. TPaHCKPUITOMHUKA OTUHOYHBIX
KJICTOK BBISABISET KJIETOYHYIO TE€TEPOTCHHOCTh C BBICOKMM pPa3pelIeHHEM, UYTO MO3BOJSIET PEKOHCTPYHPOBATH
KJIETOYHBbIE TpaekTopuu. JuddepeHnrpoBka CTBOJOBBIX KIETOK B JIETOYHBIC IMPEIIISCTBEHHUKNA YEJIOBEKa
HCCIIeAyeTCs s TOHUMaHMs MEXaHU3MOB PA3BUTHS U 3a00JIEBaHUM JIETKUX, KOTOPOE UMEIOT OOJBIION MOTEHITHAT
JUIsl pEereHepaTHBHBIX METOO0B JiedeHusl. [IpoTokombl in vitro HarnpapieHHOH Au((GEpEeHIUPOBKH UIMUTHPYIOT JTAIlbI
opraHoresesa Jierkux in vivo: nepunutuBHoi suTOnNepMbI (DE), sHTomepmbr nepenueit kumku (FE), nerounsix
npexmectBeHHUKOB (PLP) u nerounsix opranonioB. OcoOblit HHTEPEC MPEACTABIISIOT UCCIICAOBAHMS PAHHUX CTaIni
pa3BHUTHS, HA KOTOPBIX, B YaCTHOCTH, (hopmupyercst FE, mockosbky oHa AaeT Hadano HECKOJIbKUM OpraHam, BKIIHOYast
JIETKHE, TIeYeHb, MTO/PKETYJ0UYHYIO0 U IMUTOBUIHYIO skene3sl. [Iponomkas Hamry padoty [1], MBI HCTIONTB30BaNIN TaHHBIE
scRNA-seq HanpaBieHHON Au((HEepeHIMPOBKH in Vitro 0T SMOPHUOHANIBHBIX CTBOJIOBBIX KiieTok yenoBeka (HESC) no
JICTOYHBIX MPEAIIECTBEHHUKOB C IETIbI0 ONMPEACTICHNS KICTOUYHBIX TPACKTOPHUH, aHAIN3a THIIOB KJIETOK, OTPE/ICICHUS
JipaliBepHbIE TEHOB.

Memoowvr u ancopummsi: Il MpeABapUTENbHBIX BBIYUCICHUN, a TAaKKe KIACTEpU3AIMH, aHHOTAIWH, BBIBEACHUS
KJICTOYHBIX TPAEKTOPHH M HAXOXKACHUS MAaKPOCOCTOSTHUN MBI HICTIONIF30BAJIN YCOBEPIICHCTBOBAHHYIO HAMH YKOCUCTEMY
Scanpy/CellRank2/AnnData, B KOTOpO#l BBIYHCISIOTCS IEpeXOiHas MaTpHlla BEPOSTHOCTEH, MCEBOJOBpEMS,
MaKpOCOCTOSIHUSA, CyAbOBI KJIETOK U JApaiBepHbIe reHbl. KonnyecTBO MakpOCOCTOSHUN OOBIYHO PACCUUTHIBACTCS I10
kpurepusiv minChi u crisspnes. OHaKO OHH HEAOTPEICKA3bIBAIOT YUCIIO MAKPOCOCTOSIHUM, YTO BUAHO, HATIPUMED, Ha
nanHbiX SCRNA-seq kpoBeTBopenusi. M monb3oBaTeso NpUXOIUTCsl yCTaHABIMBATh €ro BpyuHyto. UToOb! OnpenesiuTh
YHCII0 MaKpOCOCTOSHHM, MBI pa3paboTaiu ABa (OpMaNbHBIX NpaBHUjIa: BEIYUCICHHE MEPBOrO MHAEKCA WHTEpBaa,
Ha KOoTopoM Bbluucisiercss minChi, ¥ UCIIONIB30BaHUE CHEKTPA MEPEXOIHON MaTPHUIIbI BEPOSITHOCTEH, & MIMEHHO, €ro
TOYKH Tepernda. DTH MpaBuiia yCIEIHO TECTUPOBAINCh HAMU Ha JaHHBIX SCRNA-seq KpoBEeTBOpEHHs 4eloBEeKa U
Jip. Me1 agantupoBanu Mozaens Harmony g ananusa rereporeHroro (HESC) u romorennsix (CBRAD) o6pa3sios,
YTO MO3BOJIIJIO YITYYIIHTh MAKETHYIO KOPPEKIIUIO  YCTPAHUTH BCE apTe(hakThl KIaCTepU3aIliH, IPUCYTCTBOBABIINE B
npenpiayiei padore [1].

