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IL-1/IL-6/TNF to increase the risk of GVHD
and damage the aged HSCs
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SUMMARY

Aging is considered a critical factor of poor prognosis in allogenic hemopoietic stem cell transplantation
(allo-HSCT). To elucidate the underlying mechanisms, we comprehensively reintegrated our clinical data
from patients after allo-HSCT and public single-cell transcriptomic profile from post-allo-HSCT and healthy
individuals, demonstrating that old donors were more prone to acute GVHD (aGVHD) with pronounced
inflammation accumulation and worse overall survival (OS). We also found the presence of inflammation-
related CXCL2+ HSC subpopulation during aging with significantly enriched pro-inflammatory pathways.
Shifting attention to the HSC microenvironment, we deciphered that IL-1/IL-6 and TRAIL (i.e., TNFSF10)
ligand-receptor pair serves as the crucial bridge between CD14/CD16 monocytes and hematopoietic
stem/progenitor cells (HSPCs). The profound upregulation of these signaling pathways during aging finally
causes HSC dysfunction and lineage-biased differentiation. Our findings provide the theoretical basis for
achieving tailored GVHD management and enhancing allo-HSCT regimens efficacy for aged donors.

INTRODUCTION

Since 1957, hematopoietic stem cell transplantation (HSCT) has been considered as a potentially curative therapeutic option for many hemo-
pathies.! However, graft-versus-host disease (GVHD), accompanied by multi-organ inflammation, is one of the most significant complications
and a major reason for HSCT failures.” To date, many studies have reported that older donors have a poor prognosis of HSCT, including a
higher risk of GVHD and lower overall survival (OS). For example, in the T cell receptor (TCR) haploidentical transplantation system, the Beijing
protocol states that donor age >30 years presents higher non-relapse mortality (NRM) and lower OS than the <30 years group.® Further
studies in a total of 1,270 patients including T cell depletion (TCD) and TCR haploidentical transplantation noted that donor age affected
HSCT outcome in acute leukemia patients >40 years old, with a higher risk of NRM related to aged donors (age >40 years old).*

The mechanisms underlying poor OS and higher GVHD incidence with aged-donor-derived stem cells in haploidentical transplantation
systems remain elusive. This phenomenon may be related to the aging dynamics of donor-derived HSCs and HSCT niche. In TCD HSCT, using
younger donors is related to improved immune recovery in CD4 and B lymphocyte populations as well as a lower rate of acute GVHD.” In
HSCT allografts, CD34" cells depletions may be a critical factor associated with delayed platelet engraftment after unmanipulated haploi-
dentical transplantation.6 Furthermore, early CD4" IR, a simple and robust predictive marker of HCT outcomes, is associated with survival
after acute GVHD.” The inflammatory factor and inflammation signaling from the HSC bone marrow niche or GVHD procedure in HSCT in
turn affected the activity and function of hematopoietic stem cells (HSCs).*”

As public data from single-cell RNA sequencing (scRNA-seq) increases dramatically, we reintegrated patient data in HSC niche after allo-
HSCT (GSE224714)'° as well as healthy human data of HSCs (GSE104379)"" and HSC niche (GSE120221) during aging.uThe datain GSE104379
highlight that downregulation of genes epigenetically altered with age leads to impaired HSC differentiation, whereas the data in GSE120221
provided a comprehensive assessment of human bone marrow cells using both scRNA-seq and multiparameter flow cytometry from 20
healthy adult human donors across a broad age range. To decipher the underlying correlations between donor-age-dependent acute
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Figure 1. The positive correlation between donor age and the severity of aGVHD, poor OS, and inflammation accumulation in allo-HSCT

(A) Violin plots revealing trends in the severity of aGVHD (one-way ANOVA, p = 0.0005) during donors aging.

(B) Kaplan-Meier curves of OS after allo-HSCT according to the age of donors (log rank test, p = 0.038).

(C) Correlations between OS after allo-HSCT and level of aGVHD in old donors (Spearman test, p = 0.026).

(D) The uMAP of allo-HSCT patients data marked by different clusters.

(E) Cluster proportions in patients’ BM, who receive HSCT from young and old donors.

(F) Violin plot of inflammation scores in each cluster in BM of transplant patients receiving from young and old donors. n represents number of corresponding
patients. aGVHD, acute graft-versus-host disease; cGVHD, chronic graft-versus-host disease; OS, overall survival; allo-HSCT, allogenic hematopoietic stem cell
transplantation; BM, bone marrow. The detailed inflammation-related gene list is in Table S1. See also Figure S1.

GVHD (aGVHD) and limited overall survival (OS) of patients after HSCT, the present study aimed to illustrate the effects of inflammation on HSC
dysfunction and aging.

