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cell aging that alters immunomodulatory activity through the

downregulation of PD-L1



REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author): 

Summary 
Using single-cell RNA sequencing (scRNAseq) and bioinformatics analyses of passage 3 human 
mesenchymal stem/stromal cells (MSCs), the authors proposed to demonstrate that the 2 adult and 2 

perinatal sources—adult sources being from adipose tissue (AD) and bone marrow (BM), and 
perinatal sources being from placental chorionic membrane (PM) and umbilical cord (UC)—can model 

the senescent process and allow for identification of ‘stemness’ factors, which the authors identified 
as GATA2 and PD-L1. Perinatal MSCs were less able to differentiate than adult MSCs, which the 

authors interpreted as having higher stemness. 

While the human scRNAseq profiles are very useful and the bioinformatics analyses is quite 

compelling, the study ignores well-demonstrated tissue-specific functional differences in human 
MSCs, especially the fact that perinatal MSCs are more immunomodulatory than adult MSCs and that 

BMMSCs differentiate more readily into 2 of the 3 required lineages than other sources (i.e. see 
recent review Yen et al, FEBS J 2022), and thus confusing tissue-specific differences as senescence-
related changes. 

Major 

1. Very similar information has been published in Reinisch et al, Blood 2015, and the interpretation in 
that study was opposite from this study. In the Blood paper, the “lower differentiation capacity” of non-
BM MSCs was interpreted as less MSC-like, i.e. less stemness (which is in line with ISCT Minimal 

Criteria) and not MORE stemness as the authors here strangely concluded. Moreover, in the same 
Blood paper, several animal models were used to demonstrate in vivo trilineage differentiation 

capacity + hematopoiesis, which are highly compelling evidence. 
2. If the authors wish to demonstrate chronological senescence w/o the confounding issue of tissue-

specific functional differences in differentiation and immunomodulation, the authors could have easily 
used BM and/or AD MSCs from donors of different ages to focus on this, since immunomodulation is 
well-reported with both these sources and thus can be evaluated in progressively older donor 

samples. Please see Park et al, Mech Ageing Dev 2005 & Zhou et al, Aging Cell 2008. 
3. General consensus in the field is that both chronological as well as replicative MSC senescence 

decreases osteogenesis and increases adipogenesis, or even decreases all 3 trilineage capacity. So 
why in this paper is less differentiation capacity considered more youthful/better “stemness”? More 
functional evidence is needed to overturn the overwhelming volume of publications to the contrary. 

4. It is unclear why passage 3 cells are already senescent/b-gal+. There is much information in the 
literature that human MSCs usually need to be passaged at least 3 or more passages before a more 

homogenous population—without WBC/non-MSC contamination—could be even seen, much less 
utilized, i.e. please see flow cytometry marker Table 5 in Mitchell et al, Stem Cells 2005, and also 
Brooke et al, Br J Hematol 2008 for clinical use. 

5. MSC stemness is a quite controversial issue even to this day (please see numerous 
commentaries/reviews on this in Cell Stem Cell—latest is Soliman et al 2021, Nature series journals), 

so rigorous proof-of-concept evidence (at least in vitro, if not in vivo) is necessary, i.e. Hong et al, 
Science 2005. 

6. The inclusion of pluripotency factors to stand for MSC stemness is especially controversial, i.e. 
Lengner et al, Cell Stem Cell 2007 & Piazzolla et al, Nat Commun 2014, and so functional relevance 
should be demonstrated. 

7. Key references relevant to tissue-specific functions, senescence, MSC PD-L1 research, etc. are 
not cited. 

Specific comments: 
1. It is unclear by what criteria PD-L1 was selected to be the gene of interest: a) no PD-L1 at the 

protein level was seen on when in the same cluster (C7), a number of related and also well-published 
MSC-immunomodulation genes—TGFb1, HGF, and HMOX1—are also increased; b) expression 

profiles of PD-L1 in all seven clusters (Figure 4b) did not correlate well with their gene set scores for 



immunosuppressive functon(Figure 4a) 
2. PD-L1 at the protein/surface level is constitutively expressed on human BMMSCs, i.e. please see 

Davies et al (Le Blanc lab), Stem Cells 2017 which focuses specifically on this topic. 
3. This same paper also reports that PD-L1 can be secreted by BMMSCs, so this should be assayed. 

4. The link between GATA2 and PD-L1 required functional validation, i.e. promoter assay, at the very 
least. 
5. Along the same lines, in vitro overexpression of GATA2 in adult MSCs or knockdown of GATA2 in 

perinatal MSCs is necessary for the conclusions the authors are trying to make. In vivo evidence is 
strongly advised whenever stemness is being hypothesized. 

6. Reference #16 (Turinetto et al) is not appropriately cited: it does not mention a tendency of aged 
MSCs to undergo spontaneous differentiation. Rather, the review paper states that generally 

osteogenesis is compromised while adipogenesis is not affected or increased. 
7. BM-3 appears to have significantly lower cell counts—why is this, and does this have any effect on 
the bioinformatics analyses? 

8. Differentiation functional data is not well correlated to the microarray data, i.e. adipogenesis-related 
genes are upregulated in aged MSCs/C7. 

9. The UMAP in Figure S1i is in the opposite direction as all other similar UMAPs. 
10. In Table S2, genes in the the list of distinct expression signatures for C7 cluster are duplicated. 

Reviewer #2 (Remarks to the Author): 

In their manuscript, “Multi-omics analysis of human mesenchymal stem cell reveals cell aging 

determining their immunomodulatory activity through the downregulation of PD-L1,” Gao et al. use 
single cell RNA sequencing (scRNA-Seq) along with mass spectrometry proteomics to characterize 

mesenchymal stromal cells (MSC) from different tissue sources (adipose tissue (AD), the bone 
marrow (BM), the placental chorionic membrane (PM) and the umbilical cord (UC). The authors report 

that MSCs from different tissue sources (and correspondingly different ages) exhibit different degrees 
of cellular senescence, with MSCs from “younger” tissue sources exhibiting less senescence than 
MSCs from “older” tissue sources. Moreover, the authors report that these differences correspond to 

differences in PD-L1 expression by MSC, which in turn affects the immunosuppressive potential of the 
MSCs. Finally, they report that expression of PD-L1 in this context is mediated through GATA2 

activity. 

MSCs have shown great potential in a variety of clinical applications, but, as noted by the authors, 

there are many incongruous molecular, cellular and functional definitions of MSCs across studies, 
species, protocols, and tissue sources. There is an unmet need for carefully and thoroughly 

characterizing MSC resources, making the present study potentially significant. The application of 
cutting-edge technologies, such as scRNA-Seq and mass spec proteomics, to carefully defined MSC 
specimens from a variety of tissue sources is a scientifically valuable undertaking, and likely to 

uncover important MSC biology. Moreover, support of these characterizations with functional 
experiments evaluating PD-L1 expression, immunosuppressive activity, and GATA2-mediated 

regulation are important components that extend the studies beyond general “profiling” 
characterizations. Despite the potential impact of the study, there are significant concerns regarding 

analysis strategies and corresponding results interpretations, particularly with regard to scRNA-Seq 
analyses. Issues in these analyses makes it somewhat difficult to evaluate the biological explanations 
and conclusions drawn from these experiments, which in turn formed the basis for many of the 

functional follow up experiments. Beyond specific analysis issues, although acknowledged and 
discussed by the authors, an experimental design in which MSC tissue source is (necessarily) 

confounded with age presents challenges in determining if potential differences in senescence are 
due to tissue source, age, or both. Specific comments and suggestions are listed below: 

MAJOR POINTS 



1. Many aspects of the scRNA-Seq experiment and analysis workflow were well-suited to the goals of 
characterizing MSC from different sources. For example, balanced sample batching, implementation 

of data integration through Seurat, cell cycle scoring, etc. were appropriately applied. However, there 
are several stages of the analysis that raise concerns about and/or could improve the ultimate results 

and biological interpretations - these are summarized below. 

Differential gene expression testing: Throughout the study, a variety of inter-cluster and inter-condition 

differential gene expression analyses are performed. As helpfully reported by the authors, the 
samples examined were balanced across three batches (reported in Sup Table 1). To account for 

potential inter-batch variation, along with inter-source variation, Seurat integration was appropriately 
applied to ‘harmonize’ the 12 datasets under study. The authors note that “The other analyses (like 

differential expression analysis and gene set enrichment) were based on the normalized data from the 
‘RNA’ assay of Seurat object.” This is the correct approach. However, in the subsequent differential 
gene expression testing, gene set testing, etc. there are no steps taken to manage potential technical 

effects across batches. While this may not necessarily affect results (it represents an additional 
source of variation across replicates), differential expression results would likely be more robust when 

accounting for this source of variation. 

For differential gene expression testing at the single cell level, the authors implement the 

FindAllMarkers() and FindMarkers() Seurat functions with Wilcoxon Rank-Sum Test or Student’s T-
test for statistics. First, with an integrated dataset, the FindConservedMarkers() functon(multiple 

contrasts across each dataset), would likely be more robust. Furthermore, all of these functions can 
be called with different statistical frameworks, including those that implement linear modeling (e.g. 
DESeq2, MAST, etc.), in which batch (and other) factors can be included in model testing. 

Perhaps a better strategy, given that the authors implemented a strong experimental design with true 

biological replicates (n = 3 for each tissue source), they might consider a ‘pseudobulk’ strategy for 
differential expression testing that models variation across biological rather than single cell 

“replicates.” As presently applied, while sometimes necessary, single cell differential expression 
testing has been shown to be prone to high false positive rates (Squair JW, et al. Confronting false 
discoveries in single-cell differential expression. Nat Commun. 2021 Sep 28;12(1):5692). Given the 

fully replicated design here, differential gene expression with pseudobulk biological replicates would 
likely provide more robust results. 

An improvement in differential gene expression results would also be expected to improve results in 
downstream analyses that used these results as input (e.g. Metascape, etc.). 

Cell cycle phase assignments and interpretations: Cell cycle scores were assigned per cell using the 
associated functionality in Seurat. This approach predicts a likely cell cycle phase (output as G1, S, or 
G2M) for each cell based on expression patterns of associated gene sets. While a useful tool, there 

are some concerns as to these data are interpreted in the text. For example, the authors note that 
(line 132), “MSCs from C1 were predicted to be in S phase, MSCs from C2 and C3 were assigned to 

G2/M phase, and cell cycle arrest occurred in, MSCs from C5 to C7, as nearly all cells were predicted 
to be in G1 phase.” A “G1” assignment does not indicate “cell cycle arrest.” Indeed, in our experience, 

this is a typical observation in scRNA-Seq data for cells that are not actively in the S/G2M proliferating 
process; in the Seurat classification function, there are no other options (e.g. “G0”, etc.), so the G1 
label often acts as a “catch all” for non-S, non-G2M. We tend to observe large numbers of “G1” 

classified cells even in scRNA-Seq datasets of universally proliferating cell lines. 

Related observations such as (line 142) “phenotype space between nonproliferative (C5, C6, C7) and 
proliferative clusters (C1, C2, C3) is relatively weak compared to the connectivity within either 
proliferative or nonproliferative subpopulations (Fig. 1f)” may not be fully explanatory, as the S/G2M 

gene expression patterns result in considerable variation across cells that can “drive” the PCA and 
consequent clustering and UMAP, without necessarily indicating distinct underlying phenotypes of the 

cells. 



By extension, it is somewhat unclear how much of the gene expression differences in the 

“proliferative” vs “non-proliferative” clusters are driven simply by differences in cell cycle phase versus 
differences in senescence. While many of the genes highlighted by the authors are associated with 

senescence, alternatively, these differences in expression could be associated with cell cycle phases. 
It would be most helpful to have a “ground truth” scRNA-Seq dataset that included definitive 
senescent cells for direct comparison. These and related observed gene expression differences in 

“proliferative” vs. “non-proliferative” clusters may overinterpret the biological significance of these 
patterns, and do not necessarily support definitive statements such as “These results collectively 

indicate that the attenuated MSC proliferation can be ascribed to cellular senescence” (Line 152), and 
“Thus, our data at single-cell resolution indicate that the loss of proteostasis plays an important role in 

driving the cellular senescence of C5.” (Line 227), and “The abundant expression of genes such as 
EGR1, TP53, CDKN1A, CDKN2A and FOXO3 provided solid evidence that senescence of C6 and C7 
is linked to genomic stress (Fig. 2a, b, Supplementary Fig. 2a) (Line 191).” 

Gene set scoring by GSVA: GSVA, a widely used tool for gene set scoring and enrichment analysis in 
“bulk” RNA-Seq studies, was used to assign per cell gene set scores, which in some cases were 
subsequently used to test for differential set enrichment across samples. Unlike standard “bulk” RNA-

Seq data, scRNA-Seq datasets are extremely sparse and have many different characteristics than 
bulk datasets. Is there any indication that GSVA has been tested and found to be appropriate/robust 

for single cell RNA-Seq data? There appears to be a github package under development 
(https://github.com/guokai8/scGSVA), but there do not seem to be any peer reviewed indications that 
this tool performs appropriately for scRNA-Seq data, raising concerns about these results. If the 

authors wish to use the GSVA tool for scRNA-Seq data, they must demonstrate its robust 
performance with appropriate controls and ground truth benchmarking, and/or cite such a 

demonstration. 

Trajectory analysis: Trajectory analysis was performed using Monocle v2. These types of analyses 
can present potential pitfalls for integrated multisample data. However, there are no details provided 

on how the trajectory analysis was implemented for the integrated datasets. Furthermore, while most 
of the analysis code is helpfully available via the provided github link, it appears that this repository 

does not contain the code for the Monocle trajectory analyses, which made it challenging to evaluate 
this aspect of the study. In particular, Monocle analysis allows for specifying several parameters 
regarding the expected number of roots/branches, etc. from trajectory data. Without knowing how 

these parameters were set, the interpretation that “mesenchymal clusters occurred on a onefold 
trajectory, starting from cells in the active 139 proliferating phase (C1, C2 and C3) and ending with C7 

(Fig. 1e)” may not be appropriate. 

RNA velocity: RNA velocity analysis can also present potential pitfalls for integrated multisample data, 
especially when attempting to compare velocity results across different conditions (as in Fig 3). It is 

not clear how the different samples (and different batches) were managed in RNA velocity analysis 
which makes it challenging to evaluate the results. 

2. The inclusion of functional assays for cell proliferation, immunosuppression by MSCs via PD-L1, 
and GATA2 regulation of PD-L1 expression are a strength of the paper, following up on hypotheses 

generated by the scRNA-Seq and proteomics data. However, while significant, the differences in 
immunosuppressive effects via PD-L1 appear to be somewhat modest – would this difference be 

sufficient to explain some of the differences observed in vivo? 

ADDITIONAL MINOR POINTS 

The text notes that genes associated with dissociation-induced artifact were removed to test for such 



effects. Were these genes removed for the final analysis? While it’s good that they were checked for 
dissociation gene expression patterns, removing these genes is not appropriate — the genes could 

also be involved in the MSC biological pathways under study. 

The text references “Supplemental Table 10”, but this table does not appear in the supplied Excel 
workbook. 

In the Methods section, there are no details provided as to how the number of principal components 
were selected for scRNA-Seq dimensionality reduction or how the cluster resolution was determined. 

Reviewer #3 (Remarks to the Author): 

The authors have performed an exhaustive gene and protein expression analysis of mesenchymal 

sroma cells (MSC). The goal of the single cell based analysis was to describe the cellular phenotype 
variation in MSC and compare MSC from bone marrow, adipose tissue, placenta and cord blood. The 

data confirmed that MSC are not homogenous in culture, and that the charachteristics of the different 
sources organs are maintained. Fewer proliferative and stem like cells are present in adult MSC than 
in perinatal MSC, while more senescence marktrers and in general G1/2 phase markers are 

receiprocally present. This is not new, except for the now very thorough analysis showing the shift in 
senescence and the cell source specific relative proportions of senescence and non-senescent cells. 

The data alsoe confirm many of the previous findings on factors influencing or accompanying 
proliferation, senescence, immuesuppressive function or differentiation. It remains unclear whether 
the comparison is biologically sound as the MSC from different tissue sources may as well represent 

different cell types, which are compared here. The transcriptomic analysis hints in this direction. The 
finding that PD-L1 is associated with senescence and immunesuppression was confirmed, but is not 

new (e.g. non referenced paper by Davies, 2017). New is the finding that GATA2, by regulating for 
example PD-L1, is important for maintaining a rather non-senescent phenotype and maintaining a 

better immune suppression in the used biolgical assays. It would be of interest whether this function 
can be shown in long-term cultures after multiple passageing of cells in vitro - and not only in peroxide 
induced senescence. The authors claim that knowing the transcriptomic profiles and factors can be 

used to influence senescence and thus maintain a homogenous and strong immunosuppressive 
phenotype in clinical products. 

This is a well written manuscript. However, the complex methodological procedure and amount of 
figures (6 Figures and 61 panels) are not needed to get the information out and should be reduced 
and focused on the main new findings.The specific points raised are: 

- elucidate the point that the MCS from different source organs are intrinsically different and cannot be 
compared as potentially identical cell types. Can the data be analysed under this aspect? Are 'tissue 

origin related differences among subpopulations...' also found between populations? 
- is it possible that the cell clusters just reflect different cell cycle stages, which could be 
misinterpreted as senecscent vs. proliferative? 

-donor age should be reorted (AD and BM MSC 
- reduce complexity of text and figues and focus on main novel findings. For example, most 

transcriptomic and proteomics data confirm what has been known, but novelty is limited (although the 
provided cell atlas is valuable). 

- it should be discussed whether the detected functional differences are potentially clinically relevant 
(how predictive are the used suppression assays to predict clinical efficacy)? 

Recommend to accept with major revision.



Le_dj Xo fe_dj h[ifedi[ je h[l_[m[hi

We appreciate the encouraging and constructive comments from all reviewers.   

Following  the  suggestions  by  the  reviewers,  we  have  performed additional  

experiments and provided a substantial amount of new information in the revised  

manuscript. Among the highlights of the new results, we have improved the analysis  

of our single cell RNA sequencing data by adopting more rigorous strategies, which  

further enhanced the credibility of our analysis results. Besides, a single-cell  

transcriptomic analysis  of bone  marrow  mesenchymal  stem  cells  (BM-MSCs)  from 

aged  and  young  donors  was  complemented  and  verified  by  exhaustive  functional 

experiments, which provided further evidence without confounding by tissue-specific  

functional  differences  that  senescence  is  a  key  determinant  of  the  PD-L1-mediated 

immunosuppressive activity of MSCs. We have also provided new data to reveal that 

PD-L1 can be detected in extracellular vesicles (EVs) of MSCs, and cellular  

senescence attenuates  the  ability  of  MSCs  to  secrete  PD-L1.  Furthermore,  we   

elucidated  the mechanism  by  which  GATA2  drives  the  expression  of  PD-L1,   

and  by  further complemented  the  GATA2-overexpression  and  -knockdown   

system,  we  provided better  functional  evidence  for  GATA2  as  a  critical   

regulating  factor  in  restraining senescence  and  maintaining  immunomodulatory   

capacity  of  MSCs.  Finally,  we reported here a clinical trial (NCT04014166) of the 

use of umbilical cord MSCs (UC-MSCs)  in  treating  refractory  immune   

thrombocytopenia  (ITP).  The  new  data  are highlighted in a blue font in the revised 

manuscript, including the legends and labels of figures and supplementary tables. With 

the new results, we believe we have addressed Wbb e\ j^[ h[l_[m[hiz YedY[hdi*

ikXijWdj_Wbbo _cfhel[Z j^[ gkWb_jo WdZ  mechanistic insight of our work, and  

broadened the impacts of our study. 

A brief summary of the major new results is listed below, which are divided into five 

categories. 

A. Adoption of more rigorous strategies to calculate DEGs, single-cell gene set score 

and pseudotime trajectory. 
1. O^[ @AC WdWboi_i X[jm[[d Z_\\[h[dj wfi[kZeXkbax h[fb_YWj[i mWi f[h\ehc[Z

ki_d] j^[ M fWYaW][ @AN[g0 'Fig. 1h; Supplementary Fig. 1f; Fig. 2b, e;

Supplementary Fig. 2e; Supplementary Table 2(,

2. T^[ h[ikbj e\ @ACi YWbYkbWj[Z Xo wfi[kZeXkbax ijhWj[]o m[h[ ki[Z je improve 

results in downstream GO enrichment analyses 'Fig. 2d; Supplementary Fig.

2a, b(,



3. The activity of gene sets in single cells was calculated using M fWYaW][ AUCell. 

O^[ yfi[kZeXkbaz ijhWj[]o m[h[ Wbie ki[Z je Wii[ii Z_\\[h[dj_Wb WYj_l_j_[i e\

pathway scored per cell by AUCell (Fig. 1c; Supplementary Table 4). 

4. Pseudotime trajectory analysis of adult and perinatal MSCs was improved 

using updated new version of Monocle v2.26.0 package (Supplementary Fig. 

1e; Fig. 2f). 

B. Extensive analysis of BM-MSCs derived from young and aged donors provided 

further evidence that senescence is a key determinant of the PD-L1-mediated 

immunosuppressive activity of MSCs 

1. N=+�+]Wb ijW_d_d]* jh_b_d[W][ Z_\\[h[dj_Wj_ed WdZ Y[bb fheb_\[hWj_ed WiiWo e\ >I+

IN?i Z[h_l[Z \hec W][Z Zedehi (Fig. 5b; Supplementary Fig.5a, b). 

2. N_d]b[ Y[bb WdWboi_i e\ oekd] WdZ W][Z >I+IN?i ZWjWi[j h[l[Wb[Z 4 Ybkij[hi

e\ Z_\\[h[dj i[d[iY[dj ijWjki 'Fig. 5c-f; Supplementary Fig. 5d-g(,

3. MJ= l[beY_jo WdWboi_i _dZ_YWj[Z W][Z >I+IN?i ^Wl[ W ijhed][h j[dZ[dYo je

fhe]h[ii je i[d[iY[dj ijWj[ Zkh_d] _d l_jhe [nfWdi_ed WdZ h[ikbj _d W

i_]d_\_YWdjbo _dYh[Wi[Z \h[gk[dYo e\ W]_d] Y[bbi 'Fig. 5g, h(,

4. C[d[ i[j iYeh_d] WdWboi_i _Z[dj_\_[Z h[ZkY[Z _cckdeceZkbWjeho YWfWY_jo _d

W]_d] >I+IN?i* j^[ Z[Yb_d[ _d L@+H/ ^Wi Wbie X[[d eXi[hl[Z Zkh_d]

i[d[iY[dj fhe]h[ii 'Fig. 5i, j; Supplementary Fig. 5h-i(,

5. FACS analysis and western blots of PD-L1 expression in BM-MSCs from 

young and aged donors 'Fig. 5k; Supplementary Fig. 5j). 

6. Cell counts and relative proliferation rate of CD4+ T cells cocultured with 

young and aged BM-MSCs for 72 h in the presence of isotype or PD-L1 

blocking antibody (Fig. 5l; Supplementary Fig. 5l, m). 

7. AHEN= WdWboi_i e\ OJB+� WdZ EBJ+� b[l[bi _d j^[ Y[bb Ykbjkh[ ikf[hdWjWdj

i[Yh[j[Z Xo O Y[bbi W\j[h 50 ^ e\ YeYkbjkh[ m_j^ oekd] WdZ W][Z >I+IN?i _d

j^[ fh[i[dY[ e\ _iejof[ eh L@+H/ XbeYa_d] Wdj_XeZo 'Supplementary Fig. 5o,

p(,

8. Average expression level of GATA2 in MSC from adult and perinatal tissue; 

and the gradually reduced expression of GATA2 during aging process is 

showed in BM-MSCs derived from young and aged donors (Supplementary

Fig. 6d) 

C. Analysis of soluble PD-L1 in culture medium of in vitro expanded MSCs reveals 

that PD-L1 secretion was significantly suppressed in senescent MSCs. 

1. =dWboi_i e\ L@+H/ [nfh[ii_ed b[l[b _d fhej[ec_Y ZWjW e\ P?+ WdZ >I+IN?i



i[Yh[j[Z AQi 'Fig. 4j; Supplementary Fig. 4m(,

2. AHEN= WdWboi_i e\ L@+H/ b[l[b _d j^[ Y[bb Ykbjkh[ ikf[hdWjWdj i[Yh[j[Z Xo >I+

IN?i \hec oekd] WdZ W][Z Zedehi 'Supplementary Fig. 5k(

@, Anf[h_c[djWb [l_Z[dY[ elucidated the mechanism by which GATA2 drives the 

expression of PD-L1, and by further complemented the GATA2-overexpression and -

knockdown system, we provided better functional evidence for GATA2 to manipulate 

senescence progress and immunomodulatory capacity of MSCs. 

1. M[Wb+j_c[ L?M WdWboi_i e\ C=O=0 [nfh[ii_ed _d AQ eh C=O=+KA >I+IN?i

'Fig. 7a(,

2. N=+�+]Wb ijW_d_d] in EV or GATA2-OE BM-MSCs at passage 3 or passage 15 

(Fig. 7b, c; Supplementary Fig. 7b). 

3. Relative lucif[hWi[ WYj_l_jo e\ 071�O Y[bbi Ye-transfected with dual-luciferase 

reporter constructs containing PD-L1 promotor regions, as well as EV or 

GATA2 (Fig. 7e, f) 

4. ChIP-qPCR analysis of GATA2 enrichment at PD-L1 promotor region (Fig. 

7g). 

5. Western blot and FACS analysis of PD-L1 protein in EV and GATA2-OE BM-

MSCs (Fig. 7h; Supplementary Fig. 7c). 

6. Cell counts and relative proliferation rate of CD4+ T cells cocultured with EV 

or GATA2-OE BM-MSCs for 72 h in the presence of isotype or PD-L1 

blocking antibody (Fig. 7i; Supplementary Fig. 7d-f). 

7. AHEN= WdWboi_i e\ OJB+� WdZ EBJ+� b[l[bi _d j^[ Y[bb Ykbjkh[ ikf[hdWjWdj

i[Yh[j[Z Xo O Y[bbi W\j[h 50 ^ e\ YeYkbjkh[ m_j^ AQ eh C=O=0+KA >I+IN?i

_d j^[ fh[i[dY[ e\ _iejof[ eh L@+H/ XbeYa_d] Wdj_XeZo 'Supplementary Fig.

7g, h(,

8. Real-time qPCR analysis of GATA2 expression in human UC-MSCs after 

transfection with scramble- or GATA2-shRNA (Fig. 7j; Supplementary Fig.

7i).

9. N=+�+]Wb ijW_d_d] in CT or GATA2-KD UC-MSCs (Fig. 7k).

10. Western blot and FACS analysis of PD-L1 protein in CT and GATA2-KD UC-

MSCs (Fig. 7l; Supplementary Fig. 7j).

11. Cell counts and relative proliferation rate of CD4+ T cells cocultured with EV 

or GATA2-OE BM-MSCs for 72 h in the presence of isotype or PD-L1 

blocking antibody (Fig. 7m; Supplementary Fig. 7k-m). 

12. AHEN= WdWboi_i e\ OJB+� WdZ EBJ+� b[l[bi _d j^[ Y[bb Ykbjkh[ ikf[hdWjWdj

i[Yh[j[Z Xo O Y[bbi W\j[h 50 ^ e\ YeYkbjkh[ m_j^ AQ eh C=O=0+KA >I+IN?i



_d j^[ fh[i[dY[ e\ _iejof[ eh L@+H/ XbeYa_d] Wdj_XeZo 'Supplementary Fig.

7n, o(,

A, A registered clinical trial (NCT04014166) was conducted to use the UC-MSCs in 

treating refractory ITP. The results of six participants who had no response to 

splenectomy were showed in the revised manuscript to demonstrated the safety and 

high efficacy of UC-derived perinatal MSC therapy. 

1. Clinical trial design and baseline characteristics of the 6 immune 

thrombocytopenic purpura patients reported in the clinical trial 

(Supplementary Fig. 8a, b).

2. Study enrollment, UC-MSC administration, participant follow-up and data 

analysis are shown for the three study groups with escalated therapeutic dose 

(Supplementary Fig. 8c).

3. The longitudinal changes in platelet counts in the participants receiving UC-

MSC treatment for 28 weeks (Supplementary Fig. 8d).

4. Summary of best responses in efficacy-evaluable patients (Supplementary 

Fig. 8e).

=fWhj \hec j^[i[* m[ ^Wl[ Yecfb[c[dj[Z _d Nkffb[c[djWho OWXb[ / j^[ X_ebe]_YWb W][

_d\ehcWj_ed e\ [WY^ IN? iWcfb[ ki[Z \eh i[gk[dY_d] WdZ \kdYj_edWb [nf[h_c[dji _d

j^_i cWdkiYh_fj, =YYehZ_d] je j^[ ik]][ij_ed e\ h[l_[m[h $1* m[ ^Wl[ h[ZkY[Z j^[

Yecfb[n_jo e\ \_]kh[i Xo jhWdi\[hh_d] h[ZkdZWdj fWd[bi je Yehh[ifedZ_d] ikffb[c[djWb

\_]kh[i* m^_Y^ cWZ[ cWdkiYh_fj ceh[ YedZkY_l[ je fh[i[dj_d] j^[ cW_d d[m \_dZ_d]i*

X[i_Z[i* j^[ Yecfb[n c[j^eZebe]_YWb fheY[Zkh[ Z[iYh_fj_edi m[h[ i_cfb_\_[Z _d j^[

h[ikbj i[Yj_ed,

We also present additional results to the reviewers as appendix figures at the end of our 

response letter (Appendix Fig. 1-6). We prefer not to include these data in the 

manuscript due to space limitations and the scope of our study, but we will be happy to 

include them if the reviewers or the editors think this necessary. Unless otherwise noted, 

all figure callouts below correspond to figures in the revised manuscript. 

M[l_[m[hi& Yecc[dji8

Reviewer #1 (Remarks to the Author):

Summary



Pi_d] i_d]b[+Y[bb MJ= i[gk[dY_d] 'iYMJ=i[g( WdZ X_e_d\ehcWj_Yi WdWboi[i e\ fWiiW][

1 ^kcWd c[i[dY^ocWb ij[c-ijhecWb Y[bbi 'IN?i(* j^[ Wkj^ehi fhefei[Z je Z[cedijhWj[

j^Wj j^[ 0 WZkbj WdZ 0 f[h_dWjWb iekhY[ivWZkbj iekhY[i X[_d] \hec WZ_fei[ j_iik[ '=@(

WdZ Xed[ cWhhem '>I(* WdZ f[h_dWjWb iekhY[i X[_d] \hec fbWY[djWb Y^eh_ed_Y

c[cXhWd[ 'LI( WdZ kcX_b_YWb YehZ 'P?(vYWd ceZ[b j^[ i[d[iY[dj fheY[ii WdZ Wbbem

\eh _Z[dj_\_YWj_ed e\ yij[cd[iiz \WYjehi* m^_Y^ j^[ Wkj^ehi _Z[dj_\_[Z Wi C=O=0 WdZ L@+

H/, L[h_dWjWb IN?i m[h[ b[ii WXb[ je Z_\\[h[dj_Wj[ j^Wd WZkbj IN?i* m^_Y^ j^[ Wkj^ehi

_dj[hfh[j[Z Wi ^Wl_d] ^_]^[h ij[cd[ii,

R^_b[ j^[ ^kcWd iYMJ=i[g fhe\_b[i Wh[ l[ho ki[\kb WdZ j^[ X_e_d\ehcWj_Yi WdWboi[i _i

gk_j[ Yecf[bb_d]* j^[ ijkZo _]deh[i m[bb+Z[cedijhWj[Z j_iik[+if[Y_\_Y \kdYj_edWb

Z_\\[h[dY[i _d ^kcWd IN?i* [if[Y_Wbbo j^[ \WYj j^Wj f[h_dWjWb IN?i Wh[ ceh[

_cckdeceZkbWjeho j^Wd WZkbj IN?i WdZ j^Wj >IIN?i Z_\\[h[dj_Wj[ ceh[ h[WZ_bo _dje

0 e\ j^[ 1 h[gk_h[Z b_d[W][i j^Wd ej^[h iekhY[i '_,[, i[[ h[Y[dj h[l_[m T[d [j Wb* BA>N F

0.00(* WdZ j^ki Yed\ki_d] j_iik[+if[Y_\_Y Z_\\[h[dY[i Wi i[d[iY[dY[+h[bWj[Z Y^Wd][i,

We thank the reviewer for the insightful comments. 