Pezynomamor: Mpl ucnionb3zoBanu ganHbie SCRNA-seq mpotokosa HarpasieHHOH nuddepeHIMpoBKy in Vitro or
HESC k PLP [1] w1 nocTpoeHus! KIETOYHBIX TpaeKTOpHid. JlaHHbIe ObLIM MONYUYEeHBI AJIsl YeThIpeX 00pasioB: Al-
CBRADS, G2-CBRADS, G11-CBRADS u HESC. Ilepssie Tpu (CBRADS) cOOTBETCTBYIOT 9KCIIEPHMEHTAIBHOMY
nporokony auddepeHunpoBky in vitro u B3saThl Ha 10-i genb auddepenunposku. B HESC nuddepenimposku
KJIETOK HE MpoHrcxouio, fanuele SCRNA-seq Taxoke momydens! Ha 10-# nens. Hamu Halinens! 15 knactepos, maTh U3
KOTOPBIX COOTBETCTBYIOT cTBONIOBBIM KiteTkam (H1-HS), necsatb — nuddepenumpoannbim kierkam (R1, R2, C5-C11).
Krnacteps! CTBOJIOBBIX KJIETOK PACMOIOKEHBI OTACIBHBIM CYMEpPKIACTEPOM OT CYIIEPKIIACTepa, COOTBETCTBYIOIICETO
obpasiiam CBRADS. Hamn aHanu3 KJIETOYHBIX TPAGKTOPUH M MaKpOCOCTOSHUM MMOKazal, uTo AU QepeHIpOBKa
HA4YMHAETCs OT KJlacTepa CTBOJIOBBIX KieTok H4, najnee mpoxomut uepes ciado muddepenunponannbie kietku (R1,
R2, C8) u duepe3 HEKOTOPHIE MPOMEKYTOUHBIC 3TAmbl 10 TePMUHAIBHBIX MakpococtosHuit (C10 u C7), koTopsie
pacrionararoTcst Hanbosee yIaJeHHO 10 X0y IceB0BpeMeHH. [IpocnexxnBaercst Oudypkanus: pa3aeaeHue KIeTOYHOM
i depeHIPOBKY Ha JIBE BETKH. JIero4HbIMH MPEAIIECTBEHHUKAMU SIBISIFOTCS KitacTepbl C9 1 pacrosioKeHHBIE PSIOM
knactepbl C5_ 1w CS5_2, B KOTOPBIX SKCIIpeccupyercs MapkepHbiii red NKX2-1. I3BeCTHO, UTO SMTUTENHaTbHBIC KIIETKH
JIETKUX, onydeHHbIie u3 iPSC, npoucxomsat ot kiaetok NKX2-1+, [2]. YauButensHo, uto B Kiaactepe C7, BKIHOYAOIIEM
TEPMUHAJIBHOE MaKpPOCOCTOSHHE C BBICOKMM HMHJEKCOM cTabmiupHOCTH (SI), sKcmpeccupyroTcss MapKepHbIE TCHBI
APOA2, TTR u ap., cekpetupyemsle B redeHu. [1o HameMy MHEHHIO, HATMYHE OTEIBHOTO KiacTepa KIETOK MeYeHH
CO CTaOWJIBHBIM TEPMHUHAIBHBIM MaKpPOCOCTOSHMEM YKa3bIBaeT, Ha YCTOWYMBYIO IU(P(EPEHIMPOBKY B KIETKH
MIEUCHH TIPH JICTOYHOM IMPOTOKONIE U He TpeOyeT 3k30reHHoN cTuMyssinud FGF2. YuuTeiBas CXOICTBO MPOTOKOJIOB
JIETKUX ¥ MeueH! B (aze JeGpUHUTUBHOM SHTOJEPMBI, MbI IIPE/IIOaracM, YTo paHHUE CUTHAIIBI AU((GEPEHIIMPOBKH B
KJICTKU MIEYCHU HaYMHAIOTCs Ha 9Toi (asze. M3BecTHO, uTo TeH Isll siBisieTcs kimoueBbiM perynstopoM rena Nkx2-1
Ha paHHe#l craauu passutusi FE u nerounas tpaexropus nuddepeHInpoBKH HauMHAETCS BO BpeMs 3Toi (asbl u,
MIPE/NOIOKHUTENBHO, MT03XKE, UeM TpaekTopus AuddepeHuupoBky B Kiietku neuenu (Puc. 1).
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Jlero4HbIn NPoOTOKON KneTouHon andcepeHUnpoBKU

A

CrBonosble | JeduHnTrBHan ,| OHTogepma nepenneit JleroyHble

KNeTku Aﬁ‘é‘g;f" aHToaepma (DE) kuwiku (FE) "|npegwecTtBeHHukn (PLP)

obLuas yacTb neroyHoron -
NEYEHOYHOrO MPOTOKOMOB  evvvvvevnnnnnnnnnnnn....... NEHEHOUHAA TPACKTOPUSA | >

Pucynoxk 1. O6mas cxema 1uddepeHIpOBKH MO JISTOYHOMY ITPOTOKOIY.