Major

/, Q[ho i_c_bWh _d\ehcWj_ed ^Wi X[[d fkXb_i^[Z _d M[_d_iY^ [j Wb* >beeZ 0./3* WdZ j^[

_dj[hfh[jWj_ed _d j^Wj ijkZo mWi effei_j[ \hec j^_i ijkZo, Ed j^[ >beeZ fWf[h* j^[ wbem[h

Z_\\[h[dj_Wj_ed YWfWY_jox e\ ded+>I IN?i mWi _dj[hfh[j[Z Wi b[ii IN?+b_a[* _,[, b[ii

ij[cd[ii 'm^_Y^ _i _d b_d[ m_j^ EN?O I_d_cWb ?h_j[h_W( WdZ dej IKMA ij[cd[ii Wi j^[

Wkj^ehi ^[h[ ijhWd][bo YedYbkZ[Z, Ieh[el[h* _d j^[ iWc[ >beeZ fWf[h* i[l[hWb Wd_cWb

ceZ[bi m[h[ ki[Z je Z[cedijhWj[ _d l_le jh_b_d[W][ Z_\\[h[dj_Wj_ed YWfWY_jo )

^[cWjefe_[i_i* m^_Y^ Wh[ ^_]^bo Yecf[bb_d] [l_Z[dY[,

We thank the reviewer for raising this question. We learned from the published articles 

that a tightly balanced core set of specific transcription factors are the major driving 

forces in stem cell maintenance, which are able to promote self-renewal by repressing 

transcription factors that initiate differentiation programs1-4, and aging of stem cells are 

known to affects their function, leading to the loss of self-renewal capacity5, this is why 

we interpreted MSCs with lower differentiation capacity as being more stemness and 

less senescent in the first draft. However, following the suggestion of reviewer, we have 

recognized that MSC stemness is a quite controversial issue even to this day. We 

admitted if MSCs cannot be proved to be pluripotent stem cells with self-renewal ability, 

it is inappropriate to use differentiation ability to illustrate their senescence status, as 



stronger differentiation capacity of MSCs mWi _dj[hfh[j[Z Wi yceh[ ij[cd[iiz _d cWdo

published studies. In this work, our core content and main innovations are to highlight 

the effect of cell senescence on the expression of PD-L1 in MSCs, and to prove the 

regulatory effect of GATA2 on the aging process and PD-L1 expression of MSCs. The 

stemness and differentiation function of MSCs are not the focus of our research, but the 

evidence we used to verify the aging status of cells. In addition, we have provided a 

large amount of evidence to prove cellular senescence, such as N=+�+]Wb ijW_d_d] (Fig. 

3e), CCK8 proliferation assay (Fig. 3c), _cckde\bkeh[iY[dY[ ijW_d_d] \eh �-H2AX 

(Supplementary Fig. 3e) and Western blot analysis (Supplementary Fig. 4k). We 

believe that removing differentiation-related content will not affect the quality and 

innovation of our work. Therefore, we have removed all content in the manuscript using 

MSC stemness and differentiation ability to verify its senescence status. 

0, E\ j^[ Wkj^ehi m_i^ je Z[cedijhWj[ Y^hedebe]_YWb i[d[iY[dY[ m-e j^[ Yed\ekdZ_d]

_iik[ e\ j_iik[+if[Y_\_Y \kdYj_edWb Z_\\[h[dY[i _d Z_\\[h[dj_Wj_ed WdZ _cckdeceZkbWj_ed*

j^[ Wkj^ehi YekbZ ^Wl[ [Wi_bo ki[Z >I WdZ-eh =@ IN?i \hec Zedehi e\ Z_\\[h[dj W][i

je \eYki ed j^_i* i_dY[ _cckdeceZkbWj_ed _i m[bb+h[fehj[Z m_j^ Xej^ j^[i[ iekhY[i WdZ

j^ki YWd X[ [lWbkWj[Z _d fhe]h[ii_l[bo ebZ[h Zedeh iWcfb[i, Lb[Wi[ i[[ LWha [j Wb* I[Y^

=][_d] @[l 0..3 % U^ek [j Wb* =]_d] ?[bb 0..6,

We thank the reviewer for the suggestions to provide further evidence to demonstrate 

our findings without confounding by tissue-specific functional differences that 

senescence is a key determinant of the PD-L1-mediated immunosuppressive activity of 

MSCs. R[ ^Wl[ \ebbem[Z j^[ h[l_[m[hzi ik]][ij_ed and performed another single cell 

RNA sequencing of BM-MSCs from young (n=4; W][t0.) and aged (n=4; age>45) 

donors. Our analysis revealed that BM-MSCs can be divided into five clusters (Fig. 5c), 

BM5 and BM6 are identified as senescent cluster, while cells from BM1-3 are non-

relatively non-senescent MSCs (Fig. 5d; Supplementary Fig. 5d-f). Bkhj^[hceh[* Xo

YecfWh_d] i_d]b[ Y[bb ZWjW \hec oekd] WdZ W][Z >I+IN?i* m[ \ekdZ j^Wj >I+IN?i

\hec W][Z Zedehi m[h[ ceh[ i[d[iY[dj* m^_Y^ h[ikbj[Z _d W Z[Yh[Wi[ _d j^[_h

_cckdeikffh[ii_l[ YWfWY_jo WdZ L@+H/ [nfh[ii_ed 'Fig. 5i-k; Supplementary Fig. 

5h-j(, =j bWij* m[ ^Wl[ Wbie Ye+Ykbjkh[Z ?BNA bWX[b[Z WYj_lWj[Z ?@2) O Y[bb m_j^ oekd]

WdZ W][Z >I+IN?i 'Supplementary Fig. 5l). Compared to aged BM-MSCs, MSCs 

derived from young donors showed a stronger YWfWY_jo je ikffh[ii O Y[bbi WYj_lWj_ed*

m^_b[ j^_i ]Wf mWi i_]d_\_YWdjbo h[l[hi[Z W\j[h jh[Wj[Z m_j^ Wdj_+L@+H/ BWX 'Fig. 5l;

Supplementary Fig. 5n-p(* m^_Y^ _dZ_YWj[i j^Wj kfh[]kbWj[Z L@+H/ c[Z_Wj[i j^[

[d^WdY[Z _cckdeikffh[ii_l[ YWfWY_jo e\ oekd] >I+IN?i, ?ebb[Yj_l[bo* Xo



YecfWh_d] >I+IN?i \hec Zedehi e\ Z_\\[h[dj W][i* m[ ^Wl[ fhel_Z[Z \khj^[h [l_Z[dY[

j^Wj Y[bbkbWh i[d[iY[dY[ _i j^[ a[o Z[j[hc_dWdj e\ Zemdh[]kbWj[Z L@+H/ _d IN?i \hec

W][Z Zedehi* m^_Y^ b[WZi je W Z[Yh[Wi[ _d j^[_h _cckdeceZkbWjeho YWfWY_jo,

1, C[d[hWb Yedi[diki _d j^[ \_[bZ _i j^Wj Xej^ Y^hedebe]_YWb Wi m[bb Wi h[fb_YWj_l[ IN?

i[d[iY[dY[ Z[Yh[Wi[i eij[e][d[i_i WdZ _dYh[Wi[i WZ_fe][d[i_i* eh [l[d Z[Yh[Wi[i Wbb 1

jh_b_d[W][ YWfWY_jo, Ne m^o _d j^_i fWf[h _i b[ii Z_\\[h[dj_Wj_ed YWfWY_jo Yedi_Z[h[Z ceh[

oekj^\kb-X[jj[h wij[cd[iix< Ieh[ \kdYj_edWb [l_Z[dY[ _i d[[Z[Z je el[hjkhd j^[

el[hm^[bc_d] lebkc[ e\ fkXb_YWj_edi je j^[ YedjhWho,

R[ j^Wda j^[ h[l_[m[h \eh j^[ ik]][ij_ed, =i m[ h[fb_[Z _d h[l_[m[h gk[ij_ed IW`eh /*

IN? ij[cd[ii _i W gk_j[ Yedjhel[hi_Wb _iik[* WdZ m[ i^ekbZdzj ^Wl[ h[]WhZ[Z [d^WdY[Z

IN? Z_\\[h[dj_Wj_ed WX_b_jo Wi W i_]d e\ h[ZkY[Z i[b\+h[d[mWb WX_b_jo Zk[ je W]_d], Ed

WZZ_j_ed* j^[ Z_\\[h[dj_Wj_ed WX_b_jo e\ IN?i _i W\\[Yj[Z Xo lWh_eki Wif[Yji* _dYbkZ_d]

j^[ j_iik[ eh_]_d e\ IN?i4, Therefore, we have removed all content in the manuscript 

using MSC stemness and differentiation ability to verify its senescence status. 

Ed WZZ_j_ed* m[ ^Wl[ \ebbem[Z j^[ h[l_[m[h ik]][ij_ed WdZ YecfWh[Z j^[ jh_b_d[W][

Z_\\[h[dj_Wj_ed WX_b_jo e\ >I+IN?i Z[h_l[Z \hec oekd] WdZ W][Z Zedehi, ?edi_ij[dj

m_j^ fh[l_eki h[fehji* >I+IN?i \hec W][Z Zedehi i^em[Z Z[Yh[Wi[Z eij[e][d[i_i WdZ

_dYh[Wi[Z WZ_fe][d[i_i fej[dj_Wb 'Supplementary Fig. 5a(* m^_Y^ _dZ_YWj[i W ceh[

i[d[iY[dj ijWjki e\ IN?i Z[h_l[Z \hec W][Z Zedehi,

2,Ej _i kdYb[Wh m^o fWiiW][ 1 Y[bbi Wh[ Wbh[WZo i[d[iY[dj-X+]Wb), O^[h[ _i ckY^

_d\ehcWj_ed _d j^[ b_j[hWjkh[ j^Wj ^kcWd IN?i kikWbbo d[[Z je X[ fWiiW][Z Wj b[Wij 1 eh

ceh[ fWiiW][i X[\eh[ W ceh[ ^ece][deki fefkbWj_edvm_j^ekj R>?-ded+IN?

YedjWc_dWj_edvYekbZ X[ [l[d i[[d* ckY^ b[ii kj_b_p[Z* _,[, fb[Wi[ i[[ \bem Yojec[jho

cWha[h OWXb[ 3 _d I_jY^[bb [j Wb* Nj[c ?[bbi 0..3* WdZ Wbie >heea[ [j Wb* >h F D[cWjeb

0..6 \eh Yb_d_YWb ki[,

We thank the reviewer for raising this question and we hope to explain this question 

through two points. Firstly, all passage 3 MSC lines we used for sequencing and 

functional experiments in this work have been strictly quality controlled according to 

ISCT criteria, all samples are subject to FACS analysis to ensure no blood cell 

contamination and tested for trilineage differentiation potential (Supplementary Fig. 

1a, b; Supplementary Fig. 5a, c). Therefore, the appearance of senescent phenotype 

at passage 3 does not mean that our MSC samples are contaminated or not 



homogeneous under the ISCT criteria. Secondly, the AD-MSCs and BM-MSCs we 

used for N=+�+]Wb ijW_d_d] in Fig. 3e were donated by 45-year-old and 51-year-old 

donors, respectively, which are relatively older donors. We have also complemented 

the comparation of the N=+�+]Wb ijW_d_d] e\ >I+IN?i Z[h_l[Z \hec oekd] WdZ W][Z

Zedehi 'Fig. 5b(* j^[ h[ikbj h[l[Wb[Z j^Wj oekd] >I+IN?i 'W][:/6( m[h[ hWh[bo ijW_d[Z*

m^_b[ W][Z >I+IN?i i^em[Z W i[d[iY[dj f^[dejof[, =bje][j^[h* j^[i[ h[ikbji _dZ_YWj[

IN?i \hec W][Z Zedehi cWo ^Wl[ kdZ[h]ed[ i[d[iY[dj _d l_le* ie j^[ ^_]^[h

fhefehj_ed e\ i[d[iY[dj Y[bbi cWa[i N=+�+]Wb ijW_d_d] fei_j_l[ _d j^[ j^_hZ fWiiW][,

=bie* m[ Wfebe]_p[ \eh dej if[Y_\o_d] j^[ X_ebe]_YWb W][ e\ [WY^ iWcfb[ _d ekh \_hij ZhW\j

WdZ m[ ^Wl[ Yecfb[c[dj[Z _d Nkffb[c[djWho OWXb[ / j^[ X_ebe]_YWb W][ _d\ehcWj_ed

e\ [WY^ IN? iWcfb[ ki[Z \eh i[gk[dY_d] WdZ \kdYj_edWb [nf[h_c[dji _d j^_i cWdkiYh_fj,

3, IN? ij[cd[ii _i W gk_j[ Yedjhel[hi_Wb _iik[ [l[d je j^_i ZWo 'fb[Wi[ i[[ dkc[heki

Yecc[djWh_[i-h[l_[mi ed j^_i _d ?[bb Nj[c ?[bbvbWj[ij _i Neb_cWd [j Wb 0.0/* JWjkh[

i[h_[i `ekhdWbi(* ie h_]eheki fhee\+e\+YedY[fj [l_Z[dY[ 'Wj b[Wij _d l_jhe* _\ dej _d l_le(

_i d[Y[iiWho* _,[, Ded] [j Wb* NY_[dY[ 0..3,

We thank the reviewer for raising this question. As Z[jW_b[Z h[ifedi[ je j^[ h[l_[m[hzi

question above, the innovation of our work is that cellular senescence affects the 

immunomodulatory ability of MSC cell therapy products, and the stemness of MSC is 

not the focus of this research. Therefore, without affecting the innovation and main 

content of the article, we decided to remove all content related to MSC stemness in the 

article. 

4, O^[ _dYbki_ed e\ fbkh_fej[dYo \WYjehi je ijWdZ \eh IN? ij[cd[ii _i [if[Y_Wbbo

Yedjhel[hi_Wb* _,[, H[d]d[h [j Wb* ?[bb Nj[c ?[bb 0..5 % L_WppebbW [j Wb* JWj ?ecckd

0./2* WdZ ie \kdYj_edWb h[b[lWdY[ i^ekbZ X[ Z[cedijhWj[Z,

Bebbem_d] j^[ h[l_[m[hzi ik]][ij_ed* j^[ h[ikbji e\ NANOG* SOX4 WdZ OCT4 ^Wl[

X[[d h[cel[Z \hec Nkffb[c[djWho B_], 1Z,

5, G[o h[\[h[dY[i h[b[lWdj je j_iik[+if[Y_\_Y \kdYj_edi* i[d[iY[dY[* IN? L@+H/

h[i[WhY^* [jY, Wh[ dej Y_j[Z,

R[ j^Wda j^[ h[l_[m[h \eh j^[ ik]][ij_ed,



'/( R[ ^Wl[ ikffb[c[dj[Z h[\[h[dY[ h[b[lWdj je IN?i i[d[iY[dj h[i[WhY^8 h[\[h[dY[ /3

'RWd] @ [j Wb* ?WdY[h M[i, 0..7(9 h[\[h[dY[ /4 'Ge A [j Wb* Nj[c ?[bbi @[l, 0./0(9

h[\[h[dY[ /5 'N[fqbl[ZW F? [j Wb* Nj[c ?[bbi, 0./2(9 h[\[h[dY[ /6 'U^ek [j Wb* =]_d]

?[bb, 0..6,(,

'0( R[ ^Wl[ ikffb[c[dj[Z Y_j[Z Whj_Yb[ ijkZo IN? L@+H/8 h[\[h[dY[ 41 'N^[d]* D,* [j

Wb, ?[bb M[i(9 h[\[h[dY[ 42 '@Wl_[i [j Wb* Nj[c ?[bbi(9 h[\[h[dY[ 43 'H_ I [j Wb* F

AnjhWY[bb Q[i_Yb[i, 0.0/(

'1( R[ ^Wl[ Wbie ikffb[c[dj[Z Y_j[Z Whj_Yb[ ijkZo IN? j_iik[+if[Y_\_Y \kdYj_edi8

h[\[h[dY[ 50 'M[_d_iY^ [j Wb* >beeZ 0./3(9 h[\[h[dY[ 51 'T[d >H [j Wb* BA>N F, 0.00(9

h[\[h[dY[ 52 '?ebb_di A [j Wb* F Ecckdeb, 0./2(,

Specific comments:

/, Ej _i kdYb[Wh Xo m^Wj Yh_j[h_W L@+H/ mWi i[b[Yj[Z je X[ j^[ ][d[ e\ _dj[h[ij8 W( de L@+

H/ Wj j^[ fhej[_d b[l[b mWi i[[d ed m^[d _d j^[ iWc[ Ybkij[h '?5(* W dkcX[h e\ h[bWj[Z

WdZ Wbie m[bb+fkXb_i^[Z IN?+_cckdeceZkbWj_ed ][d[ivOCBX/* DCB* WdZ

DIKS/vWh[ Wbie _dYh[Wi[Z9 X( [nfh[ii_ed fhe\_b[i e\ L@+H/ _d Wbb i[l[d Ybkij[hi

'B_]kh[ 2X( Z_Z dej Yehh[bWj[ m[bb m_j^ j^[_h ][d[ i[j iYeh[i \eh _cckdeikffh[ii_l[

\kdYj_ed 'B_]kh[ 2W(

R[ j^Wda j^[ h[l_[m[h \eh j^[ ik]][ij_edi je X[jj[h [nfbW_d j^[ h[Wied m^o L@+H/ mWi

i[b[Yj[Z je X[ j^[ ][d[ e\ _dj[h[ij, R[ ^Wl[ f[h\ehc[Z WdWboi_i je _Z[dj_\o a[o

ceZkbWjehi e\ _cckdeceZkbWjeho \kdYj_ed Zkh_d] IN? i[d[iY[dY[, R[ Wffb_[Z jme

Yh_j[h_W je dWhhem Zemd ekh YWdZ_ZWj[i8 YWdZ_ZWj[ ][d[i i^ekbZ X[ Wced] j^[ ^_]^bo

lWh_WXb[ ][d[i* m^_Y^ Z[j[hc_d[ j^[ L?= h[ikbji WdZ Ybkij[h_d] e\ i_d]b[ Y[bbi* WdZ ^Wl[

W fei_j_l[ Yehh[bWj_ed m_j^ ][d[ i[j iYeh[i \eh _cckdeikffh[ii_l[ \kdYj_ed* WdZ

YWdZ_ZWj[i i^ekbZ X[ kfh[]kbWj[Z _d f[h_dWjWb IN?i WdZ ^Wl[ W fei_j_l[ Yehh[bWj_ed

m_j^ ][d[ i[j iYeh[i \eh _cckdeikffh[ii_l[ \kdYj_ed 'Appendix Fig. 1(, Kl[hbWo_d]

jme i[ji e\ ][d[i h[l[Wb[Z 47 YWdZ_ZWj[i* edbo 2 ][d[i ^Wl[ X[[d h[fehj[Z je X[

WiieY_Wj[Z m_j^ IN? _cckdeikffh[ii_l[ \kdYj_ed* _dYbkZ_d] L@+H/ '?@052(* m^_Y^

h[l[Wb[Z j^Wj8 'W( L@+H/ _i Wced] j^[ ^_]^bo lWh_WXb[ ][d[i* Z[cedijhWj_d] W cWha[Z

[nfh[ii_ed Y^Wd][ e\ L@+H/ Zkh_d] ZodWc_Y W]_d] fhe]h[ii9 'X( L@+H/ _i dej edbo

Zemdh[]kbWj[Z _d i[d[iY[dj Y[bb Ybkij[h Xkj Wbie Zemdh[]kbWj[Z _d WZkbj IN? ed

fi[kZeXkba b[l[b9 'Y( L@+H/ [nfh[ii_ed _i fei_j_l[bo Yehh[bWj[Z m_j^ iYeh[i \eh

_cckdeikffh[ii_l[ \kdYj_ed, Bkhj^[hceh[* j^[ WYYkhWYo e\ ekh ZWjW iYh[[d_d] mWi

fhel[Z W]W_d _d Wdej^[h i_d]b[ Y[bb ZWjWi[j e\ oekd] WdZ W][Z >I+IN?i 'Fig. 5j( WdZ



h[f[Wj[Zbo l[h_\_[Z Xo \kdYj_edWb [nf[h_c[dji WdZ, R[ f[h\ehc[Z ckbj_fb[ i[ji e\ B=?N

WdWboi_i WdZ m[ij[hd Xbeji* Z[cedijhWj_d] j^[ f^[dejof[ e\ i_]d_\_YWdjbo Z[Yh[Wi[Z

[nfh[ii_ed e\ L@+H/ _d i[d[iY[dj IN?i, O^_i Zemdh[]kbWj_ed mWi fhel[Z je X[

\kdYj_edWb h[bWj[Z dej edbo Xo Z[j[Yj_d] j^[ _d^_X_j_ed e\ O Y[bb fheb_\[hWj_ed* Xkj Wbie

Xo Z[j[Yj_d] j^[ _d^_X_j_ed e\ O Y[bb i[Yh[j_ed e\ _d\bWccWjeho \WYjehi,

0, L@+H/ Wj j^[ fhej[_d-ikh\WY[ b[l[b _i Yedij_jkj_l[bo [nfh[ii[Z ed ^kcWd >IIN?i*

_,[, fb[Wi[ i[[ @Wl_[i [j Wb 'H[ >bWdY bWX(* Nj[c ?[bbi 0./5 m^_Y^ \eYki[i if[Y_\_YWbbo

ed j^_i jef_Y,

R[ j^Wda j^[ h[l_[m[h \eh hW_i_d] j^_i gk[ij_ed, =bj^ek]^ j^[ [nfh[ii_ed b[l[b mWi

bem[h j^Wd j^Wj e\ f[h_dWjWb+Z[h_l[Z IN?i* m[ Z_Z \_dZ L@+H/ [nfh[ii_ed ed >I+IN?i

j^hek]^ B=?N WdWboi_i 'Supplementary Fig. 4i, j; Supplementary Fig. 5j( WdZ

m[ij[hd Xbeji 'Supplementary Fig. 4k; Fig. 5k(,

1, O^_i iWc[ fWf[h Wbie h[fehji j^Wj L@+H/ YWd X[ i[Yh[j[Z Xo >IIN?i* ie j^_i i^ekbZ

X[ WiiWo[Z,

R[ j^Wda j^[ h[l_[m[h \eh j^[i[ ^[bf\kb ik]][ij_edi je Z[j[Yj i[Yh[j[Z L@+H/* m^_Y^ _i

fej[dj_Wbbo _cfehjWdj _d ceZkbWj_d] YedjWYj+_dZ[f[dZ[dj c[Y^Wd_ici e\

_cckdeikffh[ii_ed, B_hijbo* m[ ^Wl[ ikffb[c[dj[Z m_j^ j^[ fhej[_d i[gk[dY_d] ZWjW

e\ [njhWY[bbkbWh l[i_Yb[i 'AQi( Z[h_l[Z \hec P?+ WdZ >I+ IN?i 'Fig. 4j;

Supplementary Fig. 4m(, O^[ L@+H/ [nfh[ii_ed mWi Z[j[Yj[Z _d fhej[ec_Y ZWjW e\

AQi* m^_b[ j^[ AQi Z[h_l[Z \hec P?+IN?i feii[ii[Z W i_]d_\_YWdjbo ^_]^[h [nfh[ii_ed

e\ L@+H/ Wi YecfWh[Z je >I+IN? AQi, Bkhj^[hceh[* j^[ i[Yh[j[Z L@+H/ _d Ykbjkh_d]

c[Z_kc e\ oekd] WdZ W][Z >I+IN?i m[h[ Wbie WdWbop[Z Xo AHEN= 'Supplementary

Fig. 5k(, ?edi_ij[djbo* j^[ b[l[bi e\ L@+H/ fhej[_d i[Yh[j[Z Xo i[d[iY[dj >I+IN?i

m[h[ Wbie h[ZkY[Z, O^[i[ h[ikbji Yebb[Yj_l[bo _dZ_YWj[ j^Wj i[d[iY[dY[ Wbie h[ZkY[Z j^[

WX_b_jo e\ IN?i je i[Yh[j[ L@+H/,

2, O^[ b_da X[jm[[d C=O=0 WdZ L@+H/ h[gk_h[Z \kdYj_edWb lWb_ZWj_ed* _,[, fhecej[h

WiiWo* Wj j^[ l[ho b[Wij,

R[ j^Wda j^[ h[l_[m[h \eh j^[ lWbkWXb[ ik]][ij_ed je [nfbeh[ j^[ c[Y^Wd_ici Xo m^_Y^

C=O=0 fhecej[ j^[ L@+H/ [nfh[ii_ed, R[ ^Wl[ \ebbem[Z j^[ ik]][ij_edi WdZ

f[h\ehc[Z j^[ \ebbem_d] d[m [nf[h_c[dji Wi Z[jW_b[Z X[bem,



'/( R[ \_hij [nfbeh[Z j^[ fkXb_Ybo WlW_bWXb[ C=O=0 ?DEL+i[g ZWjW WdZ \ekdZ j^Wj

C=O=0 f[Wai cWff[Z je j^[ fhecej[h h[]_ed e\ L@+H/ Wj WXekj s3.. Xf WhekdZ j^[

ONN h[]_ed 'Fig. 7d(, O^[h[W\j[h* C=O=0 \WYjeh X_dZ_d] i_j[i WhekdZ 3..Xf e\ j^[ ONN

h[]_ed e\ j^[ L@+H/ ][d[ mWi beYWj[Z* WdZ j^h[[ fhecejeh i[gk[dY[i m[h[ Z[i_]d[Z*

m^_Y^ m[h[ dWc[Z Wi h[]_ed/ '+312Xf je .Xf(* h[]_ed0 '.Xf je 371Xf( WdZ h[]_ed1 '+

0.5Xf je /12Xf(, O^[i[ j^h[[ fhecejeh h[]_edi Wbb YedjW_d[Z C=O=0 X_dZ_d] i_j[i

_di_Z[ j^[ i[gk[dY[i 'Fig. 7e(. We then transiently cotransfected the empty vector or 

GATA2-expressing plasmids with the region1 to region5 reporter into HEK293T cells 

and found that the luciferase activity was upregulated only by co-transfected GATA2-

plasmid with vector containing promotor region 1 or region 3 (Fig. 7f), which indicates 

that the binding sites enable GATA2 to drive PD-L1 expression are likely to located at 

the overlap sequence of region1 and region3. 

'0( We next analyzed GATA2 enrichment at PDL1 promoter by ChIP-PCR. We 

designed primers to detect GATA2 binding fragments at -153bp (primer 1) and 93bp 

(primer 2) of PD-L1 (Supplementary table 13). The ChIP-PCR results confirmed the 

predictive binding of GATA2 at the above two genomic loci (Fig. 7g). In addition, 

compared with BM-MSCs, young UC-MSCs detected more GATA2 recruitment at the 

PD-L1 promotor region, which provided a mechanistic explanation for higher PD-L1 

expression in younger MSCs. 

3, =bed] j^[ iWc[ b_d[i* _d l_jhe el[h[nfh[ii_ed e\ C=O=0 _d WZkbj IN?i eh

adeYaZemd e\ C=O=0 _d f[h_dWjWb IN?i _i d[Y[iiWho \eh j^[ YedYbki_edi j^[ Wkj^ehi

Wh[ jho_d] je cWa[, Ed l_le [l_Z[dY[ _i ijhed]bo WZl_i[Z m^[d[l[h ij[cd[ii _i X[_d]

^ofej^[i_p[Z,

R[ j^Wda j^[ h[l_[m[h \eh j^_i _cfehjWdj ik]][ij_ed, According to the detailed response 

je j^_i h[l_[m[hzi gk[ij_ed WXel[* the stemness of MSC is not the focus of this research. 

Therefore, without affecting the innovation and main content of the article, we have 

removed all content related to MSC stemness in the article. In addition, m[ ^Wl[

\ebbem[Z j^[ h[l_[m[hzi ik]][ij_ed WdZ further complemented the GATA2-

overexpression and -knockdown system, we provided better functional evidence for 

GATA2 to manipulate senescence progress and immunomodulatory capacity of MSCs. 

Specifically, we found: 

'/( R[ \_hij el[h[nfh[ii[Z C=O=0 _d WZkbj >I+IN?i, ?ecfWh[Z je IN?i _d\[Yj[Z

m_j^ [cfjo l[Yjeh 'AQ(* C=O=0 el[h[nfh[ii[Z 'C=O=0+KA( >I+IN?i ^Wl[ m[Wa[h



�+]bkYei_ZWi[ [nfh[ii_ed Wj bem 'Fig. 7b( WdZ ^_]^ Ykbjkh[ fWiiW][ 'Fig. 7c;

Supplementary Fig. 7b(* m^_Y^ _dZ_YWj[i j^[ [d^WdY[Z Wdj_+i[d[iY[dY[ \kdYj_ed e\

j^[i[ Y[bbi, O^hek]^ j^[ B=?N WdWboi_i WdZ m[ij[hd Xbeji* m[ ^Wl[ Wbie fhel[Z j^Wj j^[

el[h[nfh[ii_ed e\ C=O=0 kfh[]kbWj[Z j^[ L@+H/ [nfh[ii_ed ed WZkbj IN?i 'Fig. 7h;

Supplementary Fig. 7c(, O^_i kfh[]kbWj_ed e\ L@+H/ mWi fhel[Z je X[ \kdYj_edWb

i_]d_\_YWdj* Wi C=O=0+KA >I+IN?i i^em[Z Wd _dYh[Wi[Z ikffh[ii_l[ [\\[Yj m^[d Ye+

Ykbjkh_d] m_j^ WYj_lWj[Z ?@2) O Y[bbi Wi YecfWh[Z je AQ+>IIN?i* m^_b[ j^_i ]Wf mWi

i_]d_\_YWdjbo h[l[hi[Z W\j[h jh[Wj[Z m_j^ Wdj_+L@+H/ BWX 'Fig. 7i; Supplementary Fig.

7e-h(,

'0( Bkhj^[hceh[* m[ ki[Z b[dj_l_hki l[Yjehi 'Supplemental Figure 7i( je adeYaZemd

C=O=0 _d f[h_dWjWb P?+IN?i 'Fig. 7j(, P?+IN?i W\j[h C=O=0 adeYaZemd 'G@(

i^em[Z i[d[iY[dY[ f^[dejof[i Wi YecfWh[Z je Yekdj[hfWhj _d\[Yj[Z m_j^ i^MJ=

iYhWcXb[ Yedjheb '?O(, O^[ Zemdh[]kbWj_edi e\ L@+H/ Wj fhej[_d b[l[b e\ C=O=0+G@

P?+IN?i m[h[ Wbie l[h_\_[Z Xo B=?N WdZ m[ij[hd Xbeji 'Fig. 7l; Supplementary Fig.

7j(, O^[ C=O=0+G@ IN?i i^em[Z W Z[Yb_d[ _d j^[_h YWfWY_jo je ikffh[ii ?@2) O Y[bbi

WYj_lWj_ed* X[i_Z[i* j^[ C=O=0+G@ IN?-O Ykbjkh[i jh[Wj[Z m_j^ Wdj_+L@+H/ BWX

i^em[Z Wbceij ded[ _dYh[Wi[ _d O+Y[bb fheb_\[hWj_ed WdZ OJB+�-EBJ+� fheZkYj_ed

YecfWh[Z m_j^ j^Wj e\ Yedjheb ]hekf P?+IN?-O+jh[Wj[Z Ykbjkh[i 'Figure. 7m,

Supplementary Fig. 7k-o(* m^_Y^ _dZ_YWj[i C=O=0 Wi Wd _cfehjWdj ceZkbWjeh e\ L@+

H/ c[Z_Wj[Z _cckdeikffh[ii_l[ [\\[Yj e\ P?+IN?i,

4, M[\[h[dY[ $/4 'Okh_d[jje [j Wb( _i dej Wffhefh_Wj[bo Y_j[Z8 _j Ze[i dej c[dj_ed W

j[dZ[dYo e\ W][Z IN?i je kdZ[h]e ifedjWd[eki Z_\\[h[dj_Wj_ed, MWj^[h* j^[ h[l_[m

fWf[h ijWj[i j^Wj ][d[hWbbo eij[e][d[i_i _i Yecfhec_i[Z m^_b[ WZ_fe][d[i_i _i dej

W\\[Yj[Z eh _dYh[Wi[Z,

R[ j^Wda j^[ h[l_[m[h \eh j^[ ik]][ij_ed, R[ ^Wl[ \ebbem[Z j^[ ik]][ij_ed WdZ

h[\[h[dY[ $/4 ^Wl[ X[[d h[cel[Z,

5, >I+1 Wff[Whi je ^Wl[ i_]d_\_YWdjbo bem[h Y[bb Yekdjivm^o _i j^_i* WdZ Ze[i j^_i

^Wl[ Wdo [\\[Yj ed j^[ X_e_d\ehcWj_Yi WdWboi[i<

R[ j^Wda j^[ h[l_[m[h \eh hW_i_d] j^_i gk[ij_ed, @k[ je j^[ Z_\\[h[dY[ _d Y[bb l_WX_b_jo

e\ [WY^ iWcfb[ WdZ XWjY^[i e\ /.S Y[bb YWfjkh[ h[W][dji* i_d]b[+Y[bb i[gk[dY_d] ed j^[

/.S fbWj\ehc _d[l_jWXbo [dYekdj[hi XWjY^ [\\[Yji WdZ Z_\\[h[dY[i _d j^[ i[gk[dY_d]

Z[fj^ e\ i_d]b[+Y[bb ZWjW demWZWoi, R[ YWhh_[Z ekj ijh_Yj iWcfb[ ZWjW gkWb_jo Yedjheb \eh



[WY^ iWcfb[ je h[cel[ j^[ bem+gkWb_jo Y[bbi m_j^ bem PIE Yekdji WdZ ^_]^

c_jeY^edZh_Wb ][d[ hWj_e, Ed >I1* j^[ 0*52. i_d]b[ Y[bbi m_j^ W jejWb PIE Yekdj i_c_bWh

je j^Wj e\ ej^[h iWcfb[i m[h[ _dYbkZ[Z \eh Zemdijh[Wc WdWboi_i, R[ Wffhefh_Wj[bo

Wffb_[Z j^[ m_Z[bo fkXb_i^[Z N[khWj _dj[]hWj_ed c[j^eZ je h[cel[ XWjY^ Z_\\[h[dY[i

X[jm[[d iWcfb[i, >[i_Z[i* j^[ N[khWj yJehcWb_p[@WjWz \kdYj_ed YWd \khj^[h [b_c_dWj[Z

j^[ _d\bk[dY[ e\ Z_\\[h[dj i[gk[dY_d] Z[fj^i _d [WY^ iWcfb[, O^[ h[ikbji i^em[Z j^Wj

[WY^ Y[bb e\ >I1 _i [l[dbo Z_ijh_Xkj[Z _d j^[ iWc[ 5 ikXfefkbWj_edi Wi j^[ h[ij e\ j^[

iWcfb[i 'Appendix Fig .2a(* WdZ j^[ cWha[h ][d[i e\ [WY^ ikXfefkbWj_ed Wh[ j^[ iWc[

Wi _d j^[ el[hWbb WdWboi_i 'Appendix Fig .2b(, O^_i ik]][iji j^Wj Wbj^ek]^ ekh ijh_Yj

gkWb_jo Yedjheb cWo h[ikbj _d W bem[h Y[bb Yekdji _d >I1* j^_i mWi d[Y[iiWho WdZ mekbZ

dej ^Wl[ W i_]d_\_YWdj _cfWYj ed ekh X_e_d\ehcWj_Yi WdWboi_i,

6, @_\\[h[dj_Wj_ed \kdYj_edWb ZWjW _i dej m[bb Yehh[bWj[Z je j^[ c_YheWhhWo ZWjW* _,[,

WZ_fe][d[i_i+h[bWj[Z ][d[i Wh[ kfh[]kbWj[Z _d W][Z IN?i-?5,

R[ j^Wda j^[ h[l_[m[h \eh j^[ ik]][ij_ed, =i Z[jW_b[Z _d ekh h[ifedi[ je j^_i h[l_[m[hzi

gk[ij_ed WXel[* m[ ^Wl[ h[cel[Z Wbb j^[ Yedj[dj ki_d] IN? Z_\\[h[dj_Wj_ed WX_b_jo je

Wii[ii j^[_h i[d[iY[dj ijWjki,

7, O^[ PI=L _d B_]kh[ N/_ _i _d j^[ effei_j[ Z_h[Yj_ed Wi Wbb ej^[h i_c_bWh PI=Li,/.,

Ed OWXb[ N0* ][d[i _d j^[ b_ij e\ Z_ij_dYj [nfh[ii_ed i_]dWjkh[i \eh ?5 Ybkij[h Wh[

Zkfb_YWj[Z,

R[ Wfebe]_p[ \eh j^[ Yed\ki_ed, Ed ehZ[h je cWa[ j^[ Whj_Yb[ ceh[ YedY_i[* m[ h[cel[Z

j^[ _d\ehcWj_ed h[bWj[Z je gkWb_jo Yedjheb \hec j^[ ikffb[c[djWho \_]kh[ / WdZ

jhWdi\[hh[Z _j je j^[ =ff[dZ_n B_]kh[ 1, @kh_d] j^[ gkWb_jo Yedjheb e\ ekh i_d]b[ Y[bb ZWjW*

m[ jh_[Z je [nfbeh[ m^[j^[h Z_iieY_Wj_ed ^Wi Wd [\\[Yj ed Y[bb Ybkij[h_d], =\j[h h[cel_d]

Z_iieY_Wj_ed+h[bWj[Z ][d[i* m[ h[+f[h\ehc[Z j^[ ZWjW dehcWb_pWj_ed* WdZ j^[ d[m h[ikbji

W\\[Yj[Z j^[ YWbYkbWj_ed e\ L?= Z_c[di_edWb_jo h[ZkYj_ed WdWboi_i* h[ikbj_d] _d Z_\\[h[dj

PI=L i^Wf[i WdZ Z_h[Yj_ed 'Appendix Fig. 3d(, =\j[h Yed\_hc_d] j^Wj j^[

Z_iieY_Wj_ed+h[bWj[Z ][d[i Ze dej W\\[Yj ekh IN? Ybkij[h_d]* j^[ Z_iieY_Wj_ed+h[bWj[Z

][d[i m[h[ a[fj _d j^[ ZWjWi[j WdZ m[h[ dej h[cel[Z \hec \ehcWb WdWboi_i* ie j^[

PI=L Z_h[Yj_ed _d j^[ cWdkiYh_fj \_]kh[i Ze[i dej cWjY^ j^[ \_]kh[ =ff[dZ_n 1Z,

>[i_Z[i* m[ Wfebe]_p[ \eh ekh c_ijWa[ j^Wj ][d[i _d j^[ b_ij e\ Z_ij_dYj [nfh[ii_ed

i_]dWjkh[i \eh ?5 Ybkij[h Wh[ Zkfb_YWj[Z, R[ ^Wl[ f[h\ehc[Z j^[ wfi[kZeXkbax

Z_\\[h[dj_Wb ][d[ WdWboi_i WdZ kfZWj[Z j^[ h[ikbji _d Nkffb[c[djWho OWXb[ 0,



Reviewer #2 (Remarks to the Author):

Ed j^[_h cWdkiYh_fj* wIkbj_+ec_Yi WdWboi_i e\ ^kcWd c[i[dY^ocWb ij[c Y[bb h[l[Wbi

Y[bb W]_d] Z[j[hc_d_d] j^[_h _cckdeceZkbWjeho WYj_l_jo j^hek]^ j^[ Zemdh[]kbWj_ed e\

L@+H/*x CWe [j Wb, ki[ i_d]b[ Y[bb MJ= i[gk[dY_d] 'iYMJ=+N[g( Wbed] m_j^ cWii

if[Yjhec[jho fhej[ec_Yi je Y^WhWYj[h_p[ c[i[dY^ocWb ijhecWb Y[bbi 'IN?( \hec

Z_\\[h[dj j_iik[ iekhY[i 'WZ_fei[ j_iik[ '=@(* j^[ Xed[ cWhhem '>I(* j^[ fbWY[djWb

Y^eh_ed_Y c[cXhWd[ 'LI( WdZ j^[ kcX_b_YWb YehZ 'P?(, O^[ Wkj^ehi h[fehj j^Wj IN?i

\hec Z_\\[h[dj j_iik[ iekhY[i 'WdZ Yehh[ifedZ_d]bo Z_\\[h[dj W][i( [n^_X_j Z_\\[h[dj

Z[]h[[i e\ Y[bbkbWh i[d[iY[dY[* m_j^ IN?i \hec woekd][hx j_iik[ iekhY[i [n^_X_j_d]

b[ii i[d[iY[dY[ j^Wd IN?i \hec webZ[hx j_iik[ iekhY[i, Ieh[el[h* j^[ Wkj^ehi h[fehj

j^Wj j^[i[ Z_\\[h[dY[i Yehh[ifedZ je Z_\\[h[dY[i _d L@+H/ [nfh[ii_ed Xo IN?* m^_Y^

_d jkhd W\\[Yji j^[ _cckdeikffh[ii_l[ fej[dj_Wb e\ j^[ IN?i, B_dWbbo* j^[o h[fehj j^Wj

[nfh[ii_ed e\ L@+H/ _d j^_i Yedj[nj _i c[Z_Wj[Z j^hek]^ C=O=0 WYj_l_jo,

IN?i ^Wl[ i^emd ]h[Wj fej[dj_Wb _d W lWh_[jo e\ Yb_d_YWb Wffb_YWj_edi* Xkj* Wi dej[Z Xo

j^[ Wkj^ehi* j^[h[ Wh[ cWdo _dYed]hkeki ceb[YkbWh* Y[bbkbWh WdZ \kdYj_edWb Z[\_d_j_edi

e\ IN?i WYheii ijkZ_[i* if[Y_[i* fhejeYebi* WdZ j_iik[ iekhY[i, O^[h[ _i Wd kdc[j d[[Z

\eh YWh[\kbbo WdZ j^ehek]^bo Y^WhWYj[h_p_d] IN? h[iekhY[i* cWa_d] j^[ fh[i[dj ijkZo

fej[dj_Wbbo i_]d_\_YWdj, O^[ Wffb_YWj_ed e\ Ykjj_d]+[Z][ j[Y^debe]_[i* ikY^ Wi iYMJ=+

N[g WdZ cWii if[Y fhej[ec_Yi* je YWh[\kbbo Z[\_d[Z IN? if[Y_c[di \hec W lWh_[jo e\

j_iik[ iekhY[i _i W iY_[dj_\_YWbbo lWbkWXb[ kdZ[hjWa_d]* WdZ b_a[bo je kdYel[h _cfehjWdj

IN? X_ebe]o, Ieh[el[h* ikffehj e\ j^[i[ Y^WhWYj[h_pWj_edi m_j^ \kdYj_edWb [nf[h_c[dji

[lWbkWj_d] L@+H/ [nfh[ii_ed* _cckdeikffh[ii_l[ WYj_l_jo* WdZ C=O=0+c[Z_Wj[Z

h[]kbWj_ed Wh[ _cfehjWdj Yecfed[dji j^Wj [nj[dZ j^[ ijkZ_[i X[oedZ ][d[hWb wfhe\_b_d]x

Y^WhWYj[h_pWj_edi, @[if_j[ j^[ fej[dj_Wb _cfWYj e\ j^[ ijkZo* j^[h[ Wh[ i_]d_\_YWdj

YedY[hdi h[]WhZ_d] WdWboi_i ijhWj[]_[i WdZ Yehh[ifedZ_d] h[ikbji _dj[hfh[jWj_edi*

fWhj_YkbWhbo m_j^ h[]WhZ je iYMJ=+N[g WdWboi[i, Eiik[i _d j^[i[ WdWboi[i cWa[i _j

iec[m^Wj Z_\\_Ykbj je [lWbkWj[ j^[ X_ebe]_YWb [nfbWdWj_edi WdZ YedYbki_edi ZhWmd \hec

j^[i[ [nf[h_c[dji* m^_Y^ _d jkhd \ehc[Z j^[ XWi_i \eh cWdo e\ j^[ \kdYj_edWb \ebbem kf

[nf[h_c[dji, >[oedZ if[Y_\_Y WdWboi_i _iik[i* Wbj^ek]^ WYademb[Z][Z WdZ Z_iYkii[Z Xo

j^[ Wkj^ehi* Wd [nf[h_c[djWb Z[i_]d _d m^_Y^ IN? j_iik[ iekhY[ _i 'd[Y[iiWh_bo(

Yed\ekdZ[Z m_j^ W][ fh[i[dji Y^Wbb[d][i _d Z[j[hc_d_d] _\ fej[dj_Wb Z_\\[h[dY[i _d

i[d[iY[dY[ Wh[ Zk[ je j_iik[ iekhY[* W][* eh Xej^, Nf[Y_\_Y Yecc[dji WdZ ik]][ij_edi

Wh[ b_ij[Z X[bem8



R[ j^Wda j^[ h[l_[m[h \eh j^[ [dYekhW]_d] Yecc[dji WdZ fe_dj_d] ekj j^[ [n_ij_d]

fheXb[ci, Ed ehZ[h je fhel[ j^Wj Z[Yh[Wi[Z _cckdeceZkbWjeho WX_b_jo e\ IN?i _i

YWki[Z Xo i[d[iY[dY[ m_j^ekj Yed\ekdZ[Z Xo j_iik[ h[iekhY[* we have followed the 

h[l_[m[hzi ik]][ij_ed and performed another single cell RNA sequencing of BM-

MSCs from young (n=4; W][t0.) and aged (n=4; age>45) donors (Fig. 5a). Our 

analysis revealed that >I+IN?i \hec W][Z Zedehi m[h[ ceh[ i[d[iY[dj Wi YecfWh[Z

je oekd] >I+IN?i (Fig. 5g, h). The immunosuppressive function score of senescent 

BM-MSCs was also decreased and PD-L1 expression was also found to be significantly 

downregulated in BM-MSCs from aged donors (Fig. 5i, j; Supplementary Fig. 5h, i). 

m[ ^Wl[ Wbie Ye+Ykbjkh[Z ?BNA bWX[b[Z WYj_lWj[Z ?@2) O Y[bb m_j^ oekd] WdZ W][Z

>I+IN?i 'Supplementary Fig. 5l). BM-MSCs derived from young donors showed a 

stronger YWfWY_jo je ikffh[ii O Y[bbi WYj_lWj_ed* m^_b[ _d^_X_jeho [\\[Yj mWi i_]d_\_YWdjbo

m[Wa[d[Z W\j[h jh[Wj[Z m_j^ Wdj_+L@+H/ BWX 'Fig. 5l; Supplementary Fig. 5n-p(*

m^_Y^ _dZ_YWj[i j^Wj kfh[]kbWj[Z L@+H/ c[Z_Wj[i j^[ [d^WdY[Z _cckdeikffh[ii_l[

YWfWY_jo e\ oekd] >I+IN?i, ?ebb[Yj_l[bo* Xo YecfWh_d] >I+IN?i \hec Zedehi e\

Z_\\[h[dj W][i* m[ ^Wl[ fhel_Z[Z \khj^[h [l_Z[dY[ j^Wj Y[bbkbWh i[d[iY[dY[ _i j^[ a[o

Z[j[hc_dWdj e\ Zemdh[]kbWj[Z L@+H/ _d IN?i \hec W][Z Zedehi* m^_Y^ b[WZi je W

Z[Yh[Wi[ _d j^[_h _cckdeceZkbWjeho YWfWY_jo,

MAJOR POINTS

/, IWdo Wif[Yji e\ j^[ iYMJ=+N[g [nf[h_c[dj WdZ WdWboi_i meha\bem m[h[ m[bb+ik_j[Z

je j^[ ]eWbi e\ Y^WhWYj[h_p_d] IN? \hec Z_\\[h[dj iekhY[i, Beh [nWcfb[* XWbWdY[Z

iWcfb[ XWjY^_d]* _cfb[c[djWj_ed e\ ZWjW _dj[]hWj_ed j^hek]^ N[khWj* Y[bb YoYb[ iYeh_d]*

[jY, m[h[ Wffhefh_Wj[bo Wffb_[Z, Dem[l[h* j^[h[ Wh[ i[l[hWb ijW][i e\ j^[ WdWboi_i j^Wj

hW_i[ YedY[hdi WXekj WdZ-eh YekbZ _cfhel[ j^[ kbj_cWj[ h[ikbji WdZ X_ebe]_YWb

_dj[hfh[jWj_edi + j^[i[ Wh[ ikccWh_p[Z X[bem,

@_\\[h[dj_Wb ][d[ [nfh[ii_ed j[ij_d]8 O^hek]^ekj j^[ ijkZo* W lWh_[jo e\ _dj[h+Ybkij[h WdZ

_dj[h+YedZ_j_ed Z_\\[h[dj_Wb ][d[ [nfh[ii_ed WdWboi[i Wh[ f[h\ehc[Z, =i ^[bf\kbbo

h[fehj[Z Xo j^[ Wkj^ehi* j^[ iWcfb[i [nWc_d[Z m[h[ XWbWdY[Z WYheii j^h[[ XWjY^[i

'h[fehj[Z _d Nkf OWXb[ /(, Oe WYYekdj \eh fej[dj_Wb _dj[h+XWjY^ lWh_Wj_ed* Wbed] m_j^

_dj[h+iekhY[ lWh_Wj_ed* N[khWj _dj[]hWj_ed mWi Wffhefh_Wj[bo Wffb_[Z je y^Whced_p[z j^[

/0 ZWjWi[ji kdZ[h ijkZo, O^[ Wkj^ehi dej[ j^Wj wO^[ ej^[h WdWboi[i 'b_a[ Z_\\[h[dj_Wb

[nfh[ii_ed WdWboi_i WdZ ][d[ i[j [dh_Y^c[dj( m[h[ XWi[Z ed j^[ dehcWb_p[Z ZWjW \hec

j^[ yMJ=z WiiWo e\ N[khWj eX`[Yj,x O^_i _i j^[ Yehh[Yj WffheWY^, Dem[l[h* _d j^[

ikXi[gk[dj Z_\\[h[dj_Wb ][d[ [nfh[ii_ed j[ij_d]* ][d[ i[j j[ij_d]* [jY, j^[h[ Wh[ de ij[fi



jWa[d je cWdW][ fej[dj_Wb j[Y^d_YWb [\\[Yji WYheii XWjY^[i, R^_b[ j^_i cWo dej

d[Y[iiWh_bo W\\[Yj h[ikbji '_j h[fh[i[dji Wd WZZ_j_edWb iekhY[ e\ lWh_Wj_ed WYheii

h[fb_YWj[i(* Z_\\[h[dj_Wb [nfh[ii_ed h[ikbji mekbZ b_a[bo X[ ceh[ heXkij m^[d WYYekdj_d]

\eh j^_i iekhY[ e\ lWh_Wj_ed,

Beh Z_\\[h[dj_Wb ][d[ [nfh[ii_ed j[ij_d] Wj j^[ i_d]b[ Y[bb b[l[b* j^[ Wkj^ehi _cfb[c[dj

j^[ B_dZ=bbIWha[hi'( WdZ B_dZIWha[hi'( N[khWj \kdYj_edi m_j^ R_bYened MWda+Nkc

O[ij eh NjkZ[djzi O+j[ij \eh ijWj_ij_Yi, B_hij* m_j^ Wd _dj[]hWj[Z ZWjWi[j* j^[

B_dZ?edi[hl[ZIWha[hi'( \kdYjed'ckbj_fb[ YedjhWiji WYheii [WY^ ZWjWi[j(* mekbZ b_a[bo

X[ ceh[ heXkij, Bkhj^[hceh[* Wbb e\ j^[i[ \kdYj_edi YWd X[ YWbb[Z m_j^ Z_\\[h[dj

ijWj_ij_YWb \hWc[mehai* _dYbkZ_d] j^ei[ j^Wj _cfb[c[dj b_d[Wh ceZ[b_d] '[,], @AN[g0*

I=NO* [jY,(* _d m^_Y^ XWjY^ 'WdZ ej^[h( \WYjehi YWd X[ _dYbkZ[Z _d ceZ[b j[ij_d],

L[h^Wfi W X[jj[h ijhWj[]o* ]_l[d j^Wj j^[ Wkj^ehi _cfb[c[dj[Z W ijhed] [nf[h_c[djWb

Z[i_]d m_j^ jhk[ X_ebe]_YWb h[fb_YWj[i 'd : 1 \eh [WY^ j_iik[ iekhY[(* j^[o c_]^j Yedi_Z[h

W yfi[kZeXkbaz ijhWj[]o \eh Z_\\[h[dj_Wb [nfh[ii_ed j[ij_d] j^Wj ceZ[bi lWh_Wj_ed WYheii

X_ebe]_YWb hWj^[h j^Wd i_d]b[ Y[bb wh[fb_YWj[i,x =i fh[i[djbo Wffb_[Z* m^_b[ iec[j_c[i

d[Y[iiWho* i_d]b[ Y[bb Z_\\[h[dj_Wb [nfh[ii_ed j[ij_d] ^Wi X[[d i^emd je X[ fhed[ je ^_]^

\Wbi[ fei_j_l[ hWj[i 'NgkW_h FR* [j Wb, ?ed\hedj_d] \Wbi[ Z_iYel[h_[i _d i_d]b[+Y[bb

Z_\\[h[dj_Wb [nfh[ii_ed, JWj ?ecckd, 0.0/ N[f 069/0'/(83470(, C_l[d j^[ \kbbo

h[fb_YWj[Z Z[i_]d ^[h[* Z_\\[h[dj_Wb ][d[ [nfh[ii_ed m_j^ fi[kZeXkba X_ebe]_YWb

h[fb_YWj[i mekbZ b_a[bo fhel_Z[ ceh[ heXkij h[ikbji,

=d _cfhel[c[dj _d Z_\\[h[dj_Wb ][d[ [nfh[ii_ed h[ikbji mekbZ Wbie X[ [nf[Yj[Z je

_cfhel[ h[ikbji _d Zemdijh[Wc WdWboi[i j^Wj ki[Z j^[i[ h[ikbji Wi _dfkj '[,], I[jWiYWf[*

[jY,(,

R[ j^Wda j^[ h[l_[m[h \eh j^[ ik]][ij_edi je adopt a more rigorous strategy to calculate 

DEGs, we have Wffb_[Z W wfi[kZeXkbax ijhWj[]o \eh Z_\\[h[dj_Wb [nfh[ii_ed j[ij_d]*

m^_Y^ ceZ[bi lWh_Wj_ed WYheii X_ebe]_YWb iWcfb[i hWj^[h j^Wd i_d]b[ Y[bb h[fb_YWj[i, O^[

YeZ[i \eh f[h\ehc_d] wfi[kZeXkbax WdWboi_i ^Wl[ X[[d kfbeWZ[Z je C_j^kX

'^jjfi8--]_j^kX,Yec-CWeTkY^[dLPI?-IN?VfWf[h-jh[[-cW_d-YeZ[V\ehVfWf[hVM[l_i_

ed(* WdZ m[ ^Wl[ kfZWj[Z j^[ c[j^eZ e\ yfi[kZeXkbaz @AC WdWboi_i _d j^[ cWdkiYh_fj,

Beh [WY^ i_d]b[ Y[bb Ybkij[h m_j^_d [WY^ iWcfb[* m[ ][d[hWj[Z j^[ wfi[kZeXkbax Ybkij[h

Xo ikcc_d] PIE Yekdji WYheii Wbb Y[bbi m_j^_d j^_i Ybkij[h, =bb wfi[kZeXkbax Ybkij[hi

\hec j^[ iWc[ j_iik[ eh W][ ]hekf Yedij_jkj[ wfi[kZeXkbax X_ebe]_YWb h[fb_YWj[i, J[nj*

m[ Wffb_[Z @AN[g0 je YWbYkbWj[ @ACi X[jm[[d Z_\\[h[dj wfi[kZeXkbax h[fb_YWj[i, O^[



@ACi YWbYkbWj[Z Xo wfi[kZeXkbax ijhWj[]o m[h[ i^em[Z _d ikffb[c[djWho jWXb[ 0, O^[

h[ikbji e\ @ACi i^em[Z _d Zej fbeji WdZ ^[WjcWfi Wh[ kfZWj[Z m_j^ j^[ h[ikbji

YWbYkbWj[Z Xo wfi[kZeXkbax ijhWj[]o 'Fig. 1h; Fig. 2b, e; Supplementary Fig. 1f;

Supplementary Fig. 2e(, =bj^ek]^ j^[ [nfh[ii_ed b[l[bi e\ cWdo eh_]_dWbbo y\Wbi[

fei_j_l[z ][d[i m[h[ de bed][h i_]d_\_YWdjbo Z_\\[h[dj 'f,WZ`;.,.3( W\j[h im_jY^_d] je j^[

wfi[kZeXkbax ijhWj[]o* j^[ a[o W]_d] cWha[hi 'OL31* ?@GJ/=* CH>/* ?@GJ0=(

m[h[ ij_bb \ekdZ je X[ Z_\\[h[dj_Wbbo kfh[]kbWj[Z _d W]_d] Ybkij[hi, >[i_Z[i* j^[ h[ikbji

e\ wfi[kZeXkbax @ACi m[h[ \khj^[h ki[Z je f[h\ehc C[d[ Kdjebe]o WdWboi_i 'Fig. 2d;

Supplementary Fig 2a, b(* m^_Y^ ij_bb _dZ_YWj[i j^[ i[d[iY[dj f^[dejof[ e\ Ybkij[h 3+

5, Bkhj^[hceh[* m[ ^Wl[ Wbie _cfb[c[dj[Z j^[ wfi[kZeXkbax ijhWj[]o je YWbYkbWj[ @ACi

e\ >I+IN?i \hec oekd] WdZ W][Z Zedehi 'Fig. 5e; Supplementary Fig. 5d(* j^[

h[ikbji h[l[Wb[Z j^Wj j^[ X_eY^[c_YWb XWi_i \eh >I3 WdZ >I4 i[d[iY[dY[ Wh[ c_i\ebZ[Z

fhej[_d h[ifedi[ WdZ @J=ZWcW][* h[if[Yj_l[bo, ?ebb[Yj_l[bo* j^[i[ h[ikbji _dZ_YWj[ j^Wj

Z_\\[h[dY[i _d Y[bbkbWh i[d[iY[dY[ Wj j^[ i_d]b[+Y[bb b[l[b f[hi_ij W\j[h im_jY^_d] je W

ceh[ h_]eheki WdWboi_i ijhWj[]o,

Cell cycle phase assignments and interpretations: ?[bb YoYb[ iYeh[i m[h[ Wii_]d[Z

f[h Y[bb ki_d] j^[ WiieY_Wj[Z \kdYj_edWb_jo _d N[khWj, O^_i WffheWY^ fh[Z_Yji W b_a[bo Y[bb

YoYb[ f^Wi[ 'ekjfkj Wi C/* N* eh C0I( \eh [WY^ Y[bb XWi[Z ed [nfh[ii_ed fWjj[hdi e\

WiieY_Wj[Z ][d[ i[ji, R^_b[ W ki[\kb jeeb* j^[h[ Wh[ iec[ YedY[hdi Wi je j^[i[ ZWjW Wh[

_dj[hfh[j[Z _d j^[ j[nj, Beh [nWcfb[* j^[ Wkj^ehi dej[ j^Wj 'b_d[ /10(* wIN?i \hec ?/

m[h[ fh[Z_Yj[Z je X[ _d N f^Wi[* IN?i \hec ?0 WdZ ?1 m[h[ Wii_]d[Z je C0-I f^Wi[*

WdZ Y[bb YoYb[ Whh[ij eYYkhh[Z _d* IN?i \hec ?3 je ?5* Wi d[Whbo Wbb Y[bbi m[h[ fh[Z_Yj[Z

je X[ _d C/ f^Wi[,x = wC/x Wii_]dc[dj Ze[i dej _dZ_YWj[ wY[bb YoYb[ Whh[ij,x EdZ[[Z* _d

ekh [nf[h_[dY[* j^_i _i W jof_YWb eXi[hlWj_ed _d iYMJ=+N[g ZWjW \eh Y[bbi j^Wj Wh[ dej

WYj_l[bo _d j^[ N-C0I fheb_\[hWj_d] fheY[ii9 _d j^[ N[khWj YbWii_\_YWj_ed \kdYj_ed* j^[h[

Wh[ de ej^[h efj_edi '[,], wC.x* [jY,(* ie j^[ C/ bWX[b e\j[d WYji Wi W wYWjY^ Wbbx \eh ded+

N* ded+C0I, R[ j[dZ je eXi[hl[ bWh][ dkcX[hi e\ wC/x YbWii_\_[Z Y[bbi [l[d _d iYMJ=+

N[g ZWjWi[ji e\ kd_l[hiWbbo fheb_\[hWj_d] Y[bb b_d[i,

M[bWj[Z eXi[hlWj_edi ikY^ Wi 'b_d[ /20( wf^[dejof[ ifWY[ X[jm[[d dedfheb_\[hWj_l[ '?3*

?4* ?5( WdZ fheb_\[hWj_l[ Ybkij[hi '?/* ?0* ?1( _i h[bWj_l[bo m[Wa YecfWh[Z je j^[

Yedd[Yj_l_jo m_j^_d [_j^[h fheb_\[hWj_l[ eh dedfheb_\[hWj_l[ ikXfefkbWj_edi 'B_], /\(x

cWo dej X[ \kbbo [nfbWdWjeho* Wi j^[ N-C0I ][d[ [nfh[ii_ed fWjj[hdi h[ikbj _d

Yedi_Z[hWXb[ lWh_Wj_ed WYheii Y[bbi j^Wj YWd wZh_l[x j^[ L?= WdZ Yedi[gk[dj Ybkij[h_d]

WdZ PI=L* m_j^ekj d[Y[iiWh_bo _dZ_YWj_d] Z_ij_dYj kdZ[hbo_d] f^[dejof[i e\ j^[ Y[bbi,



R[ j^Wda j^[ h[l_[m[h \eh hW_i_d] j^_i gk[ij_ed, R[ ^Wl[ h[b[Whd[Z j^[

?[bb?oYb[NYeh_d] \kdYj_ed e\ N[khWj* m^_Y^ ijeh[i N WdZ C0-I iYeh[i _d eX`[Yj c[jW

ZWjW* Wbed] m_j^ j^[ fh[Z_Yj[Z YbWii_\_YWj_ed e\ [WY^ Y[bb _d [_j^[h C0I* N eh C/ f^Wi[,

O^[ ?[bb?oYb[NYeh_d] \kdYj_ed edbo Wii_]d [WY^ Y[bb W N eh C0I iYeh[* XWi[Z ed _ji

[nfh[ii_ed e\ C0-I WdZ N f^Wi[ cWha[hi* Y[bbi [nfh[ii[Z bem b[l[bi e\ C0I WdZ N

f^Wi[ ][d[i m[h[ Wii_]d[Z C/ f^Wi[, O^ki* Y[bbi fh[Z_Yj[Z je X[ _d j^[ C/ f^Wi[ Wh[

ceh[ b_a[ Y[bbi m_j^ h[bWj_l[bo m[Wa fheb_\[hWj_l[ WX_b_jo eh Y[bbi j^Wj Wh[ dej _d j^[ Y[bb

YoYb[ ijWj[* WdZ _j _i _dWffhefh_Wj[ \eh ki je _dj[hfh[j _j Wi wY[bb YoYb[ Whh[ijx eh wded+

fheb_\[hWj_l[x, O^[h[\eh[* m[ ^Wl[ Y^Wd][Z j^[ _dj[hfh[jWj_ed e\ Y[bb YoYb[ WdWboi_i _d

j^[ cWdkiYh_fj je8 wIN?i \hec ?/* ?0 WdZ ?1 m[h[ Wii_]d[Z ^_]^ C0-I eh N f^Wi[

iYeh[ XWi[Z ed _ji ^_]^ [nfh[ii_ed e\ C0-I WdZ N f^Wi[ cWha[hi, ?[bbi \hec ?3* ?4

WdZ ?5 m[h[ b_a[bo dej _d WYj_l[ YoYb_d] WdZ m[h[ Wii_]d[Z C/ f^Wi[* _dZ_YWj_d] W

h[bWj_l[bo bem fheb_\[hWj_l[ fej[dj_Wb Wi YecfWh[Z je Y[bbi \hec ?/* ?0 WdZ ?1, ?2

Wff[Wh[Z je X[ W ikXi[j e\ Y[bbi _d W jhWdi_j_ed ijWj[x 'b_d[ /07(, >[i_Z[i* j^[

_dj[hfh[jWj_ed e\ L=C= WdWboi_i mWi Y^Wd][Z je wL=C= WdWboi_i h[l[Wb[Z

jhWdiYh_fj_edWb i_c_bWh_jo X[jm[[d WYj_l[ fheb_\[hWj_d] Ybkij[hi 'C1, C2 and C3(* WdZ

ijhed] Yedd[Yj_l[ ijhkYjkh[i m[h[ eXi[hl[Z _d f^[dejof[ ifWY[ X[jm[[d ?3* ?4 WdZ ?5

'B_], /Z(, ?edi_ij[dj m_j^ j^[ IedeYb[ WdWboi_i* j^[ L=C= fWj^ Wbie ik]][ij[Z j^Wj

WYj_l[ fheb_\[hWj_d] Ybkij[hi ]Wl[ h_i[ je Y[bbi _d ?3* ?4 WdZ ?5* m^_b[ ?2 Wff[Wh[Z Wi

W deZ[ j^Wj b_da_d] j^_i jhWdi_j_edx 'b_d[ /16(,

>o [nj[di_ed* _j _i iec[m^Wj kdYb[Wh ^em ckY^ e\ j^[ ][d[ [nfh[ii_ed Z_\\[h[dY[i _d

j^[ wfheb_\[hWj_l[x li wded+fheb_\[hWj_l[x Ybkij[hi Wh[ Zh_l[d i_cfbo Xo Z_\\[h[dY[i _d

Y[bb YoYb[ f^Wi[ l[hiki Z_\\[h[dY[i _d i[d[iY[dY[, R^_b[ cWdo e\ j^[ ][d[i ^_]^b_]^j[Z

Xo j^[ Wkj^ehi Wh[ WiieY_Wj[Z m_j^ i[d[iY[dY[* Wbj[hdWj_l[bo* j^[i[ Z_\\[h[dY[i _d

[nfh[ii_ed YekbZ X[ WiieY_Wj[Z m_j^ Y[bb YoYb[ f^Wi[i, Ej mekbZ X[ ceij ^[bf\kb je ^Wl[

W w]hekdZ jhkj^x iYMJ=+N[g ZWjWi[j j^Wj _dYbkZ[Z Z[\_d_j_l[ i[d[iY[dj Y[bbi \eh Z_h[Yj

YecfWh_ied, O^[i[ WdZ h[bWj[Z eXi[hl[Z ][d[ [nfh[ii_ed Z_\\[h[dY[i _d wfheb_\[hWj_l[x

li, wded+fheb_\[hWj_l[x Ybkij[hi cWo el[h_dj[hfh[j j^[ X_ebe]_YWb i_]d_\_YWdY[ e\ j^[i[

fWjj[hdi* WdZ Ze dej d[Y[iiWh_bo ikffehj Z[\_d_j_l[ ijWj[c[dji ikY^ Wi wO^[i[ h[ikbji