Buioowr: Tlokazano Hanuuue Oudypkanuu: ABYX nyteid aud(epeHIUpOBKH OT CTBOJOBBIX KJIETOK IO JIETOUHBIX
MIPEIIECTBCHHNKOB. AHHOTHPOBAHBI KJIACTEPHI, IPUHAIISKAIINE PA3THIHBIM THIIAM KJIETOK U CTEIICHb UX 3PETIOCTH.
Jns TepMHHANBHBIX MaKpPOCOCTOSIHMM HaiieHbl ApaiBepHble TeHbl. [Ipu jeroduHoM mpoToKOJEe HampaBlIeHHON
mddepeHIpoBKH 00HApY)KeHA 3HAYMUTEIbHAST (PAKIMS KICTOK MMEUSHH; MbI [IPEAIoIaraeM, 4YT0 PaHHUE CHUTHAIIBI
1 depeHIPOBKY B KIETKH [IEYSHH MOSBISIOTCS Ha (ase 1e(MHUTHBHON SHTOICPMBI.

Qunancuposanue: Viccnenopanne nojjepxano rpantom PH® Ne 24-44-00099.
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Motivation and Aim: Cellular differentiation is one of the fundamental processes in biology and plays an important
role in the organism development. Cell transitions can occur during embryonic development as well as regeneration,
reprogramming and cancer. Single-cell RNA sequencing uncover cellular heterogeneity at high resolution that allows
us to reconstruct differentiation trajectories. Research in the field of stem cells-derived differentiation to human lung
progenitors is essential for understanding lung development and disease and has potential for future regenerative
therapies. in vitro lung-directed differentiation protocols are known to mimic the stages of the lung organogenesis in
vivo: definitive endoderm (DE), foregut endoderm (FE), lung progenitors (PLP) and lung organoids. Of particular
interest are studies in the earlier stages of development, in particular, the formation of FE, as it gives rise to several
organs, including lung, liver, pancreas and thyroid. Continuing our previous work [1], we used scRNA-seq data
on in vitro directed differentiation from human embryonic stem cells (HESC) to lung progenitors to infer cellular
differentiation trajectories, analyze cell types and find driver genes.

Methods and Algorithms: We used the Scanpy/CellRank2/AnnData ecosystem for preliminary calculations, as well
as clustering, annotation, inference of cellular trajectories, and finding macrostates. Palantir was used to calculate a
pseudotime. CellRank2 [2] uses various methods (kernels) to calculate a cell-transition matrix derived from a Markov
chain. Estimator (GPCCA) analyzes the cell-transition matrix to infer macrostates as well as fate probabilities and
lineage driver genes. CellRank?2 calculates the number of macrostates using the minChi criterion with the crispness &.
However, this criterion underestimates the number of macrostates, for example, for hematopoietis scRNA-seq data,
and the user has to set their number manually. To determine the number of macrostates, we developed two formal rules:
calculating the first index of the interval on which the minChi is calculated and using the spectrum of the transition
probability matrix, namely, the inflection point. Both rules were successfully tested on human hematopoiesis sScCRNA-
seq data. The Harmony model was adapted to analyze heterogencous (HESC) and homogeneous (CBRAD) samples,
which allowed us to improve the batch-correction and eliminate all clustering artifacts present in the previous work [1].
Results: We used scRNA-seq data on in vitro directed differentiation from HESC to PLP to infer cellular differentiation
trajectories. Data were obtained for four samples: A1-CBRADS, G2-CBRADS, G11-CBRADS, and HESC. The first
three (CBRAD) correspond to the experimental in vitro differentiation protocol and were taken on the 10th day of
differentiation. In the last HESC sample, cell differentiation did not occur, scRNA-seq data were also obtained on
day 10. 15 clusters were found, five of which correspond to stem cells (H1-HS5), ten to differentiated cells (R1, R2,
C5-C11). The stem cell clusters are located in a separate supercluster relative to the supercluster corresponding to the
CBRADS samples. Analysis of cellular trajectories and macrostates showed that differentiation starts from the H4 stem
cell cluster, then through weekly differentiated cells (R1, R2, C8), some intermediate states to terminal macrostates
(C10 and C7), which are located most distantly along the pseudotime. The division of cellular differentiation into two
branches (bifurcation) is visually traced. The lung precursors are clusters C9, and nearby clusters C5_1 and C5_2, in
which the marker gene NKX2-1 is expressed. It was shown earlier that iPSC-derived lung epithelial cells originate
from lung NKX2-1+ progenitors [3]. Surprisingly, the C7 cluster, which contains the terminal macrostate with a high
stability index (SI), expresses the marker genes APOA2, TTR and others secreted in the liver. The presence of a
separate liver cluster with stable terminal macrostate clearly indicates that liver differentiation is resistant to the lung-
directed protocol and do not require exogenous stimulation by FGF2. Given the similarity of lung and liver protocols in
the definitive endoderm phase, we assume that early signals of differentiation into liver cells begin in this phase. Isll is
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shown to be a key regulator of Nkx2-1 in the early foregut endoderm phase and the lung trajectory emergences during

this phase, presumably later than the liver trajectory (Fig. 1).
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Figure 1. Scheme of the lung-directed differentiation protocol.

Conclusion: It was shown that there are two paths of differentiation from stem cells to lung progenitors (bifurcation).
Clusters corresponding to various cell types and cell maturity were annotated. Driver genes were found for terminal
macrostates. Significant population of liver cells was found during lung-directed differentiation protocol. We presume

\ 4

Lung precursors (PLP)

that early signals of differentiation into liver cells emerge in the definitive endoderm phase.
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