Yebb[Yj_l[bo _dZ_YWj[ j^Wj j^[ Wjj[dkWj[Z IN? fheb_\[hWj_ed YWd X[ WiYh_X[Z je Y[bbkbWh

i[d[iY[dY[x 'H_d[ /30(* WdZ wO^ki* ekh ZWjW Wj i_d]b[+Y[bb h[iebkj_ed _dZ_YWj[ j^Wj j^[

beii e\ fhej[eijWi_i fbWoi Wd _cfehjWdj heb[ _d Zh_l_d] j^[ Y[bbkbWh i[d[iY[dY[ e\ ?3,x

'H_d[ 005(* WdZ wO^[ WXkdZWdj [nfh[ii_ed e\ ][d[i ikY^ Wi ACM/* OL31* ?@GJ/=*

?@GJ0= WdZ BKSK1 fhel_Z[Z ieb_Z [l_Z[dY[ j^Wj i[d[iY[dY[ e\ ?4 WdZ ?5 _i b_da[Z

je ][dec_Y ijh[ii 'B_], 0W* X* Nkffb[c[djWho B_], 0W( 'H_d[ /7/(,x



R[ j^Wda j^[ h[l_[m[h \eh hW_i_d] j^_i _cfehjWdj gk[ij_ed, R[ mWdj je [nfbW_d \hec j^[

\ebbem_d] j^h[[ Wif[Yji j^Wj j^[ Y[bb Ybkij[h_d] e\ IN?i ZWjW mWi ceh[ Wjjh_XkjWXb[ je

i[d[iY[dY[* dej j^[ Y[bb YoYb[,

'/( R[ \_hij i[j je h[cel[ Y[bb YoYb[ [\\[Yj ed ZWjW Z_c[di_edWb h[ZkYj_ed WdZ Y[bb

Ybkij[h_d], Ome c[j^eZi Wh[ ki[Z _d j^_i i[Yj_ed je h[cel[ j^[ [\\[Yj e\ Y[bb YoYb[

h[bWj[Z ][d[i5, O^[ \_hij c[j^eZ h[cel[Z j^[ Y[bb YoYb[ h[bWj[Z ][d[i \hec ^_]^bo

lWh_WXb[ ][d[i YWbYkbWj[Z Xo B_dZQWh_WXb[B[Wjkh[i* j^_i c[j^eZ mWi h[fehj[Z X[\eh[6

WdZ YWd Wle_Zi Y[bb YoYb[ ][d[i [\\[Yj j^[ Zemdijh[Wc L?= WdWboi_i, Dem[l[h* W\j[h

h[celWb e\ Y[bb YoYb[ h[bWj[Z ][d[i* IN?i Wh[ ij_bb Z_l_Z[Z _dje i[l[d Ybkij[hi

'Appendix Fig. 4a( m_j^ i_c_bWh Z_\\[h[dj_Wbbo [nfh[ii[Z ][d[i Wi X[\eh[ 'Appendix

Fig. 4b(, O^[ L[Whied Yehh[bWj_ed WdWboi_i fhel_Z[Z \khj^[h [l_Z[dY[ j^Wj IN?i m[h[

ij_bb Z_l_Z[Z Wi i[d[iY[dj WdZ ded+i[d[iY[dj Ybkij[h 'Appendix Fig. 4d(, >[i_Z[i*

f[h_dWjWb j_iik[ Z[h_l[Z IN?i i^em ^_]^[h f[hY[djW][ e\ ded+W]_d] Ybkij[hi WdZ bem[h

f[hY[djW][ e\ W]_d] Ybkij[h Wi YecfWh[Z je WZkbj IN?i, Ed j^[ i[YedZ c[j^eZ* m[ \_hij

Wii_]d[Z [WY^ i_d]b[ Y[bb W Y[bb YoYb[ iYeh[ j^hek]^ j^[ ?[bb?oYb[NYeh_d] \kdYj_ed* WdZ

j^[d h[]h[ii[Z ekj Y[bb YoYb[ iYeh[ ki_d] NYWb[@WjW \kdYj_ed, =\j[h h[]h[ii[Z ekj Y[bb

YoYb[ h[bWj[Z [\\[Yj 'Appendix Fig. 4e-f(* m[ \ekdZ jme ded+W]_d] Ybkij[hi ij_bb ^_]^bo

[nfh[ii[Z Wdj_+i[d[iY[dY[ ][d[i '@JIO/* AUD0* HIJ>/(* m^_b[ j^h[[ W]_d] Ybkij[hi

m[h[ Z_ij_d]k_i^[Z Xo kfh[]kbWj[Z i[d[iY[dj cWha[hi 'CH>/* OL31* ?@GJ/=(,

?ebb[Yj_l[bo* j^[i[ h[ikbji h[l[Wb j^Wj h[celWb e\ Y[bb YoYb[ h[bWj[Z [\\[Yj cWa[ de

Y^Wd][ ed Y[bb Ybkij[h_d]* m^_Y^ _dZ_YWj[ j^[ Z_\\[h[dj_Wbbo [nfh[ii[Z Y[bb YoYb[ ][d[i

Wh[ dej cW`eh Z[j[hc_dWdji e\ Y[bb Ybkij[h_d], O^[ YeZ[i e\ j^_i fWhj e\ WdWboi_i ^Wl[

X[[d kfbeWZ[Z je C_j^kX,

'0( N[YedZbo* m^_b[ cWdo e\ j^[ ][d[i ^_]^b_]^j[Z Wi i[d[iY[dY[ cWha[h YekbZ X[

WiieY_Wj[Z m_j^ Y[bb YoYb[ f^Wi[i* cWdo W]_d] cWha[h ][d[i 'EH4* CH>/* DNL=7( WdZ

lWh_eki N=NLi \WYjehi '?KH/=/* ?KH3=0* ECB>L3* BCB0( m[h[ dej Y[bb YoYb[ h[bWj[Z,

O^[i[ ][d[i edbo ^_]^bo [nfh[ii[Z _d i[d[iY[dj Ybkij[hi WdZ i^em[Z h[bWj_l[bo bem

[nfh[ii_ed _d ded+W]_d] Ybkij[hi 'Appendix Fig. 4b, f(* _\ Y[bb YoYb[ Wbed[ Z[j[hc_d[Z

Y[bb Ybkij[h_d]* j^[ [nfh[ii_ed e\ j^[i[ ][d[i i^ekbZ dej lWho Wffh[Y_WXbo WYheii Y[bb

fefkbWj_edi, =\j[h h[cel_d] j^[ [\\[Yj e\ Y[bb YoYb[* j^[ [nfh[ii_ed Z_\\[h[dY[ e\ j^[i[

i[d[iY[dj h[bWj[Z ][d[i YWd ij_bb Z[j[hc_d[ j^[ Y[bb ]hekf_d],

'1( =j bWij* [WY^ oekd] WdZ W][Z >I+IN? iWcfb[ mWi j[ij[Z \eh i[d[iY[dY[ fh_eh je

i_d]b[+Y[bb i[gk[dY_d] 'Fig. 5b( WdZ ^_]^ fhefehj_ed e\ i[d[iY[dj IN?i mWi _Z[dj_\_[Z

m_j^_d WZkbj+Z[h_l[Z >I+IN?i Wj [Whbo fWiiW][ 1* m^_Y^ _dZ_YWj[i j^Wj IN?i \hec



W][Z Zedehi cWo ^Wl[ [nf[h_[dY[Z i[d[iY[dY[ X[\eh[ b[Wl_d] j^[ Xed[ cWhhem d_Y^[,

Kkh i_d]b[ Y[bb WdWboi_i h[ikbji Wbie i^em[Z j^Wj W][Z >I+IN?i feii[ii[Z W

i_]d_\_YWdjbo ^_]^[h \h[gk[dYo e\ i[d[iY[dj Y[bbi 'Fig. 5h( [nfh[ii_d] W]_d] cWha[hi

WdZ N=NLi \WYjehi 'Fig. 5e(, O^[i[ h[ikbji cWo fhel_Z[ \khj^[h [l_Z[dY[ j^Wj Y[bb

Ybkij[h_d] e\ IN?i ZWjW mWi ceh[ Wjjh_XkjWXb[ je i[d[iY[dY[* dej j^[ Y[bb YoYb[,

Gene set scoring by GSVA8 CNQ=* W m_Z[bo ki[Z jeeb \eh ][d[ i[j iYeh_d] WdZ

[dh_Y^c[dj WdWboi_i _d wXkbax MJ=+N[g ijkZ_[i* mWi ki[Z je Wii_]d f[h Y[bb ][d[ i[j

iYeh[i* m^_Y^ _d iec[ YWi[i m[h[ ikXi[gk[djbo ki[Z je j[ij \eh Z_\\[h[dj_Wb i[j

[dh_Y^c[dj WYheii iWcfb[i, Pdb_a[ ijWdZWhZ wXkbax MJ=+N[g ZWjW* iYMJ=+N[g

ZWjWi[ji Wh[ [njh[c[bo ifWhi[ WdZ ^Wl[ cWdo Z_\\[h[dj Y^WhWYj[h_ij_Yi j^Wd Xkba ZWjWi[ji,

Ei j^[h[ Wdo _dZ_YWj_ed j^Wj CNQ= ^Wi X[[d j[ij[Z WdZ \ekdZ je X[ Wffhefh_Wj[-heXkij

\eh i_d]b[ Y[bb MJ=+N[g ZWjW< O^[h[ Wff[Whi je X[ W ]_j^kX fWYaW][ kdZ[h Z[l[befc[dj

'^jjfi8--]_j^kX,Yec-]keaW_6-iYCNQ=(* Xkj j^[h[ Ze dej i[[c je X[ Wdo f[[h h[l_[m[Z

_dZ_YWj_edi j^Wj j^_i jeeb f[h\ehci Wffhefh_Wj[bo \eh iYMJ=+N[g ZWjW* hW_i_d] YedY[hdi

WXekj j^[i[ h[ikbji, E\ j^[ Wkj^ehi m_i^ je ki[ j^[ CNQ= jeeb \eh iYMJ=+N[g ZWjW* j^[o

ckij Z[cedijhWj[ _ji heXkij f[h\ehcWdY[ m_j^ Wffhefh_Wj[ Yedjhebi WdZ ]hekdZ jhkj^

X[dY^cWha_d]* WdZ-eh Y_j[ ikY^ W Z[cedijhWj_ed,

R[ j^Wda j^[ h[l_[m[h \eh j^[ ik]][ij_ed je _cfhel[ ekh WdWboi_i e\ ][d[ i[j WYj_l_jo,

>Wi[Z ed fh[l_eki h[fehji7* m[ W]h[[ j^Wj CNQ= _i dej Z[i_]d[Z \eh i_d]b[+Y[bb WdWboi_i,

R[ Z[Y_Z[Z je Y^eei[ M fWYaW][i =P?[bb 'l[hi_ed /,6,.( \eh ][d[ i[j WdWboi_i* m^_Y^

mWi h[Yecc[dZ[Z \eh i_d]b[+Y[bb WdWboi_i7 WdZ ki[Z _d cWdo fkXb_i^[Z mehai/.*//, O^[

=P?[bb mWi ki[Z je Yedl[hj j^[ Y[bb+Xo+][d[ cWjh_n _dje W Y[bb+Xo+][d[+i[j cWjh_n

XWi[Z ed dehcWb_p[Z ZWjW m_j^ Z[\Wkbj fWhWc[j[hi* j^[ h[\[h[dY[ ][d[ i[ji m[h[ j^[

iWc[ Wi m[ ki[Z _d CNQ= WdWboi_i 'Supplementary Table 3(, O^[ yfi[kZeXkbaz

ijhWj[]o m[h[ Wbie ki[Z je Wii[ii Z_\\[h[dj_Wb WYj_l_j_[i e\ fWj^mWo 'iYeh[Z f[h Y[bb Xo

=P?[bb( X[jm[[d yfi[kZeXkbaz h[fb_YWj[i 'Supplementary Table 4(* edbo ][d[ i[ji

iYeh[ m_j^ i_]d_\_YWdj [nfh[ii_ed Z_\\[h[dY[i m[h[ i^emd 'Fig. 1c(, O^[ YeZ[ ki[Z \eh

=P?[bb ][d[ i[j iYeh_d] ^Wl[ X[[d kfbeWZ[Z je C_j^kX,

Trajectory analysis: OhW`[Yjeho WdWboi_i mWi f[h\ehc[Z ki_d] IedeYb[ l0, O^[i[

jof[i e\ WdWboi[i YWd fh[i[dj fej[dj_Wb f_j\Wbbi \eh _dj[]hWj[Z ckbj_iWcfb[ ZWjW, Dem[l[h*

j^[h[ Wh[ de Z[jW_bi fhel_Z[Z ed ^em j^[ jhW`[Yjeho WdWboi_i mWi _cfb[c[dj[Z \eh j^[

_dj[]hWj[Z ZWjWi[ji, Bkhj^[hceh[* m^_b[ ceij e\ j^[ WdWboi_i YeZ[ _i ^[bf\kbbo WlW_bWXb[

l_W j^[ fhel_Z[Z ]_j^kX b_da* _j Wff[Whi j^Wj j^_i h[fei_jeho Ze[i dej YedjW_d j^[ YeZ[ \eh

j^[ IedeYb[ jhW`[Yjeho WdWboi[i* m^_Y^ cWZ[ _j Y^Wbb[d]_d] je [lWbkWj[ j^_i Wif[Yj e\



j^[ ijkZo, Ed fWhj_YkbWh* IedeYb[ WdWboi_i Wbbemi \eh if[Y_\o_d] i[l[hWb fWhWc[j[hi

h[]WhZ_d] j^[ [nf[Yj[Z dkcX[h e\ heeji-XhWdY^[i* [jY, \hec jhW`[Yjeho ZWjW, R_j^ekj

adem_d] ^em j^[i[ fWhWc[j[hi m[h[ i[j* j^[ _dj[hfh[jWj_ed j^Wj wc[i[dY^ocWb Ybkij[hi

eYYkhh[Z ed W ed[\ebZ jhW`[Yjeho* ijWhj_d] \hec Y[bbi _d j^[ WYj_l[ /17 fheb_\[hWj_d] f^Wi[

'?/* ?0 WdZ ?1( WdZ [dZ_d] m_j^ ?5 'B_], /[(x cWo dej X[ Wffhefh_Wj[,

R[ j^Wda j^[ h[l_[m[h \eh j^[ ik]][ij_ed je _cfhel[ ekh WdWboi_i e\ fi[kZej_c[

jhW`[Yjeho WdWboi_i, Ed j^[ \_hij [Z_j_ed e\ cWdkiYh_fj* jhW`[Yjeho WdWboi_i mWi f[h\ehc[Z

ki_d] IedeYb[ l[hi_ed 0,/0,., R[ ^Wl[ h[f[h\ehc[Z j^[ WdWboi_i W\j[h kf]hWZ_d] j^[

l[hi_ed e\ IedeYb[ \hec 0,/0,. je 0,04,. 'Supplementary Fig. 1e(* m^_Y^ _i j^[ d[m

l[hi_ed \_n[Z [n_ij_d] fheXb[ci WdZ _cfhel[Z f[h\ehcWdY[ WdZ ijWX_b_jo, O^[ h[ikbj e\

cedeYb[ WdWboi_i h[l[Wb[Z 2 XhWdY^ fe_dji Wbed] j^[ jhW`[Yjeho 'Appendix Fig. 5a(*

m^_Y^ Z_l_Z[Z IN?i Wbed] j^[ jhW`[Yjeho je 6 ijWj[i* m_j^ ded+W]_d] Ybkij[h /+1 cW_dbo

h[i_Z[i Wj ijWj[ 4 WdZ 5* m^_b[ W]_d] Ybkij[hi cW_dbo h[i_Z[i Wj ijWj[ / 'Appendix Fig.

5b(, O^[h[\eh[* ijWj[ 5 mWi i[j Wi j^[ wheejVijWj[x _d ehZ[h?[bbi \kdYj_ed* Wi

dedi[d[iY[dj IN?i ^_]^bo [nfh[ii[Z fheb_\[hWj_l[ ][d[i 'Appendix Fig.5c, d(, O^[

YeZ[ ki[Z \eh IedeYb[ jhW`[Yjeho WdWboi_i ^Wl[ X[[d kfbeWZ[Z je C_j^kX,

RNA velocity: MJ= l[beY_jo WdWboi_i YWd Wbie fh[i[dj fej[dj_Wb f_j\Wbbi \eh _dj[]hWj[Z

ckbj_iWcfb[ ZWjW* [if[Y_Wbbo m^[d Wjj[cfj_d] je YecfWh[ l[beY_jo h[ikbji WYheii

Z_\\[h[dj YedZ_j_edi 'Wi _d B_] 1(, Ej _i dej Yb[Wh ^em j^[ Z_\\[h[dj iWcfb[i 'WdZ Z_\\[h[dj

XWjY^[i( m[h[ cWdW][Z _d MJ= l[beY_jo WdWboi_i m^_Y^ cWa[i _j Y^Wbb[d]_d] je

[lWbkWj[ j^[ h[ikbji,

R[ Wfebe]_p[ \eh dej fhel_Z_d] j^[ Yecfb[j[ YeZ[ Zk[ je ekh c_ijWa[, O^[ d[m YeZ[

^Wi X[[d Yecfb[j[Z WdZ kfbeWZ[Z je C_j^kX, >[i_Z[i* _d ehZ[h je fhel[ ekh MJ=

l[beY_jo h[ikbji m[h[ dej W\\[Yj[Z Xo _dj[]hWj[Z WdWboi_i* m[ ^Wl[ f[h\ehc[Z MJ=

l[beY_jo WdWboi_i _d [WY^ /0 IN? iWcfb[ \hec WZkbj WdZ f[h_dWjWb j_iik[ h[if[Yj_l[bo

'Appendix Fig. 6(, =bb IN? iWcfb[i \hec WZkbj j_iik[ X[Wh_d] bed][h l[Yjehi \hec ?1

je ?2 Wi YecfWh[Z je IN?i \hec f[h_dWjWb j_iik[* m^_Y^ fhel_Z[ \khj^[h [l_Z[dY[ j^Wj

WZkbj IN?i ^Wl[ W ijhed][h j[dZ[dYo je fhe]h[ii je i[d[iY[dj Ybkij[hi Zkh_d] _d l_jhe

[nfWdi_ed,

0, O^[ _dYbki_ed e\ \kdYj_edWb WiiWoi \eh Y[bb fheb_\[hWj_ed* _cckdeikffh[ii_ed Xo

IN?i l_W L@+H/* WdZ C=O=0 h[]kbWj_ed e\ L@+H/ [nfh[ii_ed Wh[ W ijh[d]j^ e\ j^[

fWf[h* \ebbem_d] kf ed ^ofej^[i[i ][d[hWj[Z Xo j^[ iYMJ=+N[g WdZ fhej[ec_Yi ZWjW,

Dem[l[h* m^_b[ i_]d_\_YWdj* j^[ Z_\\[h[dY[i _d _cckdeikffh[ii_l[ [\\[Yji l_W L@+H/



Wff[Wh je X[ iec[m^Wj ceZ[ij u mekbZ j^_i Z_\\[h[dY[ X[ ik\\_Y_[dj je [nfbW_d iec[ e\

j^[ Z_\\[h[dY[i eXi[hl[Z _d l_le<

R[ j^Wda j^[ h[l_[m[h \eh hW_i_d] j^_i gk[ij_ed, R[ ^Wl[ f[h\ehc[Z ckbj_fb[

[nf[h_c[djWb ]hekfi 'f[h_dWjWb WdZ WZkbj IN?i9 W][Z WdZ oekd] Zedeh >I+IN?i9

C=O=0+ceZ_\_[Z IN?i( je Z[j[Yj L@+H/+c[Z_Wj[Z _cckdeikffh[ii_ed [\\[Yj, Ed [WY^

[nf[h_c[djWb ]hekf* m[ ^Wl[ dej edbo Z[j[Yj[Z j^[ fheb_\[hWj_ed e\ O Y[bbi* Xkj Wbie

[lWbkWj[Z j^[ Y^Wd][ e\ j^[_h \kdYj_ed Xo Z[j[Yj_d] j^[ _d\bWccWjeho \WYjehi i[Yh[j[Z

Xo O Y[bbi, O^[i[ [n^Wkij_l[ [nf[h_c[djWb ZWjW fhel_Z[Z ieb_Z [l_Z[dY[ j^Wj j^[

Zemdh[]kbWj_ed e\ L@+H/ _i ik\\_Y_[dj je Wjj[dkWj[ j^[ _cckdeikffh[ii_l[ YWfWY_jo e\

i[d[iY[dj IN?i, Bkhj^[hceh[* m[ W]h[[ j^Wj _d l_le [nf[h_c[dji Wh[ _cfehjWdj je

l[h_\o j^[ \kdYj_ed e\ L@+H/* m[ ^Wl[ h[fehj[Z ^[h[ a clinical trial (NCT04014166) of 

the use of PD-L1 abundant perinatal UC-MSCs in treating refractory immune 

thrombocytopenia (ITP), which is an autoimmune disorder Y^WhWYj[h_p[Z Xo _cckd[+

c[Z_Wj[Z Z[ijhkYj_ed e\ Y_hYkbWj_d] fbWj[b[ji 'LHOi( WdZ ikffh[ii_ed e\ LHO fheZkYj_ed,

O^[i[ i_n fWhj_Y_fWdji Wbb h[Y[_l[Z ifb[d[Yjeco WdZ i^em[Z de ZkhWXb[ h[ifedi[*

_dZ_YWj_d] W Yecfb_YWj[Z fWj^e][d_Y c[Y^Wd_ic e\ j^[i[ fWj_[dji WdZ j^[ h[i[WhY^ ed

d[m j^[hWf_[i \eh j^[c Wh[ d[Y[iiWho, The results showed that participants in high dose 

group (0 � /.4 IN?i-a]) had ]h[Wj eZZi e\ h[ifedi[ W\j[h j^[ \_hij 2 m[[ai W\j[h IN?

jhWdi\ki_ed m_j^ Wbb i_n fWhj_Y_fWdji i^em[Z de i[l[h[ WZl[hi[ [\\[Yj 'Supplementary

Fig. 8(, Kkh i_d]b[+Y[bb ijkZo ed IN?i WdZ j^_i f^Wi[ I jh_Wb Wh[ j^[ [Whbo f^Wi[ h[i[WhY^

e\ Yb_d_YWb IN? j^[hWfo* j^[ \ebbem+kf ZWjW e\ j^_i Yb_d_YWb jh_Wb m_bb X[ h[fehj[Z _d j^[

\kjkh[ meha* m[ Wh[ Wbie fh[fWh_d] \eh W Yb_d_YWb jh_Wb e\ L@+H/ el[h[nfh[ii[Z IN?i _d

j^[ jh[Wjc[dj e\ h[\hWYjeho EOL, Dem[l[h* Zk[ je j^[ lWh_eki b_c_jWj_edi e\ ^kcWd

Yb_d_YWb jh_Wb* m[ YWddej YedZkYj [nj[di_l[ lWb_ZWj_ed* ie j^[ Ykhh[dj h[ikbji YWddej

fhel_Z[ Z_h[Yj [l_Z[dY[ \eh j^[ heb[ e\ L@+H/ _d l_le, Beh j^_i fWhj e\ j^[ Yb_d_YWb ZWjW*

m[ Wh[ m_bb_d] je ^[Wh j^[ ef_d_edi \hec j^[ h[l_[m[h, E\ j^[ h[l_[m[h j^_da j^Wj j^_i fWhj

e\ _d l_le Yb_d_YWb jh_Wb ZWjW _i dej Yedl_dY_d]* m[ Wbie W]h[[ m_j^ j^_i fe_dj e\ l_[m WdZ

m_bb Z[b[j[ _j,

ADDITIONAL MINOR POINTS

O^[ j[nj dej[i j^Wj ][d[i WiieY_Wj[Z m_j^ Z_iieY_Wj_ed+_dZkY[Z Whj_\WYj m[h[ h[cel[Z je

j[ij \eh ikY^ [\\[Yji, R[h[ j^[i[ ][d[i h[cel[Z \eh j^[ \_dWb WdWboi_i< R^_b[ _jzi ]eeZ

j^Wj j^[o m[h[ Y^[Ya[Z \eh Z_iieY_Wj_ed ][d[ [nfh[ii_ed fWjj[hdi* h[cel_d] j^[i[ ][d[i

_i dej Wffhefh_Wj[ v j^[ ][d[i YekbZ Wbie X[ _dlebl[Z _d j^[ IN? X_ebe]_YWb fWj^mWoi

kdZ[h ijkZo,



R[ j^Wda j^[ h[l_[m[h \eh hW_i_d] j^_i gk[ij_ed, @kh_d] j^[ gkWb_jo Yedjheb e\ ekh i_d]b[

Y[bb ZWjW* m[ ^Wl[ \ekdZ j^Wj j^[ Z_iieY_Wj_ed+h[bWj[Z ][d[i Ze dej W\\[Yj ekh IN?

Ybkij[h_d] 'Appendix Fig. 3d-f(* j^[ Z_iieY_Wj_ed+h[bWj[Z ][d[i m[h[ j^[d a[fj _d j^[

ZWjWi[j WdZ m[h[ dej h[cel[Z \hec \ehcWb WdWboi_i,

O^[ j[nj h[\[h[dY[i wNkffb[c[djWb OWXb[ /.x* Xkj j^_i jWXb[ Ze[i dej Wff[Wh _d j^[

ikffb_[Z AnY[b mehaXeea,

R[ Wfebe]_p[ \eh j^[ c_ijWa[, R[ ^Wl[ h[cel[Z j^[ mhed] j[nj WdZ h[l_i[Z j^[

ikffb[c[djWho jWXb[i,

Ed j^[ I[j^eZi i[Yj_ed* j^[h[ Wh[ de Z[jW_bi fhel_Z[Z Wi je ^em j^[ dkcX[h e\ fh_dY_fWb

Yecfed[dji m[h[ i[b[Yj[Z \eh iYMJ=+N[g Z_c[di_edWb_jo h[ZkYj_ed eh ^em j^[ Ybkij[h

h[iebkj_ed mWi Z[j[hc_d[Z,

R[ j^Wda j^[ h[l_[m[h \eh hW_i_d] j^_i gk[ij_ed, R[ ikffb[c[dj[Z j^[ Z[jW_bi _d j^[

c[j^eZi i[Yj_ed e\ ekh cWdkiYh_fj 'b_d[ 767(, O^[ dkcX[h e\ fh_dY_fWb Yecfed[dji _i

i[j je 1.* \eh Wd y[bXemz mWi eXi[hl[Z WhekdZ L? 1. j^hek]^ j^[ AbXemLbej \kdYj_ed*

ik]][ij_d] j^[ cW`eh_jo e\ jhk[ i_]dWb _i YWfjkh[Z _d j^[ \_hij 1. L?i, O^[ h[iebkj_ed _i

i[j je .,2* Wi icWbb Ybkij[hi Wff[Wh[Z m^[d j^[ h[iebkj_ed _i ^_]^[h j^Wd .,2* m^_Y^

feii[ii[Z @ACi m_j^ bem He]0\ebZY^Wd][ lWbk[* WdZ ceij e\ j^[i[ @ACi el[hbWff[Z

m_j^ ej^[h Ybkij[hi* cWa_d] _j ^WhZ je Z[\_d[ j^[_h \kdYj_edWb Y^WhWYj[h_ij_Yi,

M[l_[m[h $1 'M[cWhai je j^[ =kj^eh(8

O^[ Wkj^ehi ^Wl[ f[h\ehc[Z Wd [n^Wkij_l[ ][d[ WdZ fhej[_d [nfh[ii_ed WdWboi_i e\

c[i[dY^ocWb ijhecW Y[bbi 'IN?(, O^[ ]eWb e\ j^[ i_d]b[ Y[bb XWi[Z WdWboi_i mWi je

Z[iYh_X[ j^[ Y[bbkbWh f^[dejof[ lWh_Wj_ed _d IN? WdZ YecfWh[ IN? \hec Xed[ cWhhem*

WZ_fei[ j_iik[* fbWY[djW WdZ YehZ XbeeZ, O^[ ZWjW Yed\_hc[Z j^Wj IN? Wh[ dej

^ece][deki _d Ykbjkh[* WdZ j^Wj j^[ Y^WhWY^j[h_ij_Yi e\ j^[ Z_\\[h[dj iekhY[i eh]Wdi Wh[

cW_djW_d[Z, B[m[h fheb_\[hWj_l[ WdZ ij[c b_a[ Y[bbi Wh[ fh[i[dj _d WZkbj IN? j^Wd _d

f[h_dWjWb IN?* m^_b[ ceh[ i[d[iY[dY[ cWha[hi WdZ _d ][d[hWb C/-0 f^Wi[ cWha[hi Wh[

h[Y_fheYWbbo fh[i[dj, O^_i _i dej d[m* [nY[fj \eh j^[ dem l[ho j^ehek]^ WdWboi_i

i^em_d] j^[ i^_\j _d i[d[iY[dY[ WdZ j^[ Y[bb iekhY[ if[Y_\_Y h[bWj_l[ fhefehj_edi e\

i[d[iY[dY[ WdZ ded+i[d[iY[dj Y[bbi, O^[ ZWjW Wbie[ Yed\_hc cWdo e\ j^[ fh[l_eki



\_dZ_d]i ed \WYjehi _d\bk[dY_d] eh WYYecfWdo_d] fheb_\[hWj_ed* i[d[iY[dY[*

_cck[ikffh[ii_l[ \kdYj_ed eh Z_\\[h[dj_Wj_ed, Ej h[cW_di kdYb[Wh m^[j^[h j^[

YecfWh_ied _i X_ebe]_YWbbo iekdZ Wi j^[ IN? \hec Z_\\[h[dj j_iik[ iekhY[i cWo Wi m[bb

h[fh[i[dj Z_\\[h[dj Y[bb jof[i* m^_Y^ Wh[ YecfWh[Z ^[h[, O^[ jhWdiYh_fjec_Y WdWboi_i

^_dji _d j^_i Z_h[Yj_ed, O^[ \_dZ_d] j^Wj L@+H/ _i WiieY_Wj[Z m_j^ i[d[iY[dY[ WdZ

_cckd[ikffh[ii_ed mWi Yed\_hc[Z* Xkj _i dej d[m '[,], ded h[\[h[dY[Z fWf[h Xo @Wl_[i*

0./5(, J[m _i j^[ \_dZ_d] j^Wj C=O=0* Xo h[]kbWj_d] \eh [nWcfb[ L@+H/* _i _cfehjWdj

\eh cW_djW_d_d] W hWj^[h ded+i[d[iY[dj f^[dejof[ WdZ cW_djW_d_d] W X[jj[h _cckd[

ikffh[ii_ed _d j^[ ki[Z X_ebe]_YWb WiiWoi, Ej mekbZ X[ e\ _dj[h[ij m^[j^[h j^_i \kdYj_ed

YWd X[ i^emd _d bed]+j[hc Ykbjkh[i W\j[h ckbj_fb[ fWiiW][_d] e\ Y[bbi _d l_jhe + WdZ dej

edbo _d f[hen_Z[ _dZkY[Z i[d[iY[dY[, O^[ Wkj^ehi YbW_c j^Wj adem_d] j^[

jhWdiYh_fjec_Y fhe\_b[i WdZ \WYjehi YWd X[ ki[Z je _d\bk[dY[ i[d[iY[dY[ WdZ j^ki

cW_djW_d W ^ece][deki WdZ ijhed] _cckdeikffh[ii_l[ f^[dejof[ _d Yb_d_YWb fheZkYji,

O^_i _i W m[bb mh_jj[d cWdkiYh_fj, Dem[l[h* j^[ Yecfb[n c[j^eZebe]_YWb fheY[Zkh[ WdZ

Wcekdj e\ \_]kh[i '4 B_]kh[i WdZ 4/ fWd[bi( Wh[ dej d[[Z[Z je ][j j^[ _d\ehcWj_ed ekj

WdZ i^ekbZ X[ h[ZkY[Z WdZ \eYki[Z ed j^[ cW_d d[m \_dZ_d]i, O^[ if[Y_\_Y fe_dji hW_i[Z

Wh[8

R[ j^Wda j^[ h[l_[m[h \eh j^[ [dYekhW]_d] Yecc[dji, Bebbem_d] j^[ ik]][ij_ed e\ j^[

h[l_[m[h* m[ ^Wl[ ki[Z b[dj_l_hki l[Yjehi je el[h[nfh[ii C=O=0 _d WZkbj >I+IN?i Wj

fWiiW][ 1* WdZ fWiiW][Z j^[i[ IN?i je fWiiW][ /3, R[ j^[d Yecfb[c[dj[Z N=+�+]Wb

ijW_d_d] WdZ gkWdj_\_YWj_ed e\ AQ WdZ C=O=0+KA >I+IN?i Wj fWiiW][ /3 'Fig. 7c;

Supplementary Fig. 7b(, =i YecfWh[Z je j^[ C=O=0+KA Yekdj[hfWhji* AQ >I+IN?i

Wj fWiiW][ /3 [n^_X_j[Z Wd [dbWh][Z i_p[ WdZ ^_]^[h f[hY[djW][ e\ ijW_d_d] fei_j_l[ Y[bb*

m^_Y^ _dZ_YWj[i j^Wj C=O=0 el[h[nfh[ii_ed [d^WdY[Z j^[ Wdj_+i[d[iY[dY[ \kdYj_ed e\

>I+IN?i kdZ[h _d l_jhe [nfWdi_ed,

+ [bkY_ZWj[ j^[ fe_dj j^Wj j^[ I?N \hec Z_\\[h[dj iekhY[ eh]Wdi Wh[ _djh_di_YWbbo Z_\\[h[dj

WdZ YWddej X[ YecfWh[Z Wi fej[dj_Wbbo _Z[dj_YWb Y[bb jof[i, ?Wd j^[ ZWjW X[ WdWboi[Z

kdZ[h j^_i Wif[Yj< =h[ &j_iik[ eh_]_d h[bWj[Z Z_\\[h[dY[i Wced] ikXfefkbWj_edi,,,& Wbie

\ekdZ X[jm[[d fefkbWj_edi<

R[ j^Wda j^[ h[l_[m[h \eh hW_i_d] j^_i gk[ij_ed, R[ Ze kdZ[hijWdZ j^Wj j^[ \kdYj_ed e\

IN?i _i j_iik[+Z_\\[h[dj_Wj[Z* m^_Y^ fh[i[dji Y^Wbb[d][i _d Z[j[hc_d_d] _\ fej[dj_Wb

Z_\\[h[dY[i _d i[d[iY[dY[ Wh[ Zk[ je j_iik[ iekhY[ eh W][, O^[h[\eh[* we have followed 

j^[ h[l_[m[hzi ik]][ij_ed WdZ f[h\ehc[Z Wdej^er single cell RNA sequencing of BM-

IN?i \hec oekd] 'd:29 W][t0.( WdZ W][Z 'd:29 W][;23( Zedehi, Kkh WdWboi_i h[l[Wb[Z



that BM-MSCs can be divided into five clusters (Fig. 5c). The analysis of DEGs 

revealed that MSCs from BM1-3 expressed anti-senescence genes, while BM5 and 

BM6 highly expressed aging markers (Fig. 5d; Supplementary Fig. 5d-f).

Bkhj^[hceh[* IN?i \hec ebZ[h Zedehi m[h[ \ekdZ je X[ ceh[ i[d[iY[dj* m_j^ h[ZkY[Z

_cckdeikffh[ii_l[ YWfWY_jo Zk[ je L@+H/ Z[Yb_d[ 'Fig. 5i-k; Supplementary Fig. 

5h-j(, =j bWij* m[ ^Wl[ Wbie Ye+Ykbjkh[Z ?BNA bWX[b[Z WYj_lWj[Z ?@2) O Y[bb m_j^ oekd]

WdZ W][Z >I+IN?i 'Supplementary Fig. 5l). Compared to aged BM-MSCs, MSCs 

derived from young donors showed a stronger YWfWY_jo je ikffh[ii O Y[bbi WYj_lWj_ed,

=\j[h L@+H/ XbeYaWZ[ m_j^ if[Y_\_Y Wdj_XeZ_[i* j^[ _d^_X_j_ed e\ ?@2) O+Y[bb WYj_lWj_ed

Xo oekd] >I+IN?i mWi bWh][bo h[l[hi[Z* m^_b[ j^[ fheb_\[hWj_ed WdZ OJB+�- EBJ+�

i[Yh[j_ed _d j^[ fh[i[dY[ e\ W][Z >I+IN?i mWi Y^Wd][Z edbo ib_]^jbo W\j[h L@+H/

XbeYaWZ[* _dZ_YWj_d] h[bWj_l[bo bem [dZe][deki L@+H/ [nfh[ii_ed _d >I+IN?i \hec

W][Z Zedehi, 'Fig. 5l; Supplementary Fig. 5n-p(* m^_Y^ _dZ_YWj[i j^Wj kfh[]kbWj[Z L@+

H/ c[Z_Wj[i j^[ [d^WdY[Z _cckdeikffh[ii_l[ YWfWY_jo e\ oekd] >I+IN?i,

?ebb[Yj_l[bo* Xo YecfWh_d] >I+IN?i \hec Zedehi e\ Z_\\[h[dj W][i* m[ ^Wl[ fhel_Z[Z

\khj^[h [l_Z[dY[ m_j^ekj Yed\ekdZ[Z m_j^ j_iik[ h[iekhY[ j^Wj Y[bbkbWh i[d[iY[dY[ _i j^[

a[o Z[j[hc_dWdj e\ Zemdh[]kbWj[Z L@+H/ _d IN?i \hec W][Z Zedehi* m^_Y^ b[WZi je W

Z[Yh[Wi[ _d j^[_h _cckdeceZkbWjeho YWfWY_jo,

+ _i _j feii_Xb[ j^Wj j^[ Y[bb Ybkij[hi `kij h[\b[Yj Z_\\[h[dj Y[bb YoYb[ ijW][i* m^_Y^ YekbZ

X[ c_i_dj[hfh[j[Z Wi i[d[YiY[dj li, fheb_\[hWj_l[<

R[ j^Wda j^[ h[l_[m[h \eh hW_i_d] j^_i _cfehjWdj gk[ij_ed, R[ mekbZ b_a[ je Wdim[h

oekh gk[ij_edi j^hek]^ j^[ \ebbem_d] fe_dji WdZ YbWh_\o j^Wj j^[ Y[bb Ybkij[h_d] e\ IN?i

ZWjW mWi ceh[ Wjjh_XkjWXb[ je i[d[iY[dY[* dej j^[ Y[bb YoYb[,

'/( R[ \_hij i[j je h[cel[ Y[bb YoYb[ [\\[Yj ed ZWjW Z_c[di_edWb h[ZkYj_ed WdZ Y[bb

Ybkij[h_d], Ome c[j^eZi Wh[ ki[Z _d j^_i i[Yj_ed je h[cel[ j^[ [\\[Yj e\ Y[bb YoYb[

h[bWj[Z ][d[i5, O^[ \_hij c[j^eZ h[cel[Z j^[ Y[bb YoYb[ h[bWj[Z ][d[i \hec ^_]^bo

lWh_WXb[ ][d[i YWbYkbWj[Z Xo B_dZQWh_WXb[B[Wjkh[i* j^_i c[j^eZ mWi h[fehj[Z X[\eh[6

WdZ YWd Wle_Zi Y[bb YoYb[ ][d[i [\\[Yj j^[ Zemdijh[Wc L?= WdWboi_i, Dem[l[h* W\j[h

h[celWb e\ Y[bb YoYb[ h[bWj[Z ][d[i* IN?i Wh[ ij_bb Z_l_Z[Z _dje i[l[d Ybkij[hi

'Appendix Fig. 4a( m_j^ i_c_bWh Z_\\[h[dj_Wbbo [nfh[ii[Z ][d[i Wi X[\eh[ 'Appendix

Fig. 4b(, O^[ L[Whied Yehh[bWj_ed WdWboi_i fhel_Z[Z \khj^[h [l_Z[dY[ j^Wj IN?i m[h[

ij_bb Z_l_Z[Z Wi i[d[iY[dj WdZ ded+i[d[iY[dj Ybkij[h 'Appendix Fig. 4d(, >[i_Z[i*

f[h_dWjWb j_iik[ Z[h_l[Z IN?i i^em ^_]^[h f[hY[djW][ e\ ded+W]_d] Ybkij[hi WdZ bem[h

f[hY[djW][ e\ W]_d] Ybkij[h Wi YecfWh[Z je WZkbj IN?i, Ed j^[ i[YedZ c[j^eZ* m[ \_hij



Wii_]d[Z [WY^ i_d]b[ Y[bb W Y[bb YoYb[ iYeh[ j^hek]^ j^[ ?[bb?oYb[NYeh_d] \kdYj_ed* WdZ

j^[d h[]h[ii[Z ekj Y[bb YoYb[ iYeh[ ki_d] NYWb[@WjW \kdYj_ed, =\j[h h[]h[ii[Z ekj Y[bb

YoYb[ h[bWj[Z [\\[Yj 'Appendix Fig. 4e-f(* m[ \ekdZ jme ded+W]_d] Ybkij[hi ij_bb ^_]^bo

[nfh[ii[Z Wdj_+i[d[iY[dY[ ][d[i '@JIO/* AUD0* HIJ>/(* m^_b[ j^h[[ W]_d] Ybkij[hi

m[h[ Z_ij_d]k_i^[Z Xo kfh[]kbWj[Z i[d[iY[dj cWha[hi 'CH>/* OL31* ?@GJ/=(,

?ebb[Yj_l[bo* j^[i[ h[ikbji h[l[Wb j^Wj h[celWb e\ Y[bb YoYb[ h[bWj[Z [\\[Yj cWa[ de

Y^Wd][ ed Y[bb Ybkij[h_d]* m^_Y^ _dZ_YWj[ j^[ Z_\\[h[dj_Wbbo [nfh[ii[Z Y[bb YoYb[ ][d[i

Wh[ dej cW`eh Z[j[hc_dWdji e\ Y[bb Ybkij[h_d], O^[ YeZ[i e\ j^_i fWhj e\ WdWboi_i ^Wl[

X[[d kfbeWZ[Z je C_j^kX,

'0( N[YedZbo* m^_b[ cWdo e\ j^[ ][d[i ^_]^b_]^j[Z Wi i[d[iY[dY[ cWha[h YekbZ X[

WiieY_Wj[Z m_j^ Y[bb YoYb[ f^Wi[i* cWdo W]_d] cWha[h ][d[i 'EH4* CH>/* DNL=7( WdZ

lWh_eki N=NLi \WYjehi '?KH/=/* ?KH3=0* ECB>L3* BCB0( m[h[ dej Y[bb YoYb[ h[bWj[Z,

O^[i[ ][d[i edbo ^_]^bo [nfh[ii[Z _d i[d[iY[dj Ybkij[hi WdZ i^em[Z h[bWj_l[bo bem

[nfh[ii_ed _d ded+W]_d] Ybkij[hi 'Appendix Fig. 4b, f(* _\ Y[bb YoYb[ Wbed[ Z[j[hc_d[Z

Y[bb Ybkij[h_d]* j^[ [nfh[ii_ed e\ j^[i[ ][d[i i^ekbZ dej lWho Wffh[Y_WXbo WYheii Y[bb

fefkbWj_edi, =\j[h h[cel_d] j^[ [\\[Yj e\ Y[bb YoYb[* j^[ [nfh[ii_ed Z_\\[h[dY[ e\ j^[i[

i[d[iY[dj h[bWj[Z ][d[i YWd ij_bb Z[j[hc_d[ j^[ Y[bb ]hekf_d],

'1( =j bWij* [WY^ oekd] WdZ W][Z >I+IN? iWcfb[ mWi j[ij[Z \eh i[d[iY[dY[ fh_eh je

i_d]b[+Y[bb i[gk[dY_d] 'Fig. 5b( WdZ ^_]^ fhefehj_ed e\ i[d[iY[dj IN?i mWi _Z[dj_\_[Z

m_j^_d WZkbj+Z[h_l[Z >I+IN?i Wj [Whbo fWiiW][ 1* m^_Y^ _dZ_YWj[i j^Wj IN?i \hec

W][Z Zedehi cWo ^Wl[ [nf[h_[dY[Z i[d[iY[dY[ X[\eh[ b[Wl_d] j^[ Xed[ cWhhem d_Y^[,

Kkh i_d]b[ Y[bb WdWboi_i h[ikbji Wbie i^em[Z j^Wj W][Z >I+IN?i feii[ii[Z W

i_]d_\_YWdjbo ^_]^[h \h[gk[dYo e\ i[d[iY[dj Y[bbi 'Fig. 5h( [nfh[ii_d] W]_d] cWha[hi

WdZ N=NLi \WYjehi 'Fig. 5e(, O^[i[ h[ikbji cWo fhel_Z[ \khj^[h [l_Z[dY[ j^Wj Y[bb

Ybkij[h_d] e\ IN?i ZWjW mWi ceh[ Wjjh_XkjWXb[ je i[d[iY[dY[* dej j^[ Y[bb YoYb[,

+Zedeh W][ i^ekbZ X[ h[fehj[Z '=@ WdZ >I IN?(

R[ Wfebe]_p[ \eh dej if[Y_\o_d] j^[ X_ebe]_YWb W][ e\ [WY^ iWcfb[, R[ ^Wl[

Yecfb[c[dj[Z _d Nkffb[c[djWho OWXb[ / j^[ X_ebe]_YWb W][ _d\ehcWj_ed e\ [WY^ IN?

iWcfb[ ki[Z \eh i[gk[dY_d] WdZ \kdYj_edWb [nf[h_c[dji _d j^_i cWdkiYh_fj,

+ h[ZkY[ Yecfb[n_jo e\ j[nj WdZ \_]kh[i WdZ \eYki ed cW_d del[b \_dZ_d]i, Beh [nWcfb[*

ceij jhWdiYh_fjec_Y WdZ fhej[ec_Yi ZWjW Yed\_hc m^Wj ^Wi X[[d ademd* Xkj del[bjo _i

b_c_j[Z 'Wbj^ek]^ j^[ fhel_Z[Z Y[bb WjbWi _i lWbkWXb[(,



R[ j^Wda j^[ h[l_[m[h \eh j^[ ik]][ij_ed je fh[i[dj ZWjW _d W Yb[Wh[h mWo, Bebbem_d] j^[

h[l_[m[hzi ik]][ij_ed* m[ ^Wl[ h[ZkY[Z j^[ Yecfb[n_jo e\ \_]kh[i Xo jhWdi\[hh_d]

h[ZkdZWdj fWd[bi je Yehh[ifedZ_d] ikffb[c[djWb \_]kh[i 'dem _i 5 \_]kh[i WdZ 42 fWd[b

W\j[h d[m [nf[h_c[djWb ZWjW X[_d] Yecfb[c[dj[Z(* m^_Y^ cWZ[ j^[ cWdkiYh_fj ceh[

YedZkY_l[ je fh[i[dj_d] j^[ cW_d d[m \_dZ_d]i, Bkhj^[hceh[* m[ ^Wl[ i_cfb_\_[Z j^[

Yecfb[n c[j^eZebe]_YWb fheY[Zkh[ Z[iYh_fj_edi 'b_d[ /0/* b_d[ /23* b_d[ 1.3* b_d[ 10.*

b_d[ 220(* WdZ m[ ^Wl[ h[ZkY[Z j^[ Z[iYh_fj_ed e\ ademd XWYa]hekdZ ademb[Z][ _d ekh

ZWjW WdWboi_i 'b_d[ /37* b_d[ /5/* b_d[ /71* b_d[ /74* b_d[ 0.4* b_d[ 006* b_d[ 24/(,

+ _j i^ekbZ X[ Z_iYkii[Z m^[j^[h j^[ Z[j[Yj[Z \kdYj_edWb Z_\\[h[dY[i Wh[ fej[dj_Wbbo

Yb_d_YWbbo h[b[lWdj '^em fh[Z_Yj_l[ Wh[ j^[ ki[Z ikffh[ii_ed WiiWoi je fh[Z_Yj Yb_d_YWb

[\\_YWYo(<

R[ j^Wda j^[ h[l_[m[h \eh hW_i_d] j^_i gk[ij_ed, R[ W]h[[Z j^Wj _d l_le [nf[h_c[dji Wh[

_cfehjWdj je l[h_\o j^[ \kdYj_edWb Z_\\[h[dY[ YWki[Z Xo L@+H/ _d oekd] WdZ W][Z IN?i,

Dem[l[h* m[ ^Wl[ h[fehj[Z ^[h[ a phase I clinical trial (NCT04014166) of the use of 

UC-MSCs  in  treating  refractory  immune  thrombocytopenia  (ITP),  which  is  an 

autoimmune  disorder  Y^WhWYj[h_p[Z Xo _cckd[+c[Z_Wj[Z Z[ijhkYj_ed e\ Y_hYkbWj_d]

fbWj[b[ji 'LHOi( WdZ ikffh[ii_ed e\ LHO fheZkYj_ed, D[h[ m[ ^Wl[ Z[iYh_X[Z j^[

h[i[WhY^ c[j^eZebe]o* ijkZo Z[i_]d WdZ fWj_[dj ekjYec[i _d Z[jW_b 'Supplementary

Fig. 8(* WdZ Z_iYkii[Z ^[h[ j^[ fhec_i_d] [\\[Yj_l[d[ii WdZ iW\[jo e\ P?+IN?i \eh j^[

jh[Wjc[dj e\ h[\hWYjeho EOL, Kkh i_d]b[+Y[bb ijkZo ed IN?i WdZ j^_i f^Wi[ I jh_Wb Wh[

edbo j^[ [Whbo f^Wi[ h[i[WhY^ e\ Yb_d_YWb IN? j^[hWfo* j^[ \ebbem+kf ZWjW e\ j^_i Yb_d_YWb

jh_Wb m_bb X[ h[fehj[Z _d j^[ \kjkh[ meha* m[ Wh[ Wbie fh[fWh_d] \eh W Yb_d_YWb jh_Wb e\ L@+

H/ el[h[nfh[ii[Z IN?i _d j^[ jh[Wjc[dj e\ h[\hWYjeho EOL, Dem[l[h* lWh_eki

b_c_jWj_edi e\ ^kcWd Yb_d_YWb jh_Wb ^Wl[ fh[l[dj[Z ki \hec YedZkYj_d] [nf[h_c[djWb

lWb_ZWj_ed* ie j^[ Ykhh[dj h[ikbji YWddej fhel_Z[ Z_h[Yj [l_Z[dY[ \eh j^[

_cckdeikffh[ii_l[ heb[ e\ L@+H/ _d l_le, >[i_Z[i* \eh j^_i fWhj e\ j^[ Yb_d_YWb ZWjW* m[

Wh[ m_bb_d] je b_ij[d je j^[ ef_d_edi \hec j^[ h[l_[m[h, E\ j^[ h[l_[m[h j^_da j^Wj j^_i fWhj

e\ _d l_le Yb_d_YWb jh_Wb ZWjW _i dej Yedl_dY_d]* m[ Wbie W]h[[ m_j^ j^_i fe_dj e\ l_[m WdZ

m_bb Z[b[j[ _j,

M[Yecc[dZ je WYY[fj m_j^ cW`eh h[l_i_ed,

R[ j^Wda j^[ h[l_[m[hi \eh ]_l_d] ki j^[ effehjkd_jo je h[l_i[ ekh meha* m[ ^Wl[

ikffb[c[dj[Z Z[jW_b[Z [nf[h_c[dji WdZ h[l_i[Z j^[ cWdkiYh_fj Wi h[gk_h[Z,
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Correlation analysis between 

immunosuppressive function score 

and 2000 highly variable genes 

(Cor>0.1, P<0.05)

Correlation analysis between 

immunosuppressive function score 

and Perinatal MSCs highly expressed genes 

(Cor>0.1, P<0.05)

Appendix Figure 1. PD-L1 was an important gene mediating the decline of 

immunusppresive function during senescence.  Venn diagram showing the

overlap of genes with high correlation with immunosuppressive function score, 

only six genes colored in red was genes with immunomodulatory ability.  

Appendix Fig. 1









Appendix Figure 4. Effect of removal of cell cycle genes on clustering   

(a), UMAP showing seven cluster of MSCs after remove cell cycle related 

genes from Variable Features. (b), Dot plots showing the scaled expression of 

representative senescent-related genes for each cluster calculated in appendix 

Fig. 4a. (c), Correlation matrices showing the Pearson correlation coefficients of 

the 7 MSC clusters caculated after remove cell cycle related genes and 7 MSC 

clusters as shown in Fig. 1b. (d), Fractions of subpopulations in six adult versus 

six perinatal MSC samples (Error bar: Mean ± s.d.s). P values are generated by 

two-tailed t test with Welch’s correction (**p<0.005; ***p<0.0005). (e), UMAP

showing six cluster of MSCs after regress out cell cycle scoring. (f), Dot 

plots showing the scaled expression of representative senescent-related genes for 

each cluster calculated in appendix Fig. 4e. (g), Correlation matrices showing the

Pearson correlation coefficients of the 6 MSC clusters caculated after regress out

cell cycle scoring and 7 MSC clusters as shown in Fig. 1b. (h), Fractions of clusters

in six adult versus six perinatal MSC samples (Error bar: Mean ± s.d.s). P values

are generated by two-tailed t test with Welch’s correction (**p<0.005; ***p<0.0005).





Appendix Figure 5. Trajectory analysis using monocle2    

(a-c), Monocle trajectories of MSCs colored by cluster identity (a),

predicted cell state (b) and predicted pseudotime value (c). (d), Relative

expression level of senescent related genes along the pseudotime sequence.
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Appendix Figure 6. RNA velocity analysis of each MSC sample   

(a), RNA velocity analysis of 6 MSC sample from adult tissues.

(b), RNA velocity analysis of 6 MSC sample from perinatal tissues.



REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author): 

While the authors have made a heroic effort in the revision by substantially increasing sample 
numbers of different ages and more functional assays to validate the role of GATA2/PD-L1 in MSC 
senescence, the decision to just merely delete the stemness portion not only ignores the biological 

identity of the studied cells, but also completely changes the hypothesis & direction of the research. In 
this “no-stemness “ context, finding any molecular mechanism (i.e. the GATA2/PDL1 axis) loses much 

its significant because the only functional outcome for non-stem cell senescence, AKA ‘regular’ 
somatic cell senescence, is proliferation, because there is no issue of differentiation capacity for non-

stem cells. And in this non-stem cell context, the finding of PD-L1 involvement in immunomodulation 
is completely expected, leaving only the modulation by GATA2 being novel. Moreover, if typical non-
stem cell/somatic cell senescence is emphasized—meaning reversal and/or changes in differentiation 

capacity is no longer an issue—then the assessment of only proliferation is not enough, i.e. cell cycle 
dynamics and other more senescence-specific molecular mechanistic reversals by perturbing 

GATA2/PD-L1 needs to be evaluated. 

The decision to just leave out stemness in the manuscript is actually problematic on several levels: 1) 

fundamentally, the authors are considering MSCs as stromal cells and NOT stem cells, and therefore 
has assigned immunomodulatory properties as a functional characteristic of M-stromal-Cs, a function 

which have yet to reach consensus; 2) the authors still show trilineage differentiation experiments 
AND use the changes in trilineage differentiation capacity as evidence of senescence (Supp. Fig 5a), 
so clearly the assayed cells ARE stem cells—how can these functions be just ignored?; and 3) so 

why do the authors still use mesenchymal STEM cells throughout the article? Perhaps a most 
troubling concern is that the authors are misunderstanding stem cell biology: in the reply, the 

statement “if MSCs cannot be proved to be pluripotent stem cells…” shows that the authors are 
maybe uncertain on stem cell biology in general, and pluripotent stem cells vs. somatic stem cells in 

particular. 

The addition of clinical data perhaps demonstrates the commitment of authors to MSC translational 

use, but actually does not add to support the hypothesis of the manuscript itself (no involvement of 
GATA2, PD-L1, or senescence), so it is also unclear why this data was added in the revision. 

Minor comment: The authors should make available the .rds file, including meta data, labeled assays, 
and reduction map information in order to ensure the reproducibility of the scRNA-seq data. 

Reviewer #2 (Remarks to the Author): 

In their revised manuscript, Gao et al. make substantial improvements to their initial submission and 
respond to many of the reviewer concerns detailed in the original review. The addition of several 

experimental datasets further demonstrating a role for GATA2 in PD-L1 regulation, clarification of 
computational analyses, and important methodological details all strengthen the manuscript. 

However, despite these improvements, significant concerns remain regarding portions of manuscript 
content, particularly for single cell RNA-Seq (scRNA-Seq) analyses and interpretations. 

MAJOR POINTS 

• The inclusion of new mechanistic data in Figure 7 and Supplemental Figure 7 further supports a role 
for GATA2 in regulating senescence and PD-L1 expression. These additions significantly improve the 
manuscript and provide support for some of the patterns observed in scRNA-Seq data. 

• There remain significant concerns regarding the degree to which cell cycle phase differences 

potentially contribute to the different MSC clusters defined in scRNA-Seq analysis. In the initial 



review, multiple reviewers raised concerns about whether differences in cell cycle phase might be 
driving the heterogeneity annotated as different MSC “senescent” and “non-aging” clusters. The 

authors helpfully address some of these points by modifying the language used in describing cell 
cycle assignments and reframing their interpretation of these data. However, as noted in the initial 

review, it still remains unclear how much of the gene expression differences in the “proliferative” vs 
“non-proliferative” clusters are driven simply by differences in cell cycle phase versus differences in 
senescence. While the authors attempt to address this in their response to initial review, the following 

issues remain: 

- The authors explain that when removing cell cycle genes from the highly variable genes used for 
PCA and clustering, there are minimal differences in cluster assignments (Appendix 4a-c). However, 

the “cell cycle genes” used are the Seurat cell cycle gene sets `cc.genes$s.genes` and 
`cc.genes$g2m.genes`. While very effective in calculating single cell cycle scores and regressing out 
these signatures, these gene sets are not comprehensive; there are many additional genes that may 

be associated with cell cycle that are not included in these sets. Therefore, even upon removal of 
these genes, remaining cell cycle-associated genes could still be driving the clustering pattern 

observed. 

- The authors next regress out Seurat cell cycle scores and observe its impact on UMAP visualization 

and clustering (Appendix 4e). While they note that they still observe different clusters, it is very 
apparent that the clusters are far less distinct than the initial analysis, suggesting that indeed cell 

cycle gene expression likely contributes considerably to cluster assignment. 
Importantly, these critiques are not intended to suggest that the authors’ interpretation of these cells 
as “senescent” vs. “non-aging” are necessarily incorrect (subsequent experimentation demonstrates 

very clearly the difference in senescent cell frequencies in these samples!); however, if the presented 
output of these analyses is a characterization of the transcriptomic heterogeneity of these cells, it is 

important to acknowledge the contributions of cell cycle to clustering. In sum, while the different 
clusters may represent and/or overlap with senescent vs. non-aging cells, some portion of this 

heterogeneity may be driven by cell cycle and/or cell cycle-associated effects. 

• In initial submission, multiple reviewers commented on the potentially confounding effects of 

comparing MSC from different tissue sources. In the more recent submission, the authors have 
included a helpful comparison of BM-derived MSC from young vs old donors. Importantly, as noted in 

the text, all samples were collected and processed in a single technical batch, enabling direct 
comparisons of groups. This addition significantly strengthens the manuscript and adds additional 
support to the authors’ claims of age-associated senescence programs. However, the manuscript also 

includes inter-tissue comparisons of four different tissue sources that were processed in different 
batches. While not necessarily a problem, direct comparisons across these samples without either 1) 

demonstrating the (unlikely) absence of a batch effect or 2) accounting for potential technical batch 
effects in differential gene expression testing could lead to spurious results. At the advice of 
reviewers, the authors did add pseudobulk differential gene expression testing to take advantage of 

their biological replication. However, in their analysis code, it appears that they did not include a 
design term for “batch” (which are noted and balanced across groups in Supplemental table 1). While 

unlikely to dramatically change the results, given the appropriate experimental setup, replication and 
analysis approach, the DESeq2 model (or alternative approach) should account for “batch” to ensure 

the most robust results. 

In addition, throughout the manuscript, many figures (non-comprehensive examples include figures 

1h, 2b, 2f, and others) present expression values (either averaged across cells/samples or for 
individual cells) for comparison across groups or clusters. These figures appear to be generated with 

Seurat functions. It is not clear if the values are “integrated” assay values (which are not readily 
interpretable across group comparisons) or normalized “RNA” assay values. While RNA assay values 
are appropriate for visualization, they would not account for technical batch differences, which could 

complicate comparisons. This should be addressed and/or indicated to enable clarity of interpretation 
for these visualizations. 



• In response to the initial review, the authors have helpfully demonstrated consistent RNA velocity 
patterns in different samples. RNA velocity figures appear multiple times in the manuscript. At multiple 

points, the authors make interpretations about the relative magnitude of RNA velocity vectors that 
appear to be based primarily on visual observation of integrated UMAP projections (lines 248-252). 

These are likely overinterpretations of these data, which while potentially supportive of the authors’ 
model, are not really necessary to prove their points. In particular, inclusion and acknowledgment of 
differences in relative cell frequency per cluster (lines 252-254, Fig3b, Supplemental Fig 3a) provide 

much stronger data to support differences in adult vs. perinatal sources; these are controlled for 
tissue source and batch (Seurat integration) and should not be susceptible to gene expression 

differences. It is this reviewer’s opinion that the same conclusions could be drawn by focusing on 
these frequency differences rather than the RNA velocity results. 

• In response to initial review, per cell gene set scores have now been calculated and compared with 
AUCell, an appropriate tool for this application at single cell resolution. However, the authors also 

note application of AUCell to pseudobulk profiles (lines 1055-1056). It is not clear from the available 
analysis code how AUC scores were compared for differential pathway activity analyses in 

pseudobulk profiles or if this approach is appropriate. 

• The clinical trial data, which while interesting in comparing MSC dosing regimens for clinical 

response, does not inform the manuscript’s primary subject (senescence in MSCs). It seems outside 
the scope of the present manuscript. 

• As noted in the previous review, at multiple points throughout the manuscript main text, the authors 
use language that suggests firm biological conclusions drawn solely from scRNA-Seq analysis. Some 
examples include: 

- Lines 148-149: “These results collectively indicate that the attenuated MSC proliferation can be 
ascribed to cellular senescence.” 

- Lines 202-204: “Thus, our data at single-cell resolution indicate that the loss of proteostasis plays an 
important role in driving the cellular senescence of C5.” 

- Lines 257-259: “Additionally, this heterogeneity in the dynamics of transition led to a major increase 
in the proportion of C7 but caused no significant expansion of C5 and C6 in adult MSCs (Fig. 3b; 
Supplementary Fig. 3a).” 

In each of these cases, the text states firm causal relationships (“ascribed to…”, “plays an important 

role in driving…”, “led to a major increase…”) inferred from the scRNA-Seq results. While the single 
cell gene expression data may suggest, infer, be consistent with, and/or inform future investigations, it 
is not sufficient to support such definitive statements, which would require validating experimentation 

(which is provided by the authors in several cases). These statements, which appear throughout the 
text, should be modified accordingly. 

Reviewer #3 (Remarks to the Author): 

The authors have responded to the points made by the reviewers in detail and added relevant 
information, experimental data and explanations. The key finding that GATA2 reguates PD-L1 and 

thus by analogy immunosuppressive function, and that ihis is impaired on older (senescent) MSC is 
supported. The general correlation between ageing, stemness and differentiation properties has been 
more realistically described. Thus, I am of the opinion that the experimental options to strengthen the 

manuscript and support the finding have been exhausted.



Mhbgm [r ihbgm k^lihgl^ mh k^ob^p^kl

T^ lbg\^k^er Ziik^\bZm^ ma^ ^__hkml h_ Zee ma^ k^ob^p^kl _hk ma^bk \Zk^_ne ^oZenZmbhg Zg]

oZenZ[e^ _^^][Z\d hg hnk fZgnl\kbim- Vhnk bglb`am_ne \hff^gml Zg] \hglmkn\mbo^

\kbmb\blf aZo^ lb`gb_b\Zgmer a^ei nl mh bfikho^ ma^ jnZebmr hnk phkd- Cheehpbg` ma^

ln``^lmbhgl [r ma^ k^ob^p^kl+ p^ aZo^ fZ]^ l^o^kZe k^oblbhgl mh ma^ [bhbg_hkfZmb\l

ZgZerlbl Zg] pkbmbg` mh ^glnk^ ma^ Z\\nkZ\r Zg] k^ebZ[bebmr h_ ma^ k^lneml+ Zg] p^ aZo^

Zelh \eZkb_b^] lhf^ l^\mbhgl mh [^mm^k \hgo^r ma^ k^l^Zk\a _bg]bg`l- >fhg` ma^

ab`aeb`aml h_ ma^ g^p k^lneml+ p^ aZo^ lniie^f^gm^] ma^ ]ZmZ k^`Zk]bg` lm^fg^ll Zg]

_nkma^k ]bl\nll^] hnk _bg]bg` hg ahp \^eeneZk l^g^l\^g\^ Z__^\ml JP@ lm^fg^ll- Fg

Z]]bmbhg+ p^ himbfbs^] Zg] \hfie^f^gm^] ma^ ZgZerlbl mh k^fho^ ma^ \^ee \r\e^ ^__^\m

Zg] [^mm^k Zll^ll bml \hgmkb[nmbhg mh \enlm^k _hkfZmbhg- Qa^ Zkmb\e^ Zelh bg\en]^l Z

]^mZbe^] ]bl\nllbhg h_ ma^ bfiZ\m h_ ma^ \^ee \r\e^ hg \^ee \enlm^kbg`- Cnkma^kfhk^+ p^

aZo^ bfikho^] ma^ ZgZerlbl h_ OK> o^eh\bmr [r Z]himbg` fhk^ kb`hkhnl lmkZm^`b^l Zg]

k^oblbg` ma^ ik^obhnl ho^k bgm^kik^m^] k^lneml+ pab\a _nkma^k ^gaZg\^] ma^ \k^]b[bebmr h_

hnk ZgZerlbl- CbgZeer+ p^ aZo^ k^obl^] ma^ fZgnl\kbim mh mhg^ ]hpg \hg\enlbhgl maZm

Zk^ hger ]kZpg _khf l\OK> l^jn^g\bg`+ manl bg\k^Zlbg` ma^ kb`hk h_ hnk k^lneml- Qa^

g^p ]ZmZ Zk^ ab`aeb`am^] bg Z [en^ _hgm bg ma^ k^obl^] fZgnl\kbim+ bg\en]bg` ma^ e^`^g]l

Zg] eZ[^el h_ _b`nk^l Zg] lniie^f^gmZkr mZ[e^l- Tbma ma^ g^p k^lneml+ p^ [^eb^o^ p^

aZo^ Z]]k^ll^] Zee h_ ma^ k^ob^p^kl{ \hg\^kgl+ ln[lmZgmbZeer bfikho^] ma^

Z\\nkZ\r Zg] k^ebZ[bebmr h_ hnk phkd+ Zg] [khZ]^g^] ma^ bfiZ\ml h_ hnk lmn]r-

> [kb^_ lnffZkr h_ ma^ fZchk g^p k^lneml bl eblm^] [^ehp+ pab\a Zk^ ]bob]^] bgmh _hnk

\Zm^`hkb^l-

>- >gZerlbl h_ \^ee l^g^l\^g\^ ^__^\ml hg JP@ lm^fg^ll-

1. The  comparison  of  stem  cell  signature  gene  score  of  seven  MSCs  clusters 

derived from adult and perinatal tissue (Supplementary Fig. 1f). 

2. The stem cell signature gene scores of AD-MSCs, BM-MSCs, PM-MSCs, and 

UC-MSCs were compared (Supplementary Fig. 3d). 

3. The real time qPCR analysis of pluripotency marker expression in AD-MSCs, 

BM-MSCs, PM-MSCs and UC-MSCs (Supplementary Fig. 3e). 

4. The comparison of stem cell signature gene score of six BM-MSCs clusters 

derived from young and aged donors (Supplementary Fig. 5g). 

5. The expanded discussion on the effects of aging on MSC stemness, including 

areas of uncertainty in stemness function and the limitations of stemness 

investigation in this study (line 626). 

?- Cnkma^k bgo^lmb`Zmbhg mh Zll^ll ma^ ^__^\m h_ \^ee \r\e^ `^g^l hg \^ee \enlm^kbg`-

1. The results of cell clustering after complete removal of cell cycle related genes 

and avoid the cell cycle genes from affecting downstream clustering analysis 

(Appendix Fig. 1) 

2. The results of cell clustering after Seurat cell cycle regression analysis 

(Appendix Fig. 2) 



3. The results of cell clustering after cell cycle effect regression by Scanpy 

xk^`k^llXhnmy _ng\mbhg (Appendix Fig. 3). 

4. A further discussion of the cell cycle effect on MSCs clustering (line 569). 

@- Qa^ k^oblbhg h_ OK> o^eh\bmr ZgZerlbl-

1. The re-interpretation of RNA velocity analysis on MSCs from adult and 

perinatal tissues (line 252). 

2. The RNA velocity analysis of all BM-MSCs from young and aged donors (Fig. 

5g). 

A- >]himbhg h_ fhk^ kb`hkhnl lmkZm^`b^l mh \Ze\neZm^ ABDl Zg] >R@^ee `^g^ l^m l\hk^-

1. Qa^ ABD ZgZerlbl [^mp^^g ]b__^k^gm xil^n]h[nedy k^ieb\Zm^l pZl i^k_hkf^]

using the R package DESeq2 with batch effect correction, and the improved 

DEG results were used to update GO enrichment analysis (Supplementary 

Table 2; Fig. 2d; Supplementary Fig. 2a, b). 

2. Qa^ zil^n]h[ned{ lmkZm^`r p^k^ Zelh nl^] mh Zll^ll ]b__^k^gmbZe Z\mbobmb^l h_

pathway scored per cell by AUCell with batch effect correction 

(Supplementary Table 4). 

Qa^ Zii^g]bq _b`nk^l p^k^ ik^l^gm^] Zl Z]]bmbhgZe k^lneml Zm ma^ ^g] h_ hnk k^lihgl^

e^mm^k (Appendix Fig. 1-3)- T^ ik^_^k ghm mh bg\en]^ ma^l^ ]ZmZ bg ma^ fZgnl\kbim ]n^

mh liZ\^ ebfbmZmbhgl Zg] ma^ l\hi^ h_ hnk lmn]r+ [nm p^ pbee [^ aZiir mh bg\en]^ ma^f b_

ma^ k^ob^p^kl hk ma^ ^]bmhkl mabgd bm bl g^\^llZkr- Rge^ll hma^kpbl^ ghm^]+ Zee _b`nk^

\Zeehnml [^ehp \hkk^lihg] mh _b`nk^l bg ma^ k^obl^] fZgnl\kbim-

Reviewers' comments:

Reviewer #1 (Remarks to the Author):

Tabe^ ma^ Znmahkl aZo^ fZ]^ Z a^khb\ ^__hkm bg ma^ k^oblbhg [r ln[lmZgmbZeer bg\k^Zlbg`

lZfie^ gnf[^kl h_ ]b__^k^gm Z`^l Zg] fhk^ _ng\mbhgZe ZllZrl mh oZeb]Zm^ ma^ khe^ h_

D>Q>1.MA,I0 bg JP@ l^g^l\^g\^+ ma^ ]^\blbhg mh cnlm f^k^er ]^e^m^ ma^ lm^fg^ll

ihkmbhg ghm hger b`ghk^l ma^ [bheh`b\Ze b]^gmbmr h_ ma^ lmn]b^] \^eel+ [nm Zelh \hfie^m^er

\aZg`^l ma^ arihma^lbl & ]bk^\mbhg h_ ma^ k^l^Zk\a- Fg mabl xgh,lm^fg^lly \hgm^qm+

_bg]bg` Zgr fhe^\neZk f^\aZgblf (b-^- ma^ D>Q>1.MAI0 Zqbl) ehl^l fn\a bml

lb`gb_b\Zgm [^\Znl^ ma^ hger _ng\mbhgZe hnm\hf^ _hk ghg,lm^f \^ee l^g^l\^g\^+ >H>

zk^`neZk{ lhfZmb\ \^ee l^g^l\^g\^+ bl ikheb_^kZmbhg+ [^\Znl^ ma^k^ bl gh blln^ h_

]b__^k^gmbZmbhg \ZiZ\bmr _hk ghg,lm^f \^eel- >g] bg mabl ghg,lm^f \^ee \hgm^qm+ ma^

_bg]bg` h_ MA,I0 bgoheo^f^gm bg bffnghfh]neZmbhg bl \hfie^m^er ^qi^\m^]+ e^Zobg`

hger ma^ fh]neZmbhg [r D>Q>1 [^bg` gho^e- Jhk^ho^k+ b_ mrib\Ze ghg,lm^f \^ee.lhfZmb\

\^ee l^g^l\^g\^ bl ^fiaZlbs^]wf^Zgbg` k^o^klZe Zg].hk \aZg`^l bg ]b__^k^gmbZmbhg

\ZiZ\bmr bl gh ehg`^k Zg blln^wma^g ma^ Zll^llf^gm h_ hger ikheb_^kZmbhg bl ghm ^ghn`a+

b-^- \^ee \r\e^ ]rgZfb\l Zg] hma^k fhk^ l^g^l\^g\^,li^\b_b\ fhe^\neZk f^\aZgblmb\

k^o^klZel [r i^kmnk[bg` D>Q>1.MA,I0 g^^]l mh [^ ^oZenZm^]-



Qa^ ]^\blbhg mh cnlm e^Zo^ hnm lm^fg^ll bg ma^ fZgnl\kbim bl Z\mnZeer ikh[e^fZmb\ hg

l^o^kZe e^o^el9 0) _ng]Zf^gmZeer+ ma^ Znmahkl Zk^ \hglb]^kbg` JP@l Zl lmkhfZe \^eel Zg]

KLQ lm^f \^eel+ Zg] ma^k^_hk^ aZl Zllb`g^] bffnghfh]neZmhkr ikhi^kmb^l Zl Z

_ng\mbhgZe \aZkZ\m^kblmb\ h_ J,lmkhfZe,@l+ Z _ng\mbhg pab\a aZo^ r^m mh k^Z\a \hgl^glnl:

1) ma^ Znmahkl lmbee lahp mkbebg^Z`^ ]b__^k^gmbZmbhg ^qi^kbf^gml >KA nl^ ma^ \aZg`^l bg

mkbebg^Z`^ ]b__^k^gmbZmbhg \ZiZ\bmr Zl ^ob]^g\^ h_ l^g^l\^g\^ (Pnii- Cb` 4Z)+ lh \e^Zker

ma^ ZllZr^] \^eel >OB lm^f \^eelwahp \Zg ma^l^ _ng\mbhgl [^ cnlm b`ghk^]=: Zg] 2) lh

par ]h ma^ Znmahkl lmbee nl^ f^l^g\arfZe PQBJ \^eel makhn`ahnm ma^ Zkmb\e^= M^kaZil

Z fhlm mkhn[ebg` \hg\^kg bl maZm ma^ Znmahkl Zk^ fblng]^klmZg]bg` lm^f \^ee [bheh`r9 bg

ma^ k^ier+ ma^ lmZm^f^gm xb_ JP@l \Zgghm [^ ikho^] mh [^ ienkbihm^gm lm^f \^eelvy

lahpl maZm ma^ Znmahkl Zk^ fZr[^ ng\^kmZbg hg lm^f \^ee [bheh`r bg `^g^kZe+ Zg]

ienkbihm^gm lm^f \^eel ol- lhfZmb\ lm^f \^eel bg iZkmb\neZk-

T^ lbg\^k^er Ziik^\bZm^ k^ob^p^k _hk ma^ \hglmkn\mbo^ \hff^gml- T^ Ziheh`bs^ _hk ma^

ihllb[e^ fblng]^klmZg]bg` \Znl^] [r ik^obhnl k^lihgl^ Zg] p^ Z]fbm maZm bm fZr ghm

[^ ZiikhikbZm^ mh ]bk^\mer k^fho^ lm^fg^ll k^e^oZgm \hgm^gm- T^ phne] ebd^ mh k^lihg]

mh ma^ k^ob^p^kl' \hg\^kgl [r ma^ _heehpbg` ihbgml9

(0) Qh \eZkb_r+ p^ k^fho^] ma^ lm^f \^ee Zli^\ml h_ ma^ fZgnl\kbim ghm [^\Znl^ p^

[^eb^o^ maZm JP@l eZ\d lm^fg^ll Zg] lahne] [^ \hglb]^k^] lhe^er Zl lmkhfZe \^eel+ [nm

kZma^k mh ^fiaZlbs^ hnk _h\nl hg ma^ bffnghfh]neZmhkr ikhi^kmb^l h_ lm^f \^eel- Pm^f

\^ee bffnghfh]neZmhkr ikhi^kmr bl Z \kn\bZe k^l^Zk\a _h\nl bg ma^ _b^e]l h_ lm^f \^ee

[bheh`r Zg] \^ee ma^kZir0,2+ Zg] bm k^ik^l^gml ma^ \hk^ \hgm^gm Zg] fZbg bgghoZmbhgl h_

hnk fZgnl\kbim- Lnk lmn]r \hg_bkfl _hk ma^ _bklm mbf^ maZm \^ee Z`bg` ieZrl Z khe^ bg ma^

]hpgk^`neZmbhg h_ MA,I0 ^qik^llbhg Zg] ^en\b]Zm^l bml k^`neZmhkr f^\aZgblf ]nkbg`

ma^ bg obmkh l^g^l\^g\^ ikh\^ll- Bqm^glbo^ ^qi^kbf^gmZe ]ZmZ Zelh lahp^] maZm ma^

]hpgk^`neZmbhg h_ MA,I0 bl bgoheo^] bg ma^ ]^\ebg^ h_ bffnghfh]neZmhkr \ZiZ\bmr h_

Z`bg` JP@l- Dbo^g maZm MA,I0 bl Z \kn\bZe mZk`^m h_ \Zg\^k bffng^ ma^kZir+ bml

k^`neZmhkr f^\aZgblfl aZo^ ZepZrl [^^g Z \^gmkZe _h\nl h_ k^l^Zk\a- Qa^ D>Q>1,

MAI0 k^`neZmhkr f^\aZgblf maZm p^ aZo^ ]bl\ho^k^] ahe]l lb`gb_b\Zgm ihm^gmbZe _hk

Z]oZg\bg` mnfhk bffng^ lmn]r Zg] \^ee ma^kZir-

(1) >emahn`a mabl lmn]r [nbe]l nihg ma^ ik^obhnl phkd h_ hnk m^Zf3,01 Zg] _h\nl^l fhk^

hg ma^ \ebgb\Ze Ziieb\Zmbhg oZen^ h_ JP@l+ p^ Z\dghpe^]`^ ma^ bfihkmZg\^ h_

]bl\nllbg` ma^ ^__^\m h_ Z`bg` hg JP@ lm^fg^ll- >\\hk]bg` mh ma^ oZenZ[e^ ln``^lmbhgl

kZbl^] [r ma^ k^ob^p^k+ p^ aZo^ k^,lniie^f^gm^] ma^ lm^fg^ll,k^eZm^] k^lneml bg ma^

Zkmb\e^ (Supplementary Fig. 1f, Supplementary Fig. 3d-e, Supplementary Fig. 5g) Z

g] ni]Zm^] ma^ \hkk^lihg]bg` m^qm ]^l\kbimbhg (line 67, line 146, line 148, line 233, lin

e 271, line 275, line 383, line 402)- T^ k^\h`gbs^ maZm bg ma^ hkb`bgZe o^klbhg h_ ma^

fZgnl\kbim+ bm pZl bgZ\\nkZm^ mh bg_^k ]b__^k^g\^l bg lm^fg^ll [r \hfiZkbg` ma^

a^m^kh`^g^bmr bg ]b__^k^gmbZmbhg \ZiZ\bmr [^mp^^g i^kbgZmZe Zg] Z]nem JP@l+ Zl ma^k^ bl

Zg ^__^\m h_ ]b__^k^gm mblln^ hkb`bg- Qa^k^_hk^+ p^ aZo^ k^fho^] mabl l^\mbhg _khf ma^

k^obl^] fZgnl\kbim- Fglm^Z]+ bg mabl k^oblbhg+ p^ aZo^ _h\nl^] hg ma^ \aZg`^l bg ma^



]b__^k^gmbZmbhg \ZiZ\bmr h_ JP@l _khf rhng` Zg] Z`^] ]hghkl ]^kbo^] _khf ma^ lZf^

mblln^ Zg] _nkma^k ]bl\nll^] bm bg ma^ Abl\nllbhg l^\mbhg-

(2) Qa^ lm^fg^ll h_ JP@l aZl ZepZrl [^^g Z \hgmkho^klbZe blln^02,04- Tabe^ hnk lmn]r

ikhob]^] ^ob]^g\^ maZm l^g^l\^g\^ k^]n\^l ma^ ^qik^llbhg h_ lm^f \^ee lb`gZmnk^ `^g^l+

k^lmkb\ml JP@ ikheb_^kZmbhg+ Zg] Zem^kl ma^bk ]b__^k^gmbZmbhg ihm^gmbZe+ k^l^Zk\a bg _nmnk^

bl k^jnbk^] mh _neer ^qiehk^ hma^k lm^f \^ee \aZkZ\m^kblmb\l Z__^\m^] [r ma^ Z`bg` ikh\^ll-

>]]bmbhgZeer+ ma^ l^g^l\^g\^,Zllh\bZm^] mkZgl\kbimbhg _Z\mhkl Zg] ng]^kerbg` k^`neZmhkr

fhe^\neZk f^\aZgblfl p^ hnmebg^] bg Cb`- 1a k^jnbk^ _nkma^k bgo^lmb`Zmbhg- Qa^k^_hk^+

bg mabl k^obl^] o^klbhg+ p^ aZo^ ^qiZg]^] ma^ ]bl\nllbhg hg ma^ ^__^\ml h_ Z`bg` hg JP@

lm^fg^ll+ bg\en]bg` paZm p^ Zk^ ghm lnk^ Z[hnm bg ma^ lm^fg^ll _ng\mbhg (line 626)-

Qa^ Z]]bmbhg h_ \ebgb\Ze ]ZmZ i^kaZil ]^fhglmkZm^l ma^ \hffbmf^gm h_ Znmahkl mh JP@

mkZgleZmbhgZe nl^+ [nm Z\mnZeer ]h^l ghm Z]] mh lniihkm ma^ arihma^lbl h_ ma^ fZgnl\kbim

bml^e_ (gh bgoheo^f^gm h_ D>Q>1+ MA,I0+ hk l^g^l\^g\^)+ lh bm bl Zelh ng\e^Zk par mabl

]ZmZ pZl Z]]^] bg ma^ k^oblbhg-

T^ maZgd ma^ k^ob^p^k _hk ma^ ln``^lmbhg Zg] p^ aZo^ k^fho^] ma^ \ebgb\Ze mkbZe ]ZmZ

_khf mabl o^klbhg h_ fZgnl\kbim-

Jbghk \hff^gm9 Qa^ Znmahkl lahne] fZd^ ZoZbeZ[e^ ma^ -k]l _be^+ bg\en]bg` f^mZ ]ZmZ+

eZ[^e^] ZllZrl+ Zg] k^]n\mbhg fZi bg_hkfZmbhg bg hk]^k mh ^glnk^ ma^ k^ikh]n\b[bebmr h_

ma^ l\OK>,l^j ]ZmZ-

T^ Ziik^\bZm^ ma^ k^ob^p^k'l oZenZ[e^ ln``^lmbhg Zg] Zk^ \hffbmm^] mh ^glnkbg` ma^

k^ikh]n\b[bebmr h_ hnk phkd- >l ln\a+ p^ pbee fZd^ hnk ikh\^ll^] l\OK>,l^j ]ZmZ

in[eb\er ZoZbeZ[e^- Fg \hfiebZg\^ pbma ma^ kne^l hg ma^ Z]fbgblmkZmbhg h_ anfZg `^g^mb\

k^lhnk\^l h_ @abgZ+ p^ aZo^ niehZ]^] hnk OAP _be^l Zg] f^mZ ]ZmZ (pab\a \hgmZbg

eZ[^e^] ZllZrl Zg] k^]n\mbhg fZi bg_hkfZmbhg) mh LJFU.@abgZ KZmbhgZe @^gm^k _hk

?bhbg_hkfZmbhg (ammil9..g`]\-\g\[-Z\-\g.hfbq9 Z\\^llbhg gh- LJFU//2162) Zl

]^l\kb[^] bg ma^ Data Availability l^\mbhg+ Zg] ma^l^ ]ZmZ pbee [^ in[eb\ Z\\^llb[e^ hg\^

ma^ fZgnl\kbim bl Z\\^im^]- Qa^ _heehpbg` ebgd aZl [^^g \k^Zm^] mh Zeehp k^ob^p h_ OAP

_be^ Zg] f^mZ ]ZmZ pabe^ bm k^fZbgl bg ikboZm^ lmZmnl9

ammil9..g`]\-\g\[-Z\-\g.hfbq.ik^ob^p.]g^Ee85?- ?^lb]^l+ p^ aZo^ niehZ]^] Zee

l^jn^g\bg` kZp ]ZmZ mh in[eb\ ]ZmZ[Zl^l+ Zg] Zee \h]^ k^eZm^] mh ma^ ]ZmZ ZgZerlbl bg mabl

fZgnl\kbim+ bg\en]bg` ma^ g^p \h]^ nl^] _hk k^oblbhg+ aZl [^^g niehZ]^] mh Dbman[9

ammil9..`bman[-\hf.DZhVn\a^gMRJ@.JP@XiZi^k- T^ [^eb^o^ maZm ma^l^ ]ZmZ+ Zehg`

pbma hnk g^per niehZ]^] OAP ]ZmZ+ pbee `k^Zmer ^glnk^ ma^ k^ikh]n\b[bebmr h_ mabl lmn]r-

Reviewer #2 (Remarks to the Author):

Fg ma^bk k^obl^] fZgnl\kbim+ DZh ^m Ze- fZd^ ln[lmZgmbZe bfikho^f^gml mh ma^bk bgbmbZe

ln[fbllbhg Zg] k^lihg] mh fZgr h_ ma^ k^ob^p^k \hg\^kgl ]^mZbe^] bg ma^ hkb`bgZe k^ob^p-

Qa^ Z]]bmbhg h_ l^o^kZe ^qi^kbf^gmZe ]ZmZl^ml _nkma^k ]^fhglmkZmbg` Z khe^ _hk D>Q>1



bg MA,I0 k^`neZmbhg+ \eZkb_b\Zmbhg h_ \hfinmZmbhgZe ZgZerl^l+ Zg] bfihkmZgm

f^mah]heh`b\Ze ]^mZbel Zee lmk^g`ma^g ma^ fZgnl\kbim- Ehp^o^k+ ]^libm^ ma^l^

bfikho^f^gml+ lb`gb_b\Zgm \hg\^kgl k^fZbg k^`Zk]bg` ihkmbhgl h_ fZgnl\kbim \hgm^gm+

iZkmb\neZker _hk lbg`e^ \^ee OK>,P^j (l\OK>,P^j) ZgZerl^l Zg] bgm^kik^mZmbhgl-

T^ maZgd ma^ k^ob^p^k _hk ma^ \Zk^_ne ^oZenZmbhg Zg] ma^ dbg] \hff^gml hg ma^ k^obl^]

fZgnl\kbim-

J>GLO MLFKQP

u Qa^ bg\enlbhg h_ g^p f^\aZgblmb\ ]ZmZ bg Cb`nk^ 6 Zg] Pniie^f^gmZe Cb`nk^ 6 _nkma^k

lniihkml Z khe^ _hk D>Q>1 bg k^`neZmbg` l^g^l\^g\^ Zg] MA,I0 ^qik^llbhg- Qa^l^

Z]]bmbhgl lb`gb_b\Zgmer bfikho^ ma^ fZgnl\kbim Zg] ikhob]^ lniihkm _hk lhf^ h_ ma^

iZmm^kgl h[l^ko^] bg l\OK>,P^j ]ZmZ-

T^ maZgd ma^ k^ob^p^k _hk ma^ ^g\hnkZ`bg` \hff^gml hg hnk k^obl^] fZgnl\kbim-

u Qa^k^ k^fZbg lb`gb_b\Zgm \hg\^kgl k^`Zk]bg` ma^ ]^`k^^ mh pab\a \^ee \r\e^ iaZl^

]b__^k^g\^l ihm^gmbZeer \hgmkb[nm^ mh ma^ ]b__^k^gm JP@ \enlm^kl ]^_bg^] bg l\OK>,P^j

ZgZerlbl- Fg ma^ bgbmbZe k^ob^p+ fnembie^ k^ob^p^kl kZbl^] \hg\^kgl Z[hnm pa^ma^k

]b__^k^g\^l bg \^ee \r\e^ iaZl^ fb`am [^ ]kbobg` ma^ a^m^kh`^g^bmr ZgghmZm^] Zl ]b__^k^gm

JP@ xl^g^l\^gmy Zg] xghg,Z`bg`y \enlm^kl- Qa^ Znmahkl a^ei_neer Z]]k^ll lhf^ h_

ma^l^ ihbgml [r fh]b_rbg` ma^ eZg`nZ`^ nl^] bg ]^l\kb[bg` \^ee \r\e^ Zllb`gf^gml Zg]

k^_kZfbg` ma^bk bgm^kik^mZmbhg h_ ma^l^ ]ZmZ- Ehp^o^k+ Zl ghm^] bg ma^ bgbmbZe k^ob^p+ bm

lmbee k^fZbgl ng\e^Zk ahp fn\a h_ ma^ `^g^ ^qik^llbhg ]b__^k^g\^l bg ma^ xikheb_^kZmbo^y

ol xghg,ikheb_^kZmbo^y \enlm^kl Zk^ ]kbo^g lbfier [r ]b__^k^g\^l bg \^ee \r\e^ iaZl^

o^klnl ]b__^k^g\^l bg l^g^l\^g\^- Tabe^ ma^ Znmahkl Zmm^fim mh Z]]k^ll mabl bg ma^bk

k^lihgl^ mh bgbmbZe k^ob^p+ ma^ _heehpbg` blln^l k^fZbg9

, Qa^ Znmahkl ^qieZbg maZm pa^g k^fhobg` \^ee \r\e^ `^g^l _khf ma^ ab`aer oZkbZ[e^

`^g^l nl^] _hk M@> Zg] \enlm^kbg`+ ma^k^ Zk^ fbgbfZe ]b__^k^g\^l bg \enlm^k Zllb`gf^gml

(>ii^g]bq 3Z,\)- Ehp^o^k+ ma^ x\^ee \r\e^ `^g^ly nl^] Zk^ ma^ P^nkZm \^ee \r\e^ `^g^

l^ml Y\\-`^g^l$l-`^g^lY Zg] Y\\-`^g^l$`1f-`^g^lY- Tabe^ o^kr ^__^\mbo^ bg \Ze\neZmbg`

lbg`e^ \^ee \r\e^ l\hk^l Zg] k^`k^llbg` hnm ma^l^ lb`gZmnk^l+ ma^l^ `^g^ l^ml Zk^ ghm

\hfik^a^glbo^: ma^k^ Zk^ fZgr Z]]bmbhgZe `^g^l maZm fZr [^ Zllh\bZm^] pbma \^ee \r\e^

maZm Zk^ ghm bg\en]^] bg ma^l^ l^ml- Qa^k^_hk^+ ^o^g nihg k^fhoZe h_ ma^l^ `^g^l+

k^fZbgbg` \^ee \r\e^,Zllh\bZm^] `^g^l \hne] lmbee [^ ]kbobg` ma^ \enlm^kbg` iZmm^kg

h[l^ko^]-

, Qa^ Znmahkl g^qm k^`k^ll hnm P^nkZm \^ee \r\e^ l\hk^l Zg] h[l^ko^ bml bfiZ\m hg RJ>M

oblnZebsZmbhg Zg] \enlm^kbg` (>ii^g]bq 3^)- Tabe^ ma^r ghm^ maZm ma^r lmbee h[l^ko^

]b__^k^gm \enlm^kl+ bm bl o^kr ZiiZk^gm maZm ma^ \enlm^kl Zk^ _Zk e^ll ]blmbg\m maZg ma^ bgbmbZe

ZgZerlbl+ ln``^lmbg` maZm bg]^^] \^ee \r\e^ `^g^ ^qik^llbhg ebd^er \hgmkb[nm^l

\hglb]^kZ[er mh \enlm^k Zllb`gf^gm-



FfihkmZgmer+ ma^l^ \kbmbjn^l Zk^ ghm bgm^g]^] mh ln``^lm maZm ma^ Znmahkl{ bgm^kik^mZmbhg

h_ ma^l^ \^eel Zl xl^g^l\^gmy ol- xghg,Z`bg`y Zk^ g^\^llZkber bg\hkk^\m (ln[l^jn^gm

^qi^kbf^gmZmbhg ]^fhglmkZm^l o^kr \e^Zker ma^ ]b__^k^g\^ bg l^g^l\^gm \^ee _k^jn^g\b^l

bg ma^l^ lZfie^l"): ahp^o^k+ b_ ma^ ik^l^gm^] hnminm h_ ma^l^ ZgZerl^l bl Z

\aZkZ\m^kbsZmbhg h_ ma^ mkZgl\kbimhfb\ a^m^kh`^g^bmr h_ ma^l^ \^eel+ bm bl bfihkmZgm mh

Z\dghpe^]`^ ma^ \hgmkb[nmbhgl h_ \^ee \r\e^ mh \enlm^kbg`- Fg lnf+ pabe^ ma^ ]b__^k^gm

\enlm^kl fZr k^ik^l^gm Zg].hk ho^keZi pbma l^g^l\^gm ol- ghg,Z`bg` \^eel+ lhf^ ihkmbhg

h_ mabl a^m^kh`^g^bmr fZr [^ ]kbo^g [r \^ee \r\e^ Zg].hk \^ee \r\e^,Zllh\bZm^] ^__^\ml-

T^ maZgd ma^ k^ob^p^k _hk kZblbg` mabl jn^lmbhg- >\\hk]bg` mh k^ob^p^k{l \hg\^kgl p^

aZo^ himbfbs^] Zg] \hfie^f^gm^] ma^ ZgZerlbl mh k^fho^ \^ee \r\e^ ^__^\m Zg] _nkma^k

Zll^llbg` ma^bk \hgmkb[nmbhg mh \enlm^k _hkfZmbhg- Qa^ \h]^l _hk mabl iZkm h_

ZgZerlbl aZo^ [^^g niehZ]^] mh Dbman[ (ammil9..`bman[-\hf.DZhVn\a^gMRJ

@.JP@XiZi^k.mk^^.fZbg.\h]^X_hkXO^oblbhg%121.0X@^ee@r\e^O^eZm^]D^g^lO^`k^llbh

g)-

(0) Cbklmer+ p^ Z\dghpe^]`^ maZm P^nkZm \^ee \r\e^ `^g^ l^m (z\\-`^g^l$l-`^g^l{ Zg]

z\\-`^g^l$`1f-`^g^l{+ g;86) bl ghm \hfik^a^glbo^ ^ghn`a mh k^fho^ ma^ \^ee \r\e^

^__^\m bg M@> ZgZerlbl- Qa^k^_hk^+ p^ l^e^\m^] ma^ \^ee \r\e^ `^g^ l^m bg ma^ DL ]ZmZ[Zl^

(DL?MX@BIIX@V@IB+ DL9///6/38)+ pab\a \hgmZbgl 0+736 \^ee \r\e^,k^eZm^] `^g^l-

Qabl `^g^ l^m bl ln__b\b^gm mh a^ei nl k^fho^ Zee \r\e^ `^g^l Zfhg` ab`aer oZkbZ[e^

`^g^l Zg] Zohb] ma^ \^ee \r\e^ `^g^l _khf Z__^\mbg` ]hpglmk^Zf M@> ZgZerlbl- >_m^k

k^fhobg` ma^ \^ee \r\e^ `^g^l Zg] i^k_hkfbg` ]bf^glbhgZe k^]n\mbhg ZgZerlbl+ p^ p^k^

lmbee Z[e^ mh ln\\^ll_neer `khni ma^ l^o^g \enlm^kl maZm Zk^ lbfbeZk mh ma^ o^klbhg bg Cb`nk^

0[ (Appendix Fig. 1a)- Qa^ ]b__^k^gmbZe ^qik^llbhg h_ Z`bg`,k^eZm^] `^g^l Zg] M^Zklhg

\hkk^eZmbhg ZgZerlbl _nkma^k bg]b\Zm^ maZm JP@l fZr lmbee [^ ]bob]^] bgmh l^g^l\^gm Zg]

ghg,l^g^l\^gm \enlm^kl (Appendix Fig. 1b-c)- >]]bmbhgZeer+ ma^ k^fhoZe h_ \^ee \r\e^

`^g^l ]b] ghm \aZg`^ hg^ h_ hnk fZchk \hg\enlbhgl maZm i^kbgZmZe JP@l \hgmZbg^] Z

ehp^k ikhihkmbhg h_ l^g^l\^gm \^eel (Appendix Fig. 1d)-

(1) P^\hg]er+ p^ ng]^klmZg] ma^ k^ob^p^k'l \hg\^kg maZm Z_m^k \^ee \r\e^ l\hk^ k^`k^llbhg+

\^ee \enlm^kl [^\hf^ e^ll ]blmbg\m maZg bg ma^ bgbmbZe ZgZerlbl+ Zl mak^^ ghg,Z`bg` \enlm^kl

(@0+ @1+ Zg] @2) f^k`^] bgmh mph \enlm^kl (Khg,Z`bg`0 Zg] Khg,Z`bg`1)- Fg mabl

o^klbhg h_ ma^ k^oblbhg+ p^ ]b] ghm \aZg`^ ma^ lmkZm^`r h_ P^nkZm \^ee \r\e^ k^`k^llbhg+

Zl ma^ P^nkZm \^ee \r\e^ `^g^ l^ml p^k^ ^__^\mbo^ bg \Ze\neZmbg` lbg`e^,\^ee \r\e^ l\hk^l

Zg] k^`k^llbg` hnm ma^l^ lb`gZmnk^l- Ehp^o^k+ p^ _hng] maZm [r Z]cnlmbg` ma^

]hpglmk^Zf ]bf^glbhgZe k^]n\mbhg ZgZerlbl iZkZf^m^kl (\aZg`^] mh gM@;34+

k^lhenmbhg;/-5)+ ma^ g^p ZgZerlbl k^lnem Z`Zbg k^o^Ze^] l^o^g ihineZmbhgl h_ JP@l maZm

p^k^ lbfbeZk mh ma^ hkb`bgZe o^klbhg (Appendix Fig. 2a) Zg] lahp^] ]b__^k^gmbZe

^qik^llbhg h_ l^g^l\^g\^,k^eZm^] fZkd^kl (Appendix Fig. 2b)- T^ _nkma^k bg_^kk^]

_khf M^Zklhg ZgZerlbl maZm Zemahn`a ma^ k^`k^llbhg h_ ma^ \^ee \r\e^ ^__^\m fZr fZd^

\enlm^kbg` e^ll h[obhnl hg ma^ RJ>M oblnZebsZmbhg+ ma^ l^o^g \enlm^kl p^ h[mZbg^]

lahp^] Z ab`a lbfbeZkbmr bg mkZgl\kbimhfb\ `^g^ ^qik^llbhg e^o^e \hfiZk^] mh ma^ ik^,

mk^Zm^] o^klbhg (Appendix Fig. 2c)+ Zg] ma^ _k^jn^g\b^l h_ \^eel bg ma^ g^p \enlm^kl lmbee



lniihkm^] hnk \hg\enlbhg maZm Z]nem JP@l ihll^ll Z fhk^ l^g^l\^gm lmZm^ maZg i^kbgZmZe

JP@l (Appendix Fig. 2d)- Qa^l^ k^lneml \hee^\mbo^er ln``^lm maZm ma^ k^]n\mbhg bg ma^

gnf[^k h_ \^ee \enlm^kl Zg] e^ll ]blmbg\m \enlm^kbg` h[l^ko^] bg ma^ _bklm khng] h_ k^oblbhg

fZr [^ ]n^ mh ]b__^k^g\^l bg ma^ l^e^\mbhg h_ iZkZf^m^kl+ Zg] maZm ma^k^ bl gh lb`gb_b\Zgm

\aZg`^ bg \^ee \enlm^kl Z_m^k P^nkZm k^`k^llbhg h_ ma^ \^ee \r\e^ ^__^\m-

(2) Cnkma^kfhk^+ mh _nkma^k ^oZenZm^ ma^ bg_en^g\^ h_ ma^ \^ee \r\e^ hg JP@ \enlm^kbg`+

p^ nl^] ma^ Mrmahg,[Zl^] lbg`e^,\^ee ZgZerlbl iZ\dZ`^ P\Zgir mh Zllb`g ^Z\a \^ee Z \^ee

\r\e^ l\hk^ Zg] i^k_hkf \^ee \r\e^ k^`k^llbhg nlbg` ma^ P\Zgir #k^`k^llXhnm# _ng\mbhg-

Qabl f^mah] bl pb]^er k^\h`gbs^] _hk k^fhobg` \^ee \r\e^ ^__^\ml bg]^i^g]^gm h_ ma^ O

eZg`nZ`^ Zg] P^nkZm iZ\dZ`^- Qa^ k^lneml h_ ma^ P\Zgir ZgZerlbl Zelh lahp^] l^o^g

\enlm^kl Z_m^k k^fhobg` ma^ \^ee \r\e^ ^__^\m hg \enlm^kbg` (Appendix Fig. 3a)- Qa^ ghg,

Z`bg` \enlm^kl (@0k+ @1k+ Zg] @2k) \Ze\neZm^] [r P\Zgir lmbee ab`aer ^qik^ll^] Zgmb,

l^g^l\^g\^ `^g^l (AKJQ0+ BWE1+ IJK?0)+ pabe^ mak^^ Z`bg` \enlm^kl (@4k+ @5k+ Zg]

@6k) p^k^ ]blmbg`nbla^] [r nik^`neZm^] l^g^l\^gm `^g^ e^o^el9 DI?0+ QM42+ @AHK0>

(Appendix Fig. 3b)- Qa^ l^o^g ln[ihineZmbhgl \Ze\neZm^] [r P\Zgir p^k^ ab`aer

\hkk^eZm^] Zm ma^ mkZgl\kbimhfb\ e^o^e \hfiZk^] pbma ma^ \hkk^lihg]bg` ln[ihineZmbhg

\Ze\neZm^] [r P^nkZm (Appendix Fig. 3c)- Jhk^ho^k+ ma^ \^ee _k^jn^g\b^l h_ ma^ l^o^g

\enlm^kl \Ze\neZm^] [r P\Zgir Zelh lniihkm hnk \hg\enlbhg maZm i^kbgZmZe JP@l Zk^ e^ll

l^g^l\^gm Zg] \hgmZbg _^p^k Z`bg` \^eel ]nkbg` bg obmkh \nemnkbg` (Appendix Fig. 3d)-

Qa^l^ k^lneml \hee^\mbo^er ln``^lm maZm P\Zgir Zg] P^nkZm+ mph pb]^er k^\h`gbs^] mhhel

_hk k^fhobg` ma^ \^ee \r\e^ ^__^\m hg \enlm^kbg`+ \Zg bg]^i^g]^gmer k^ikh]n\^ ma^ k^lneml

maZm \^ee \enlm^kbg` bl [Zk^er Z__^\m^] Z_m^k \^ee \r\e^ ^__^\m k^`k^llbhg-

?Zl^] hg Zee ma^ Z_hk^f^gmbhg^] ZgZerlbl k^lneml+ p^ ln``^lm maZm ]b__^k^g\^l bg ma^

^qik^llbhg h_ \^ee \r\e^ `^g^l Zfhg` ]b__^k^gm \^eel aZo^ gh lb`gb_b\Zgm bfiZ\m hg \^ee

\enlm^kbg`- >ee ZgZerlbl k^lneml bg]b\Zm^ maZm \^ee \enlm^kbg` ]b] ghm \aZg`^ lb`gb_b\Zgmer

Z_m^k \hfik^a^glbo^ k^fhoZe h_ \^ee \r\e^ `^g^l makhn`a pb]^er k^\h`gbs^] f^mah]l-

Ehp^o^k+ Zl p^ \hfiZk^] ma^ ikhihkmbhgl h_ ln[ihineZmbhgl [^_hk^ Zg] Z_m^k k^fhobg`

\^ee \r\e^ ^__^\ml+ p^ _hng] maZm ma^k^ p^k^ ln[me^ \aZg`^l bg ln[`khni ikhihkmbhgl

(Appendix Fig. 1e, Appendix Fig. 2e, Appendix Fig. 3e)+ Zemahn`a fhlm h_ ma^

\aZg`^l p^k^ ghm lb`gb_b\Zgm- >l ihbgm^] hnm [r ma^ k^ob^p^k+ hnk ZgZerlbl k^lnem

\aZkZ\m^kbs^l Zee mkZgl\kbimhfb\ a^m^kh`^g^bmr h_ ma^ \^eel- Pbg\^ \^eeneZk l^g^l\^g\^

bg^obmZ[er e^Z]l mh ^qik^llbhg ]b__^k^g\^l bg \^ee \r\e^ `^g^l+ p^ Z\dghpe^]`^ maZm

Zemahn`a ma^l^ ]b__^k^g\^l Zk^ ghm ln__b\b^gm mh lb`gb_b\Zgmer \aZg`^ ma^ \enlm^kbg`+ lhf^

ikhihkmbhg h_ ma^ a^m^kh`^g^bmr fZr [^ ]kbo^g [r \^ee \r\e^ Zg].hk \^ee \r\e^,Zllh\bZm^]

^__^\ml- Qa^k^_hk^+ p^ aZo^ lniie^f^gm^] ma^ ]bl\nllbhg h_ mabl blln^ bg ma^ Zkmb\e^ (line

569) Zg] p^ pZgm mh Zelh ^qieZbg [^ehp par p^ ]b] ghm k^fho^ ma^ \^ee \r\e^ ^__^\m bg

ma^ \enlm^kbg` ZgZerlbl bg mabl lmn]r9

Cbklmer+ hnk \hfik^a^glbo^ ZgZerlbl ln``^lm^] maZm ]b__^k^g\^l bg ma^ ^qik^llbhg h_ \^ee

\r\e^ `^g^l fZr aZo^ Zg bfiZ\m hg \^ee \enlm^kbg`+ [nm bm pZl ghm ln__b\b^gm mh

lb`gb_b\Zgmer Zem^k ma^ \enlm^kbg` k^lneml- >_m^k p^ k^fho^] ma^ ^__^\m h_ ma^ \^ee \r\e^+

ma^k^ p^k^ gh lb`gb_b\Zgm \aZg`^l bg \^ee \enlm^kbg`+ Zg] ma^ k^lneml h_ ma^ \^ee \r\e^



k^`k^llbhg ]b] ghm Z__^\m hnk fZchk \hg\enlbhgl h_ mabl lmn]r-

P^\hg]er+ \^eeneZk l^g^l\^g\^ bl ]^_bg^] Zl Z lmZm^ h_ i^kfZg^gm \^ee \r\e^ Zkk^lm+ ma^

\aZg`^l bg \^ee \r\e^ ]nkbg` \^eeneZk l^g^l\^g\^ Zk^ Zelh Zg bfihkmZgm \aZkZ\m^kblmb\-

Qabk]er+ \^ee \r\e^ `^g^l fZr [^ bgoheo^] bg ma^ ikheb_^kZmbhg Zg] l^e_,k^g^pZe h_ lm^f

\^eel- Qa^k^_hk^+ ma^ \enlm^kbg` `^g^kZm^] [r \^ee \r\e^ `^g^l bg lm^f \^eel fZr aZo^

[bheh`b\Ze lb`gb_b\Zg\^05+06- >]]bmbhgZeer+ ma^ ikheb_^kZmbhg \ZiZ\bmr bl Zg bfihkmZgm

_Z\mhk _hk f^Zlnkbg` JP@l' _ng\mbhg+ Zg] k^mZbgbg` ma^ bg_en^g\^ h_ ma^ \^ee \r\e^ hg

\enlm^kbg` fZr [^mm^k k^_e^\m ma^ _ng\mbhgZe lmZm^ h_ JP@l- JZgr lmn]b^l nlbg` lbg`e^

\^ee m^\agheh`r hg lm^f \^ee k^l^Zk\a k^mZbg ma^ bg_en^g\^ h_ ma^ \^ee \r\e^ hg

\enlm^kbg`07,14+ pab\a bl bg ebg^ pbma \hffhg ikZ\mb\^ Zg] fZr ikhob]^ fhk^

\hfik^a^glbo^ ZgZerlbl k^lneml-

u Fg bgbmbZe ln[fbllbhg+ fnembie^ k^ob^p^kl \hff^gm^] hg ma^ ihm^gmbZeer \hg_hng]bg`

^__^\ml h_ \hfiZkbg` JP@ _khf ]b__^k^gm mblln^ lhnk\^l- Fg ma^ fhk^ k^\^gm ln[fbllbhg+

ma^ Znmahkl aZo^ bg\en]^] Z a^ei_ne \hfiZkblhg h_ ?J,]^kbo^] JP@ _khf rhng` ol he]

]hghkl- FfihkmZgmer+ Zl ghm^] bg ma^ m^qm+ Zee lZfie^l p^k^ \hee^\m^] Zg] ikh\^ll^] bg Z

lbg`e^ m^\agb\Ze [Zm\a+ ^gZ[ebg` ]bk^\m \hfiZkblhgl h_ `khnil- Qabl Z]]bmbhg

lb`gb_b\Zgmer lmk^g`ma^gl ma^ fZgnl\kbim Zg] Z]]l Z]]bmbhgZe lniihkm mh ma^ Znmahkl{

\eZbfl h_ Z`^,Zllh\bZm^] l^g^l\^g\^ ikh`kZfl- Ehp^o^k+ ma^ fZgnl\kbim Zelh bg\en]^l

bgm^k,mblln^ \hfiZkblhgl h_ _hnk ]b__^k^gm mblln^ lhnk\^l maZm p^k^ ikh\^ll^] bg ]b__^k^gm

[Zm\a^l- Tabe^ ghm g^\^llZkber Z ikh[e^f+ ]bk^\m \hfiZkblhgl Z\khll ma^l^ lZfie^l

pbmahnm ^bma^k 0) ]^fhglmkZmbg` ma^ (ngebd^er) Z[l^g\^ h_ Z [Zm\a ^__^\m hk 1) Z\\hngmbg`

_hk ihm^gmbZe m^\agb\Ze [Zm\a ^__^\ml bg ]b__^k^gmbZe `^g^ ^qik^llbhg m^lmbg` \hne] e^Z] mh

linkbhnl k^lneml- >m ma^ Z]ob\^ h_ k^ob^p^kl+ ma^ Znmahkl ]b] Z]] il^n]h[ned ]b__^k^gmbZe

`^g^ ^qik^llbhg m^lmbg` mh mZd^ Z]oZgmZ`^ h_ ma^bk [bheh`b\Ze k^ieb\Zmbhg- Ehp^o^k+ bg

ma^bk ZgZerlbl \h]^+ bm Zii^Zkl maZm ma^r ]b] ghm bg\en]^ Z ]^lb`g m^kf _hk x[Zm\ay (pab\a

Zk^ ghm^] Zg] [ZeZg\^] Z\khll `khnil bg Pniie^f^gmZe mZ[e^ 0)- Tabe^ ngebd^er mh

]kZfZmb\Zeer \aZg`^ ma^ k^lneml+ `bo^g ma^ ZiikhikbZm^ ^qi^kbf^gmZe l^mni+ k^ieb\Zmbhg

Zg] ZgZerlbl ZiikhZ\a+ ma^ ABP^j1 fh]^e (hk Zem^kgZmbo^ ZiikhZ\a) lahne] Z\\hngm _hk

x[Zm\ay mh ^glnk^ ma^ fhlm kh[nlm k^lneml-

T^ maZgd ma^ k^ob^p^k _hk ln``^lmbg` _nkma^k bfikho^f^gml mh hnk ABD ZgZerlbl-

>\\hk]bg` mh ma^ k^ob^p^k'l ln``^lmbhg+ p^ nl^] ABP^j1 mh \hkk^\m _hk [Zm\a ^__^\ml

(]^lb`g ; t [Zm\a * il^n]h[ned \enlm^k) pa^g i^k_hkfbg` ABD ZgZerlbl hg lbg`e^,\^ee

]ZmZ _khf ]b__^k^gm [Zm\a^l- Qa^ \h]^l Zg] ma^ ]^lb`g _be^ _hk i^k_hkfbg` [Zm\a,

\hkk^\m^] #il^n]h[ned# ABD ZgZerlbl aZo^ [^^g niehZ]^] mh DbmEn[

(ammil9..`bman[-\hf.DZhVn\a^gMRJ@.JP@XiZi^k.mk^^.fZbg.\h]^X_hkXO^oblbhg%12

1.1XABl^j1X\hkk^\mX[Zm\aX^__^\m)+ Zg] p^ aZo^ ni]Zm^] ma^ ABD ZgZerlbl

f^mah]heh`r bg ma^ fZgnl\kbim (line 1012)- Qa^ ABD k^lneml h[mZbg^] Z_m^k [Zm\a ^__^\m

\hkk^\mbhg Zk^ ik^l^gm^] bg Pniie^f^gmZkr QZ[e^ 1- >emahn`a \hkk^\mbg` _hk [Zm\a

^__^\ml ^ebfbgZm^] lmZmblmb\Ze lb`gb_b\Zg\^ (i-Z]c</-/4) _hk Z lfZee ln[l^m h_ `^g^l+ ma^

^qik^llbhg h_ ma^ Z`bg`,k^eZm^] `^g^l p^ Zk^ bgm^k^lm^] bg k^fZbgl ngZ__^\m^] (Fig. 1h;



Fig. 2b, e; Supplementary Fig. 1f; Supplementary Fig. 2e)- >]]bmbhgZeer+ p^ ni]Zm^]

hnk DL ZgZerlbl nlbg` ma^ g^p ABD k^lneml+ pab\a lmbee lniihkm hnk hkb`bgZe \hg\enlbhg

maZm fbl_he]^] ikhm^bg k^lihgl^ Zg] AK> ]ZfZ`^ fZr \hgmkb[nm^ mh JP@ l^g^l\^g\^

bg ]b__^k^gm \enlm^kl (Fig. 2d; Supplementary Fig. 2a, b)- Lo^kZee+ ma^ fhk^ kh[nlm

ABD k^lneml ln``^lm ma^ ^qblm^g\^ h_ ]b__^k^g\^l bg ma^ ^qik^llbhg e^o^el h_ Z`bg`,

k^eZm^] `^g^l [^mp^^g lbg`e^,\^ee \enlm^kl-

Fg Z]]bmbhg+ makhn`ahnm ma^ fZgnl\kbim+ fZgr _b`nk^l (ghg,\hfik^a^glbo^ ^qZfie^l

bg\en]^ _b`nk^l 0a+ 1[+ 1_+ Zg] hma^kl) ik^l^gm ^qik^llbhg oZen^l (^bma^k Zo^kZ`^] Z\khll

\^eel.lZfie^l hk _hk bg]bob]nZe \^eel) _hk \hfiZkblhg Z\khll `khnil hk \enlm^kl- Qa^l^

_b`nk^l Zii^Zk mh [^ `^g^kZm^] pbma P^nkZm _ng\mbhgl- Fm bl ghm \e^Zk b_ ma^ oZen^l Zk^

xbgm^`kZm^]y ZllZr oZen^l (pab\a Zk^ ghm k^Z]ber bgm^kik^mZ[e^ Z\khll `khni \hfiZkblhgl)

hk ghkfZebs^] xOK>y ZllZr oZen^l- Tabe^ OK> ZllZr oZen^l Zk^ ZiikhikbZm^ _hk

oblnZebsZmbhg+ ma^r phne] ghm Z\\hngm _hk m^\agb\Ze [Zm\a ]b__^k^g\^l+ pab\a \hne]

\hfieb\Zm^ \hfiZkblhgl- Qabl lahne] [^ Z]]k^ll^] Zg].hk bg]b\Zm^] mh ^gZ[e^ \eZkbmr h_

bgm^kik^mZmbhg _hk ma^l^ oblnZebsZmbhgl-

T^ maZgd ma^ k^ob^p^k _hk kZblbg` mabl jn^lmbhg- Fg mabl lmn]r+ p^ nmbebs^] ]ZmZ _khf ma^

zbgm^`kZm^]{ ZllZr lhe^er _hk ]bf^glbhgZe k^]n\mbhg (M@>)+ RJ>M oblnZebsZmbhg+ Zg]

\^ee \enlm^kbg`- Qa^ hma^k ZgZerl^l+ ln\a Zl ]b__^k^gmbZe ^qik^llbhg ZgZerlbl Zg] `^g^ l^m

^gkb\af^gm+ p^k^ \hg]n\m^] nlbg` ghkfZebs^] ]ZmZ _khf ma^ zOK>{ ZllZr h_ P^nkZm

h[c^\m- >ee ma^ oZen^l ik^l^gm^] bg ma^ _b`nk^l p^k^ ghkfZebs^] hk l\Ze^] oZen^l h[mZbg^]

_khf ma^ zOK>{ ZllZr- >l f^gmbhg^] [r k^ob^p^k+ p^ Z`k^^] maZm ma^ OK> ZllZr oZen^l

]b] ghm Z\\hngm _hk m^\agb\Ze [Zm\a ]b__^k^g\^l Zg] fZr \hfieb\Zm^ \hfiZkblhgl-

Ehp^o^k+ p^ bfie^f^gm^] Z kb`hkhnl Ze`hkbmaf mh ^ebfbgZm^ _Zel^ ihlbmbo^l \Znl^] [r

lbg`e^,\^ee k^ieb\Zm^l (il^n]h[ned lmkZm^`r) Zg] _nkma^k \hkk^\m^] ma^ [Zm\a ^__^\m nlbg`

ABP^j1+ pab\a ^glnk^] ma^ k^ebZ[bebmr Zg] ZiikhikbZm^g^ll h_ hnk g^p ABD k^lneml _hk

oblnZebsZmbhg-

Cheehpbg` ma^ k^ob^p^k{l ln``^lmbhg+ p^ aZo^ Z]]^] Z]]bmbhgZe bg_hkfZmbhg hg ]ZmZ

oblnZebsZmbhg bg ma^ #AZmZ SblnZebsZmbhg Zg] PmZmblmb\Ze Fg_hkfZmbhg# l^\mbhg h_ ma^

J^mah]l (line 1161)- Cnkma^kfhk^+ p^ aZo^ bg\en]^] Z lmZm^f^gm bg ma^ _b`nk^ e^`^g]l

\eZkb_rbg` maZm ma^ oZen^l nl^] _hk oblnZebsZmbhg p^k^ _khf ma^ zOK>{ ZllZr (Fig. 1h;

Fig. 2b; Fig. 2e; Fig. 4b; Fig. 5e; Fig. 5j; Supplementary Fig. 1c; Supplementary

Fig. 1f; Supplementary Fig. 2e; Supplementary Fig. 3b-c; Supplementary Fig. 5c;

Supplementary Fig. 5i; Supplementary Fig. 6d)-

u Fg k^lihgl^ mh ma^ bgbmbZe k^ob^p+ ma^ Znmahkl aZo^ a^ei_neer ]^fhglmkZm^] \hglblm^gm

OK> o^eh\bmr iZmm^kgl bg ]b__^k^gm lZfie^l- OK> o^eh\bmr _b`nk^l Zii^Zk fnembie^ mbf^l

bg ma^ fZgnl\kbim- >m fnembie^ ihbgml+ ma^ Znmahkl fZd^ bgm^kik^mZmbhgl Z[hnm ma^ k^eZmbo^

fZ`gbmn]^ h_ OK> o^eh\bmr o^\mhkl maZm Zii^Zk mh [^ [Zl^] ikbfZkber hg oblnZe

h[l^koZmbhg h_ bgm^`kZm^] RJ>M ikhc^\mbhgl (ebg^l 137,141)- Qa^l^ Zk^ ebd^er

ho^kbgm^kik^mZmbhgl h_ ma^l^ ]ZmZ+ pab\a pabe^ ihm^gmbZeer lniihkmbo^ h_ ma^ Znmahkl{

fh]^e+ Zk^ ghm k^Zeer g^\^llZkr mh ikho^ ma^bk ihbgml- Fg iZkmb\neZk+ bg\enlbhg Zg]



Z\dghpe^]`f^gm h_ ]b__^k^g\^l bg k^eZmbo^ \^ee _k^jn^g\r i^k \enlm^k (ebg^l 141,143+

Cb`2[+ Pniie^f^gmZe Cb` 2Z) ikhob]^ fn\a lmkhg`^k ]ZmZ mh lniihkm ]b__^k^g\^l bg Z]nem

ol- i^kbgZmZe lhnk\^l: ma^l^ Zk^ \hgmkhee^] _hk mblln^ lhnk\^ Zg] [Zm\a (P^nkZm bgm^`kZmbhg)

Zg] lahne] ghm [^ lnl\^imb[e^ mh `^g^ ^qik^llbhg ]b__^k^g\^l- Fm bl mabl k^ob^p^k{l

hibgbhg maZm ma^ lZf^ \hg\enlbhgl \hne] [^ ]kZpg [r _h\nlbg` hg ma^l^ _k^jn^g\r

]b__^k^g\^l kZma^k maZg ma^ OK> o^eh\bmr k^lneml-

T^ maZgd ma^ k^ob^p^k _hk ma^ oZenZ[e^ ln``^lmbhg- T^ mhmZeer Z`k^^ pbma rhnk

ln``^lmbhg maZm ma^ oZkbZmbhgl bg ma^ _k^jn^g\r h_ \enlm^kl [^mp^^g Z]nem Zg] i^kbgZmZe

JP@l ik^l^gm fhk^ \hfi^eebg` ^ob]^g\^ mh ln[lmZgmbZm^ ma^bk ]blmbg\m Z`bg` lmZmnl^l-+

Zg] p^ aZo^ fZ]^ ma^ _heehpbg` \aZg`^l mh ma^ \hkk^lihg]bg` \hgm^gm h_ ma^ fZgnl\kbim

bg hk]^k mh k^obl^ hnk bgm^kik^mZmbhg h_ OK> o^eh\bmr k^lneml9

(0) T^ aZo^ ]^e^m^] ma^ hkb`bgZe ZgZerlbl m^qm _hk Cb`- 2Z Zl bm fZr aZo^ [^^g Zg

ho^kbgm^kik^mZmbhg h_ ma^ ]ZmZ- T^ aZo^ k^bgm^kik^m^] mabl ZgZerlbl Zg] ghp lmZm^9 #OK>

o^eh\bmr ZgZerlbl ln``^lml maZm JP@l _khf Z]nem Zg] i^kbgZmZe mblln^l laZk^ Z lbfbeZk

\^eeneZk mkZglbmbhg iZmm^kg# (line 252)- Cnkma^kfhk^+ p^ aZo^ fh]b_b^] ma^ m^qm

]^l\kb[bg` ma^ _k^jn^g\b^l h_ \^eel mh ab`aeb`am ma^ ]b__^k^g\^ bg k^eZmbo^ \^ee _k^jn^g\r

i^k \enlm^k [^mp^^g Z]nem Zg] i^kbgZmZe JP@l (line 255)-

(1) T^ aZo^ ]^e^m^] ma^ hkb`bgZe OK> o^eh\bmr ZgZerlbl Zg] bml bgm^kik^mZmbhg bg Cb`- 4`+

pab\a \hfiZk^] ma^ OK> o^eh\bmr o^\mhkl [^mp^^g rhng` Zg] Z`^] ?J,JP@l- Fglm^Z]+

p^ aZo^ lniie^f^gm^] ma^ OK> o^eh\bmr ZgZerlbl h_ Zee Z`^] Zg] rhng` ?J,JP@l bg

Cb`- 4` mh k^ieZ\^ ma^ hkb`bgZe \hgm^qm- T^ ghp bgm^kik^m mabl ZgZerlbl Zl9 # T^ Zelh

\hg]n\m^] OK> o^eh\bmr ZgZerlbl+ pab\a ln``^lm^] maZm ma^ mkZglbmbhg mkZc^\mhkr h_ ?J,

JP@l [^`bgl _khf ghg,Z`bg` \enlm^kl (?J0+ ?J1+ Zg] ?J2) Zg] ^g]l bg l^g^l\^gm

\enlm^kl ?J4 Zg] ?J5# (line 409)-

u Fg k^lihgl^ mh bgbmbZe k^ob^p+ i^k \^ee `^g^ l^m l\hk^l aZo^ ghp [^^g \Ze\neZm^] Zg]

\hfiZk^] pbma >R@^ee+ Zg ZiikhikbZm^ mhhe _hk mabl Ziieb\Zmbhg Zm lbg`e^ \^ee k^lhenmbhg-

Ehp^o^k+ ma^ Znmahkl Zelh ghm^ Ziieb\Zmbhg h_ >R@^ee mh il^n]h[ned ikh_be^l (ebg^l

0/44,0/45)- Fm bl ghm \e^Zk _khf ma^ ZoZbeZ[e^ ZgZerlbl \h]^ ahp >R@ l\hk^l p^k^

\hfiZk^] _hk ]b__^k^gmbZe iZmapZr Z\mbobmr ZgZerl^l bg il^n]h[ned ikh_be^l hk b_ mabl

ZiikhZ\a bl ZiikhikbZm^-

T^ maZgd ma^ k^ob^p^k _hk kZblbg` mabl jn^lmbhg- T^ aZo^ niehZ]^] ma^ \h]^ _hk

]b__^k^gmbZe ZgZerlbl h_ >R@^ee k^lneml mh Dbman[

(ammil9..`bman[-\hf.DZhVn\a^gMRJ@.JP@XiZi^k.mk^^.fZbg.\h]^X_hkXO^oblbhg%12

1.2X>R@^eeXil^n]h[nedXZgZerlbl)- T^ \Ze\neZm^] ma^ Z\mbobmr h_ `^g^ l^ml bg lbg`e^

\^eel nlbg` >R@^ee+ pab\a \hgo^km ma^ \^ee,[r,`^g^ fZmkbq bgmh Z \^ee,[r,`^g^,l^m

fZmkbq [Zl^] hg ghkfZebs^] ]ZmZ pbma ]^_Znem iZkZf^m^kl- Chk ^Z\a lbg`e^,\^ee \enlm^k

pbmabg ^Z\a lZfie^+ p^ `^g^kZm^] Z #il^n]h[ned# \enlm^k [r lnffbg` ma^ `^g^ l^m l\hk^

Z\khll Zee \^eel pbmabg maZm \enlm^k- Qa^ #il^n]h[ned# \enlm^kl h_ ma^ lZf^ mri^ _khf

]b__^k^gm mblln^ `khnil \hglmbmnm^ [bheh`b\Ze k^ieb\Zm^l- Qh \hkk^\m _hk [Zm\a ^__^\ml+ p^



i^k_hkf^] ]b__^k^gmbZe ZgZerlbl [^mp^^g ]b__^k^gm #il^n]h[ned# k^ieb\Zm^l nlbg` ma^ O

iZ\dZ`^ ABP^j1 pbma ma^ iZkZf^m^k x]^lb`gy l^m mh 't [Zm\a * il^n]h[ned \enlm^k'- T^

aZo^ lniie^f^gm^] ma^ f^mah] _hk \Ze\neZmbg` ]b__^k^gmbZe >R@^ee l\hk^l bg ma^ f^mah]

l^\mbhg (line 1049)+ ma^ k^lneml h_ ma^ ]b__^k^gmbZe ZgZerlbl Z_m^k [Zm\a ^__^\m \hkk^\mbhg

aZo^ [^^g ni]Zm^] bg Pniie^f^gmZkr mZ[e^ 3-

u Qa^ \ebgb\Ze mkbZe ]ZmZ+ pab\a pabe^ bgm^k^lmbg` bg \hfiZkbg` JP@ ]hlbg` k^`bf^gl

_hk \ebgb\Ze k^lihgl^+ ]h^l ghm bg_hkf ma^ fZgnl\kbim{l ikbfZkr ln[c^\m (l^g^l\^g\^ bg

JP@l)- Fm l^^fl hnmlb]^ ma^ l\hi^ h_ ma^ ik^l^gm fZgnl\kbim-

T^ maZgd ma^ k^ob^p^k _hk ma^ bglb`am_ne \hff^gm Zg] p^ aZo^ k^fho^] ma^ \ebgb\Ze

mkbZe ]ZmZ _khf mabl o^klbhg h_ fZgnl\kbim-

u >l ghm^] bg ma^ ik^obhnl k^ob^p+ Zm fnembie^ ihbgml makhn`ahnm ma^ fZgnl\kbim fZbg

m^qm+ ma^ Znmahkl nl^ eZg`nZ`^ maZm ln``^lml _bkf [bheh`b\Ze \hg\enlbhgl ]kZpg lhe^er

_khf l\OK>,P^j ZgZerlbl- Phf^ ^qZfie^l bg\en]^9

, Ibg^l 037,0389 xQa^l^ k^lneml \hee^\mbo^er bg]b\Zm^ maZm ma^ Zmm^gnZm^] JP@

ikheb_^kZmbhg \Zg [^ Zl\kb[^] mh \^eeneZk l^g^l\^g\^-y

, Ibg^l 1/1,1/39 xQanl+ hnk ]ZmZ Zm lbg`e^,\^ee k^lhenmbhg bg]b\Zm^ maZm ma^ ehll h_

ikhm^hlmZlbl ieZrl Zg bfihkmZgm khe^ bg ]kbobg` ma^ \^eeneZk l^g^l\^g\^ h_ @4-y

, Ibg^l 146,1489 x>]]bmbhgZeer+ mabl a^m^kh`^g^bmr bg ma^ ]rgZfb\l h_ mkZglbmbhg e^] mh

Z fZchk bg\k^Zl^ bg ma^ ikhihkmbhg h_ @6 [nm \Znl^] gh lb`gb_b\Zgm ^qiZglbhg h_ @4 Zg]

@5 bg Z]nem JP@l (Cb`- 2[: Pniie^f^gmZkr Cb`- 2Z)-y

Fg ^Z\a h_ ma^l^ \Zl^l+ ma^ m^qm lmZm^l _bkf \ZnlZe k^eZmbhglabil (xZl\kb[^] mhvy+ xieZrl

Zg bfihkmZgm khe^ bg ]kbobg`vy+ xe^] mh Z fZchk bg\k^Zl^vy) bg_^kk^] _khf ma^ l\OK>,

P^j k^lneml- Tabe^ ma^ lbg`e^ \^ee `^g^ ^qik^llbhg ]ZmZ fZr ln``^lm+ bg_^k+ [^ \hglblm^gm

pbma+ Zg].hk bg_hkf _nmnk^ bgo^lmb`Zmbhgl+ bm bl ghm ln__b\b^gm mh lniihkm ln\a ]^_bgbmbo^

lmZm^f^gml+ pab\a phne] k^jnbk^ oZeb]Zmbg` ^qi^kbf^gmZmbhg (pab\a bl ikhob]^] [r ma^

Znmahkl bg l^o^kZe \Zl^l)- Qa^l^ lmZm^f^gml+ pab\a Zii^Zk makhn`ahnm ma^ m^qm+ lahne]

[^ fh]b_b^] Z\\hk]bg`er-

T^ maZgd ma^ k^ob^p^k _hk ma^ oZenZ[e^ ln``^lmbhg- >\\hk]bg` mh k^ob^p^k{l \hg\^kgl+

p^ aZo^ mhg^ ]hpg \hg\enlbhgl maZm Zk^ hger ]kZpg _khf l\OK> l^jn^g\bg`- Pi^\b_b\

k^oblbhgl _hk mabl iZkm Zk^ lahpg [^ehp9

(0) line 1239 Qa^ bgm^kik^mZmbhg h_ >R@^ee a^ZmfZi aZl [^^g fh]b_b^] mh xQa^ mhi

^qik^ll^] `^g^ l^ml bg ^Z\a \enlm^k Zk^ ]blieZr^] hg ma^ a^ZmfZi+ pab\a ln``^lm^] maZm

JP@l _khf @0+ @1 Zg] @2 ab`aer ^qik^ll^] `^g^l bgoheo^] bg \^ee \r\e^ ikh`k^llbhg

Zg] ikheb_^kZmbhgy-

(1) line 1489 Qa^ bgm^kik^mZmbhg h_ `^g^ l^m l\hk^ ZgZerlbl bg Cb`- 0 aZl [^^g fh]b_b^]

mh x?Zl^] hg ma^ ZoZbeZ[e^ ^ob]^g\^+ bm l^^fl ihllb[e^ maZm ma^ ]hpgk^`neZmbhg h_ JP@

ikheb_^kZmbo^ Zg] lm^f \^ee lb`gZmnk^ `^g^l fZr [^ ebgd^] mh \^eeneZk l^g^l\^g\^y-



(2) line 1649 Qa^ \hg\enlbhg aZl [^^g k^obl^] mh x@hee^\mbo^er+ hnk \hfik^a^glbo^

[bhbg_hkfZmb\ ZgZerlbl ln``^lml maZm \ebgb\Zeer nl^] JP@ ikh]n\ml _khf oZkbhnl mblln^

hkb`bgl aZo^ Zg ng]^k^lmbfZm^] e^o^e h_ a^m^kh`^g^bmr+ Zg] hnk _bg]bg`l aZo^ Zelh

a^ei^] k^\hglmkn\m Z ikh`k^llbo^ l^g^l\^g\^ ikh\^ll bg JP@l+ pab\a bl \aZkZ\m^kbs^]

[r Z ]^\ebg^ bg ikheb_^kZmbhg \ZiZ\bmr Zg] lm^f \^ee _^Zmnk^ly-

(3) line 1739 Qa^ bgm^kik^mZmbhg h_ ABD ZgZerlbl bg Cb`- 1[ aZl [^^g fh]b_b^] mh xQa^

Z[ng]Zgm ^qik^llbhg h_ `^g^l ln\a Zl QM42+ @AHK0> Zg] @AHK1> ln``^lm^] maZm

l^g^l\^g\^ h_ @5 Zg] @6 bl ebgd^] mh `^ghfb\ lmk^lly-

(4) line 1829 Qa^ bgm^kik^mZmbhg h_ `^g^ l^m l\hk^ ZgZerlbl bg Cb`- 1\ aZl [^^g fh]b_b^]

mh xD^g^ l^m l\hkbg` ZgZerlbl Zelh ln``^lm^] maZm+ \hfiZk^] mh JP@l _khf @4 Zg] ghg,

l^g^l\^gm \enlm^kl+ ma^ ngk^lheo^] AK> ]ZfZ`^ fb`am [^ Z \hgmkb[nmbg` _Z\mhk mh ma^

\^eeneZk l^g^l\^g\^ h[l^ko^] bg JP@l _khf @5 Zg] @6+ Z\\hfiZgb^] [r ]hpgk^`neZm^]

MF2H,>HQ iZmapZr Z\mbobmr bg ma^l^ \^eely-

(5) line 1869 Qa^ \hg\enlbhg aZl [^^g k^obl^] mh x?Zl^] hg ma^l^ k^lneml+ p^ bg_^kk^]

maZm `^ghfb\ lmk^ll `^g^kZm^] ]nkbg` bg obmkh ^qiZglbhg fb`am [^ Zg bg]n\^k h_ \^ee

l^g^l\^g\^ bg @5 Zg] @6y-

(6) line 1959 Qa^ bgm^kik^mZmbhg h_ DL ZgZerlbl aZl [^^g fh]b_b^] mh xQa^l^ k^lneml

bg]b\Zm^ maZm \^eeneZk lmk^ll bg @4 bl ebd^er mh [^ bg]n\^] [r ma^ Z[ghkfZe Z\\nfneZmbhg

h_ ng_he]^] hk fbl_he]^] ikhm^bgl bg ma^ BO-y

(7) line 2049 Qa^ \hg\enlbhg aZl [^^g k^obl^] mh xQh`^ma^k+ ma^l^ k^lneml ln``^lm maZm

ma^ ehll h_ ikhm^hlmZlbl fb`am \hgmkb[nm^ mh ma^ \^eeneZk l^g^l\^g\^ h_ @4y-

(8) line 2459 Qa^ \hg\enlbhg aZl [^^g k^obl^] mh x@hee^\mbo^er+ hnk ]ZmZ h__^k oZenZ[e^

bglb`aml bgmh ma^ ng]^kerbg` [bh\a^fb\Ze f^\aZgblfl Zg] fhe^\neZk k^`neZmhkr

g^mphkdl maZm fZr [^ bgoheo^] bg JP@ l^g^l\^g\^-y

(0/) line 2629 Qa^ \hg\enlbhg aZl [^^g fh]b_b^] mh xQa^l^ k^lneml ln``^lm maZm

\hfiZk^] mh i^kbgZmZe JP@l+ JP@l ]^kbo^] _khf Z]nem mblln^ ^qab[bm ab`a^k e^o^el h_

\^eeneZk l^g^l\^g\^y-

(00) line 2769 T^ aZo^ k^obl^] ma^ \hg\enlbhg mh x@hee^\mbo^er+ ma^l^ ZgZerl^l ln``^lm

Z ihllb[e^ fhe^\neZk k^`neZmhkr f^\aZgblf maZm fZr \hgmkb[nm^ mh ma^ h[l^ko^]

]b__^k^g\^l bg Z`bg` e^o^el [^mp^^g JP@l ]^kbo^] _khf Z]nem Zg] i^kbgZmZe lhnk\^ly-

(01) line 4079 Qa^ bgm^kik^mZmbhg h_ M^Zklhg \hkk^eZmbhg ZgZerlbl bg Cb`- 4_ aZl [^^g

fh]b_b^] mh xLnk M^Zklhg \hkk^eZmbhg ZgZerlbl Zelh ln``^lm^] maZm \^eel _khf ?J0,2

aZo^ ab`a \hkk^eZmbhg oZen^ pbma @0,2+ pabe^ ?J4,5 lahp fhk^ lbfbeZkbmr mh Z`bg`

\enlm^k @4,6y-



(02) line 4129 Qa^ \hg\enlbhg aZl [^^g k^obl^] mh xLo^kZee+ [Zl^] hg Zghma^k lbg`e^,

\^ee ]ZmZl^m+ p^ bg_^kk^] maZm ma^ \^eeneZk l^g^l\^g\^ ikh\^ll ]nkbg` bg obmkh ^qiZglbhg

fZr k^lnem bg ma^ ^f^k`^g\^ h_ JP@ \enlm^kl pbma ]b__^k^gm Z`bg` lmZmnl^l-y

Reviewer #3 (Remarks to the Author):

Qa^ Znmahkl aZo^ k^lihg]^] mh ma^ ihbgml fZ]^ [r ma^ k^ob^p^kl bg ]^mZbe Zg] Z]]^]

k^e^oZgm bg_hkfZmbhg+ ^qi^kbf^gmZe ]ZmZ Zg] ^qieZgZmbhgl- Qa^ d^r _bg]bg` maZm D>Q>1

k^`neZm^l MA,I0 Zg] manl [r ZgZeh`r bffnghlniik^llbo^ _ng\mbhg+ Zg] maZm mabl bl

bfiZbk^] hg he]^k (l^g^l\^gm) JP@ bl lniihkm^]- Qa^ `^g^kZe \hkk^eZmbhg [^mp^^g

Z`^bg`+ lm^fg^ll Zg] ]b__^k^gmbZmbhg ikhi^kmb^l aZl [^^g fhk^ k^Zeblmb\Zeer ]^l\kb[^]-

Qanl+ F Zf h_ ma^ hibgbhg maZm ma^ ^qi^kbf^gmZe himbhgl mh lmk^g`ma^g ma^ fZgnl\kbim

Zg] lniihkm ma^ _bg]bg` aZo^ [^^g ^qaZnlm^]-

T^ Ziik^\bZm^ ma^ mbf^ Zg] ^__hkm ma^ k^ob^p^k ]^ohm^] mh ma^ k^ob^p ikh\^ll+ Zg] p^

Zk^ `kZm^_ne _hk k^ob^p^k{l oZenZ[e^ \hff^gml hg mabl phkd-
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REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author): 

This revised version is much improved especially in uncovering the heterogeneity between different 
sources of human MSCs, as well as providing strong evidence for less senescence in chronologically 
youthful perinatal MSCs compared to adult MSCs and its inverse relationship to immunosuppressive 

properties. However, the ‘add-back’ of MSC stemness still results in similar problems of the initial 
version of the manuscript. 

1) Directly equating the 3 pluripotency factors to stand for MSC stemness factors is, at best 

inappropriate and at worst wrong/unproven. If the authors wish to use these 3 factors, then these 
genes must be labeled appropriately as “pluripotency stem cell signature genes” and not generically 
as “stem cell signature genes”, and then further referenced as to why these factors perhaps may act 

to be select for MSCs/non-pluripotent stem cells (i.e. Pochampally et al, Blood 2004 for hBMMSCs; 
Fukuchi et al, Stem Cells 2004 for fetal placental MSCs). 

Specific comments: 
2) The use of the term ‘MSC stemness’ is quite controversial as the authors acknowledge, which is 

also reflected in the literature by the paucity of publications using this term, therefore use of another 
and more descriptive term(s) is advised, i.e. “MSC multi-lineage differentiation capacity”. 

3) Since the authors still include tri-lineage differentiation data, and the definition for any stem cell 
critically includes multi-lineage potential, it would be more logical to assess the tri-lineage 

differentiation transcriptomic programs (i.e. Runx2/Osterix & downstream ostegenic genes; 
CEBPb/PPARg & downstream adipogenic genes; Sox9 & downstream 

chondrogenic genes) to stand for MSC stemness. Moreover, the authors continue to use the term 
“stem cells” rather than “stromal cells” throughout the manuscript, therefore incorporation of 

bioinformatics analyses of differentiation transcriptional programs would not only be appropriate but 
important. In fact, since the authors already found that in functional differentiation assays senescent 
MSCs are more prone to adipogenesis than osteogenesis, it is definitely worthwhile to add 

bioinformatics data relevant to these functional differentiation assays. 

Minor comments: 
a) Line 170: perhaps adding or replacing “biochemical” with “molecular” is more accurate (this was 
done in the summary sentence of the paragraph/section) 

b) Lines 473-4: perhaps adding “at baseline” after “senescence” in “adult tissue-derived MSCs have a 
higher degree of senescence AT BASELINE than perinatal MSCs” would be useful to readers. 

Reviewer #2 (Remarks to the Author): 

In the present submission, the authors have addressed nearly all of this reviewer’s concerns 
regarding single cell RNA-Seq (scRNA-seq) analysis. Specific comments and remaining issues are 

detailed below: 

Cell cycle effects on clustering 

While the extensive effort the authors have undertaken to assess the impact of cell cycle associated 
gene expression is impressive and welcome, as they now note in their updated text, based on the 

biology under investigation, it is difficult if not impossible to fully separate cell cycle-associated gene 
expression patterns from senescence. This confounding issue is not necessarily a problem as it is 
managed with supporting experimental data; the key issue is to address it in interpretation of analysis 

results. The newly updated language addresses this issue. It would be further improved by also 
including some of the language from the rebuttal: “After we removed the effect of the cell cycle, there 

were no significant changes in cell clustering, and the results of the cell cycle regression did not affect 



our major conclusions of this study.” It should not be necessary to include the rebuttal appendix data 
in the final manuscript. 

Visualization of expression values 

The updated figure legend information informing (generally appropriate) use of Seurat “RNA assay” 
data for gene expression values addresses the main critique of the previous review. However, for 
those figures that include gene expression data generated from multiple technical batches, it is not 

fully appropriate to directly compare these values. This is not a major issue; the authors are correct in 
stating that they “implemented a rigorous algorithm to eliminate false positives caused by single-cell 

replicates (pseudobulk strategy) and further corrected the batch effect using DESeq2, which ensured 
the reliability and appropriateness of our new DEG results for visualization.” This is sufficient to 

ensure that the genes selected for plotting are indeed significant (i.e. not a consequence of batch 
effects), but has no impact on the expression values themselves which are visualized. At line 1166, 
the authors state that “Additionally, batch effects were corrected to ensure accurate comparisons.” 

Assuming “batch effects were corrected” refers to actually transforming the expression values for 
plotting, there is no evidence in the analysis code that any such correction was applied. 

None of this is expected to change results or interpretations, but for those figures that include 
visualization of expression values from multiple batches, it would be most accurate to note “(non-
batch corrected)” (or similar) in the figure legends. 

Pseudobulk gene set scores 

As noted in the previous review, the authors appropriately applied AUCell for per cell gene set scores 
at single cell resolution. Also in the previous review, a question was raised about using AUCell scores 
for pseudobulk profiles. While the authors have now provided an explanation and updated analysis 

code, the question remains: is simply summing AUCell scores into pseudobulk profiles an appropriate 
/ accurate method for gene set testing/activity? This reviewer is not aware of endorsement of this 

approach by the AUCell developers or any relevant benchmarking study. An alternative approach 
might be to use well-established “bulk” RNA-Seq gene set tools (e.g. GSVA, QuSage, others) on 

pseudobulk profiles calculated from single cell gene expression (i.e. rather than calculating gene set 
scores PER CELL and THEN summing for pseudobulk, sum gene expression to pseudobulk and then 
run appropriate gene set tools).



Point by point response to reviewers

We sincerely appreciate the efforts of all the reviewers for their careful evaluation and 

valuable feedback on our manuscript. Following the suggestions by the reviewers, we 

have made several revisions to the bioinformatics analysis and writing, which further  

enhanced the accuracy and reliability of our results. Among the highlights of the new  

results, we have included additional bioinformatic analysis to elucidate  the  impact   

of  senescence  on  MSC  trilineage  differentiation  capacity. Additionally, we have 

optimized our gene set analysis by utilizing the GSVA algorithm on pseudobulk  

samples calculated from single-cell gene expression data, which has increased the  

rigor of our analysis. Finally, we have also modified the text description of MSC  

stemness and revised the interpretation of pluripotency factors to enhance the  

credibility of our results. The new data are highlighted in a blue font in the revised  

manuscript, including the legends and labels of figures and supplementary tables. All  

figure callouts below correspond to figures in the revised manuscript. With the new  

results,  we  believe  we  have  addressed all of the reviewers’ concerns, substantially

improved the accuracy and reliability of our work, and broadened the impacts of our  

study.

A brief summary of the major new results is listed below, which are divided into two 

categories. 

A. Analysis of the effects of cell senescence on MSC trilineage differentiation capacity.

1. The comparison of adipogenesis score, osteogenesis score and chondrogenesis 

score of six BM-MSCs clusters derived from young and aged donor 

(Supplementary Fig. 5i, Supplementary table 3).

2. The tri-lineage differentiation scores of young and aged BM-MSC samples 

were compared (Supplementary Fig. 5j). 

3. The comparison of the expression level of CEBPB, PPARG, RUNX2 and 

SOX9 in six BM-MSCs clusters derived from young and aged donors 

(Supplementary Fig. 5k). 

4. The expression level of CEBPB, PPARG, RUNX2 and SOX9 in young and 

aged BM-MSC samples were compared (Supplementary Fig. 5l). 

B. Adoption of more rigorous strategies for pseudobulk gene set analysis.

1. The ‘pseudobulk’ strategy were used to assess differential activities of

pathway scored by GSVA with batch effect correction by limma package (Fig. 

1c, Supplementary Table 4).

Reviewers' comments:

Reviewer #1 (Remarks to the Author):

This revised version is much improved especially in uncovering the heterogeneity



between different sources of human MSCs, as well as providing strong evidence for

less senescence in chronologically youthful perinatal MSCs compared to adult MSCs

and its inverse relationship to immunosuppressive properties. However, the ‘add-back’

of MSC stemness still results in similar problems of the initial version of the manuscript.

We thank the reviewer for the encouraging comments on our revised manuscript.

1) Directly equating the 3 pluripotency factors to stand for MSC stemness factors is, at

best inappropriate and at worst wrong/unproven. If the authors wish to use these 3

factors, then these genes must be labeled appropriately as “pluripotency stem cell

signature genes” and not generically as “stem cell signature genes”, and then further

referenced as to why these factors perhaps may act to be select for MSCs/non-

pluripotent stem cells (i.e. Pochampally et al, Blood 2004 for hBMMSCs; Fukuchi et

al, Stem Cells 2004 for fetal placental MSCs).

We thank the reviewer for raising this question. We acknowledge that a more rigorous 

description and interpretation of experimental data related to pluripotency genes is 

necessary. According to reviewer’s suggestions, we have made the following revisions 

to the manuscript: 

(1) We have re-interpreted the qPCR data of pluripotency stem cell genes mentioned in 

line 277, and have incorporated references (reference 62 and 63) recommended by the 

reviewer to explain why pluripotency factors may be used to represent the pluripotency 

of MSCs. 

(2) In the discussion section related to pluripotency gene data (line 658), we have 

revised the term "stem signature genes" to "pluripotency stem cell signature genes". 

(3) As the stem cell signature gene set used for the gene set score analysis contained 

pluripotency genes, we have updated the figures and textual description related to stem 

cell signature gene set analysis (Supplementary Fig. 1f, Supplementary Fig. 3d, 

Supplementary Fig. 5g; line 146, line 149, line 272, line 408) to use the term 

"pluripotency stem cell signature" instead of "stem cell signature". 

Specific comments:

2) The use of the term ‘MSC stemness’ is quite controversial as the authors

acknowledge, which is also reflected in the literature by the paucity of publications

using this term, therefore use of another and more descriptive term(s) is advised, i.e.

“MSC multi-lineage differentiation capacity”.

We thank the reviewer for the constructive comments. According to reviewer’s

suggestions, we have replaced the term 'stemness' with more specific and descriptive 

terms. Specific revisions for this part are shown below: 



(1) line 661: In this study, we have also investigated the effect of cell aging on MSC 

pluripotency gene expression and multi-lineage differentiation capacity. 

(2) line 662: Research has shown that aging can have a negative impact on the 

pluripotency and self-renewal capacity of stem cells. 

(3) line 666: which suggest that the heterogeneity in pluripotency gene expression

among MSC populations could be related to differences in the senescence states of

individual cells.

(4) line 668: It is worth noting that although pluripotency stem cell signature genes

are widely used to demonstrate the self-renewal ability and multipotent

differentiation capacity of MSCs, whether these genes can fully stand for MSC

pluripotency in the aging process is still controversial and needs to be proved in future

work.

(5) line 674: Although the general consensus is that a stronger differentiation potential

represents better pluripotency of stem cells.

3) Since the authors still include tri-lineage differentiation data, and the definition for

any stem cell critically includes multi-lineage potential, it would be more logical to

assess the tri-lineage differentiation transcriptomic programs (i.e. Runx2/Osterix &

downstream ostegenic genes; CEBPb/PPARg & downstream adipogenic genes; Sox9

& downstream chondrogenic genes) to stand for MSC stemness. Moreover, the authors

continue to use the term “stem cells” rather than “stromal cells” throughout the

manuscript, therefore incorporation of bioinformatics analyses of differentiation

transcriptional programs would not only be appropriate but important. In fact, since the

authors already found that in functional differentiation assays senescent MSCs are more

prone to adipogenesis than osteogenesis, it is definitely worthwhile to add

bioinformatics data relevant to these functional differentiation assays.

We thank the reviewer for raising this question. We have incorporated the following 

analysis to the manuscript based on the suggestions provided by the reviewers:  

(1) We analyzed the expression levels of key transcriptional regulators of MSC 

adipogenesis (CEBPB and PPARG), osteogenesis (RUNX2; the SP7, also known as 

Osterix, was not detected in scRNA sequencing data), and chondrogenesis (SOX9) in 

young and aged BM-MSC scRNA data. We found that the expression of CEBPB and 

PPARG were significantly increased in the aging BM-MSCs clusters (BM5, BM6), 

while RUNX2 and SOX9 did not show significant expression differences among 

clusters (Supplementary Fig. 5k). Besides, we also investigated the expression of 

these transcription factors at the pseudobulk bulk level. While not statistically 

significant, we observed that CEBPB was upregulated in aged samples at the 

pseudobulk level, whereas the expression of RUNX2 was decreased in aged BM-MSCs 



(Supplementary Fig. 5l). These results indicate that senescent MSCs may upregulate 

the expression of adipogenic transcription factors while downregulating the expression 

of osteogenic regulators. 

(2) We collected gene sets related to MSC adipogenesis (which includes 

CEBPB/PPARG and its downstream adipogenic genes), osteogenesis (which includes 

RUNX2 and its downstream osteogenic genes) and chondrogenesis (which includes 

SOX9 and its downstream chondrogenic genes), and these gene sets were used to 

calculate gene set scores for assessing the trilineage differentiation capacity of MSCs 

(Supplementary table 3). Firstly, we calculated the gene set scores for each BM-MSC 

cluster (Supplementary Fig. 5i). The results showed that the adipogenesis score 

increased in the aging clusters (BM5, BM6), while these clusters exhibited decreased 

expression of osteogenesis-related genes. Furthermore, we found that BM-MSCs 

derived from aged donors exhibited upregulation of adipogenic genes but decreased 

expression of osteogenic genes (Supplementary Fig. 5j). Although no significant 

difference in chondrogenic ability was observed between young and aged BM-MSCs 

during the in vitro differentiation experiment, our transcriptome-level analysis 

suggested that the expression of chondrogenic-related genes was downregulated in aged 

BM-MSCs. (Supplementary Fig. 5i-j). These findings suggest that senescence may 

disturb the balance of MSC multi-lineage differentiation ability, resulting in weakened 

osteogenesis and increased adipogenic tendency, which is consistent with the results of 

the in vitro differentiation experiments (Supplementary Fig. 5a).

(3) We have revised the title of the fifth section to: “Altered multi-lineage 

differentiation ability and impaired immunosuppressive capacity were observed in BM-

MSCs from aged donors” (line 381). The textual description of the above 

bioinformatics analysis is provided in line 424. 

Minor comments:

a) Line 170: perhaps adding or replacing “biochemical” with “molecular” is more

accurate (this was done in the summary sentence of the paragraph/section)

We thank the reviewer for the valuable suggestion. We have revised the title of the 

second section to “Molecular basis of human MSC senescence.” (line 171) 

b) Lines 473-4: perhaps adding “at baseline” after “senescence” in “adult tissue-derived

MSCs have a higher degree of senescence AT BASELINE than perinatal MSCs” would

be useful to readers.

We thank the reviewer for the valuable suggestion. We have revised the sentence to read

as follows: “These results suggest a significant correlation between our transcriptome

and proteome data for MSCs and provide evidence from a multiomics perspective to

demonstrate that adult tissue-derived MSCs have a higher degree of senescence at

baseline than perinatal MSCs.” (line 503)



Reviewer #2 (Remarks to the Author):

In the present submission, the authors have addressed nearly all of this reviewer’s

concerns regarding single cell RNA-Seq (scRNA-seq) analysis. Specific comments and

remaining issues are detailed below:

We are grateful for reviewer’s kind comments on our revised manuscript.

Cell cycle effects on clustering

While the extensive effort the authors have undertaken to assess the impact of cell cycle

associated gene expression is impressive and welcome, as they now note in their

updated text, based on the biology under investigation, it is difficult if not impossible

to fully separate cell cycle-associated gene expression patterns from senescence. This

confounding issue is not necessarily a problem as it is managed with supporting

experimental data; the key issue is to address it in interpretation of analysis results. The

newly updated language addresses this issue. It would be further improved by also

including some of the language from the rebuttal: “After we removed the effect of the

cell cycle, there were no significant changes in cell clustering, and the results of the cell

cycle regression did not affect our major conclusions of this study.” It should not be

necessary to include the rebuttal appendix data in the final manuscript.

We appreciate the reviewer's valuable suggestion. To further clarify the impact of cell 

cycle genes on MSC clustering, we have added the following statement in line 609 

“After we removed the effect of the cell cycle, there were no significant changes in cell 

clustering, and the results of the cell cycle regression did not affect our major 

conclusions of this study.”

Visualization of expression values

The updated figure legend information informing (generally appropriate) use of Seurat

“RNA assay” data for gene expression values addresses the main critique of the

previous review. However, for those figures that include gene expression data generated

from multiple technical batches, it is not fully appropriate to directly compare these

values. This is not a major issue; the authors are correct in stating that they

“implemented a rigorous algorithm to eliminate false positives caused by single-cell

replicates (pseudobulk strategy) and further corrected the batch effect using DESeq2,

which ensured the reliability and appropriateness of our new DEG results for

visualization.” This is sufficient to ensure that the genes selected for plotting are indeed

significant (i.e. not a consequence of batch effects), but has no impact on the expression

values themselves which are visualized. At line 1166, the authors state that

“Additionally, batch effects were corrected to ensure accurate comparisons.” Assuming

“batch effects were corrected” refers to actually transforming the expression values for

plotting, there is no evidence in the analysis code that any such correction was applied.



We thank the reviewer for the constructive comments. We apologize for the previous 

language error, and we would like to clarify that our original intention was to convey 

that the differential genes visualized in the figure were obtained from DESeq2 

differential analysis with batch correction. To rectify this error, we have revised the 

sentence in line 1205 as follows: “Furthermore, to ensure that only significant genes

were selected for plotting and that they were not the result of batch effects, we used 

DESeq2 to correct for batch effects in the differential gene analysis (design = ~ batch 

+ pseudobulk cluster).”

None of this is expected to change results or interpretations, but for those figures that

include visualization of expression values from multiple batches, it would be most

accurate to note “(non-batch corrected)” (or similar) in the figure legends.

We thank the reviewer for the valuable suggestion. To address the issue of figures that 

display visualization of expression values from multiple batches, we have included the 

following description in the corresponding figure legend: “The displayed values were

non-batch corrected.”

Pseudobulk gene set scores

As noted in the previous review, the authors appropriately applied AUCell for per cell

gene set scores at single cell resolution. Also in the previous review, a question was

raised about using AUCell scores for pseudobulk profiles. While the authors have now

provided an explanation and updated analysis code, the question remains: is simply

summing AUCell scores into pseudobulk profiles an appropriate / accurate method for

gene set testing/activity? This reviewer is not aware of endorsement of this approach

by the AUCell developers or any relevant benchmarking study. An alternative approach

might be to use well-established “bulk” RNA-Seq gene set tools (e.g. GSVA, QuSage,

others) on pseudobulk profiles calculated from single cell gene expression (i.e. rather

than calculating gene set scores PER CELL and THEN summing for pseudobulk, sum

gene expression to pseudobulk and then run appropriate gene set tools).

We thank the reviewer for raising this question. We recognize that in our case, which 

involves batch differences and biological replicates, it is more appropriate to use bulk 

RNA-Seq gene set algorithms on “pseudobulk” samples calculated from single-cell 

gene expression data. To achieve this, we summed the gene expression values in each 

cluster to create pseudobulk profiles, and subsequently computed the GSVA score for 

each pseudobulk sample. However, since the GSVA calculation produced negative 

values that are not integers, it was not suitable to use the DESeq2 algorithm for 

differential expression analysis and batch correction, as this method requires positive 

integer values. Instead, we utilized the limma package to remove batch effects and 

perform differential expression analysis. The "removeBatchEffect" function from the 

limma package was employed to eliminate potential impact of batch differences on the 

calculation of GSVA scores. Subsequently, we used limma to calculate the differential 

activities of pathways, and the mean GSVA scores for all pseudobulk samples per 



cluster were displayed in the heatmap (Fig. 1c; Supplementary table 4). We have 

supplemented the methods of this part in line1052, and the codes used for this analysis 

have been uploaded to Github 

(https://github.com/GaoYuchenPUMC/MSC_paper/blob/main/code_for_Revision%23

3/Pseudobulk_GSVA.R). 



REVIEWERS' COMMENTS

Reviewer #1 (Remarks to the Author): 

The last revisionary efforts are very useful, but just a few corrections are still needed since the 
authors appear to still have misunderstood basic concepts of MSC differentiation capacity vs. 
pluripotency (which MSCs and other adult/somatic stem cells do not possess). 

Line 235: please add “factors” after “pluripotency” 

Lines 278-79: please delete "represent the pluripotent signature of" and replace with revise "be better 
selection markers for” 

Line 281: please replace “pluripotency” with “multipotent differentiation capacity” 
Line 671: please replace “pluripotency” with “stem cell capacity” 
Line 675: “pluripotency” with “differentiation capacity” 

Reviewer #2 (Remarks to the Author): 

The authors have addressed nearly all of the previously articulated concerns regarding single cell 

RNA-Seq (scRNA-Seq) and related analyses. One remaining minor issue related to gene set analysis 
of pseudobulk scRNA-Seq data is detailed below. 

The application of GSVA for geneset enrichment testing on pseudobulk scRNA-Seq values addresses 
previous concerns regarding the appropriateness of summing/aggregating single cell gene set values 

for grouped analyses. However, a minor improvement to the workflow may make for more robust 
results. As implemented, the authors take the pseudobulk count matrix, “correct” for batch effects 

using the removeBatchEffect functon(limma), calculate GSVA scores, and then test for differential 
gene set enrichment in limma. Rather than “correcting” counts, which can have unintended effects, 

the workflow could be modified to take the pseudobulk count matrix, calculate GSVA scores, and test 
for differential gene sent enrichment in limma while accounting for batch in the corresponding design 
matrix (i.e. ~ batch + pseudobulk cluter), as has been implemented elsewhere in the manuscript for 

differential gene expression testing. For visualization (e.g. Fig 1C), median GSVA values can be 
used. 

Line 121: Resulting GSVA scores should not be referred to as “single-cell enrichment scores”; 
“pseudobulk” or similar would be more appropriate. 



Point by point response to reviewers

We sincerely appreciate the encouraging and constructive comments provided by all

the reviewers. Following the valuable suggestions from the reviewers, we have

made further enhancements to the methodology of the bioinformatics analysis

and revised the textual content of the manuscript. We have made revisions to the

structure of the manuscript and enhanced the descriptions of the statistical

methods, as well as other sections. The new data are highlighted in a blue font in the

revised manuscript, including the legends and labels of figures.

Reviewers' comments:

Reviewer #1 (Remarks to the Author):

The last revisionary efforts are very useful, but just a few corrections are still needed

since the authors appear to still have misunderstood basic concepts of MSC

differentiation capacity vs. pluripotency (which MSCs and other adult/somatic stem

cells do not possess).

We thank the reviewer for the encouraging comments on our revised manuscript.

Line 235: please add “factors” after “pluripotency”

Lines 278-79: please delete "represent the pluripotent signature of" and replace with

revise "be better selection markers for”

Line 281: please replace “pluripotency” with “multipotent differentiation capacity”

Line 671: please replace “pluripotency” with “stem cell capacity”

Line 675: “pluripotency” with “differentiation capacity”

We thank the reviewer for raising this question. We have revised all corresponding

words in the manuscript based on the suggestions from the reviewer.

Reviewer #2 (Remarks to the Author):

The authors have addressed nearly all of the previously articulated concerns regarding

single cell RNA-Seq (scRNA-Seq) and related analyses. One remaining minor issue

related to gene set analysis of pseudobulk scRNA-Seq data is detailed below.

We thank the reviewer for the encouraging comments.

The application of GSVA for geneset enrichment testing on pseudobulk scRNA-Seq

values addresses previous concerns regarding the appropriateness of

summing/aggregating single cell gene set values for grouped analyses. However, a

minor improvement to the workflow may make for more robust results. As



implemented, the authors take the pseudobulk count matrix, “correct” for batch effects

using the removeBatchEffect functon(limma), calculate GSVA scores, and then test for

differential gene set enrichment in limma. Rather than “correcting” counts, which can

have unintended effects, the workflow could be modified to take the pseudobulk count

matrix, calculate GSVA scores, and test for differential gene sent enrichment in limma

while accounting for batch in the corresponding design matrix (i.e. ~ batch +

pseudobulk cluter), as has been implemented elsewhere in the manuscript for

differential gene expression testing. For visualization (e.g. Fig 1C), median GSVA

values can be used.

We thank the reviewer for the valuable suggestion. In response to this suggestion, we

summed the gene expression values within each cluster to generate pseudobulk profiles.

Subsequently, we calculated the GSVA score for each pseudobulk cluster. We then

utilized the limma package to perform differential gene set scoring analysis. The

parameter of the model.matrix function was set to '~0+pseudobulk_cluster+batch' to

further remove the influence of batch effects on limma differential analysis. The

updated results, including the heatmap and supplementary tables (Fig. 1c;

Supplementary table 4), have been updated. We have supplemented the methods of

this part in line 1054, and the codes used for this analysis have been uploaded to Github

(https://github.com/GaoYuchenPUMC/MSC_paper/blob/main/code_for_Revision%23

4/GSVA_analysis.R)

Line 121: Resulting GSVA scores should not be referred to as “single-cell enrichment

scores”; “pseudobulk” or similar would be more appropriate.

We thank the reviewer for raising this question. We have revised “single-cell

enrichment scores” in line 112 to “enrichment scores for each pseudobulk cluster”.