RESULTS

Donor age positively correlated with aGVHD severity, lower OS, and inflammatory scores upregulation after allo-HSCT
To identify how GVHD severity and OS relate to donor age, we investigated the data of 443 patients treated with allo-HSCT in our center.
Based on the optimal cut point principle and clinical practicality, the donor age was divided into three groups: young (age < 37 years), medium
(age 38-49 years), and old (age >50 years). Increased donor age was significantly correlated with the severity of aGVHD (p = 0.0005) but
not chronic GVHD (cGVHD) (p = 0.23) (Figures 1A and STA). OS was also significantly different between the young and old groups (Figure 1B;
p = 0.038). Furthermore, the severity of aGVHD was significantly correlated with OS in old (Figure 1C; p = 0.026) donors.

To delineate the potential relationship between the aged donor and aGVHD after HSCT, we analyzed the single-cell transcriptomic data of
bone marrow hematopoietic reconstitution process from four representative patients with HSCT. Two patients accepting aged bone marrow
experienced severe GVHD, whereas the other two with young donors had mild symptoms. The corresponding 50,519 cells from GSE224714
dataset were annotated to eight clusters including T, B, NK, monocyte, pro_neu (progenitor of neutrophil), pre_neu (precursor of neutrophil),
mature_neu (mature neutrophil), and megakaryocyte (Figure 1D). Canonical markers (CD3D, CD19, CD79A, NKG7, PRF1, CD14, CD24, LTF,
FCGR3B, CXCR2, and PF4) were used to confirm annotation robustness (Figure S1B). No significant difference in cell-type proportion was
observed between the patients with young and old donors (Figure 1E).

The inflammatory response represents a critical aspect of GVHD. To pinpoint the cell subpopulation potentially responsible for the distinct
GVHD pathogenesis associated with elderly donors, we used the hallmark inflammatory response pathway to assess single-cell inflammatory
characteristics (Table S1). Of all the cell types, monocytes displayed the most pronounced increase in inflammatory response among patients
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Figure 2. Identification of cellular heterogeneity of HSCs during aging

(A) PCA plot for the averaged position of all cells in each donor.

(B) Volcano plot illustrating differentially expressed genes. The detailed gene list is in Table S2.

(C) The barplot presenting the KEGG pathway enrichments in the whole dataset.

(D) UMAP plots of the HSC single-cell dataset with ages and clusters (E).

(F) Cluster proportion in young and old donors, respectively.

(G) Barplots illustrating upregulated KEGG pathway enriched in CXCL2+ and SOCS3+ HSC (H). See also Figure S2.

with aged donors. This observation underscores the significant role played by monocytes in the pathogenesis of age-related GVHD in donors
(Figure 1F).

Inflammation triggers HSC aging and lineage-biased differentiation
HSCs play a pivotal role in the hematopoietic reconstitution following HSCT. Consequently, to decipher HSC transcriptional heterogeneity
during aging, we analyzed 650 HSCs from 9 healthy donors from the GSE104379 dataset.

After strict quality control and filtration, a total of 622 HSCs with 16,988 genes were obtained and divided into two groups: young (age <37
years) and old (=60 years old). We characterized the increased heterogeneity between individuals during aging (Figure 2A), encompassing
notably upregulated genes in aged HSCs compared with young ones, such as JUN, FOSB, DUSP1, KLF4, SOCS3, and HIF3A (Figure 2B;
Table S2). To reveal the change in key signaling pathways in HSCs during aging, we performed GSEA functional enrichment analysis and
found that upregulated genes were enriched in several inflammation-related pathways (e.g., mitogen-activated protein kinase [MAPK]
signaling pathway, tumor necrosis factor (TNF) signaling pathway, and NOD-like receptor signaling pathway) (Figure 2C). Furthermore, we
found that classical metabolism-related pathways in senescent HSCs, including glycolysis/gluconeogenesis, citrate cycle (TCA cycle), and car-
bon metabolism, were deregulated.

To further investigate HSC heterogeneity, dimensionality reduction was performed. All samples were well integrated: cells from different
genders and ages were interspersed across distinct clusters, and all clusters contained cells from multiple samples (Figures 2D and S2A-S2E).
Donor age versus gender stratification showed a more significant effect on HSC heterogeneity, which was in line with previous findings
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(Figures 2D and S2E). Meanwhile, visualizing the t-distributed stochastic neighbor embedding (tSNE) result also revealed a tight distribution
of data points for old donor cells and male donor cells, whereas a disorganized distribution of data points for female donor cells and young
and medium donor cells (Figure S2B). These results suggest that age might contribute more to the heterogeneity of human HSCs in bone
marrow than gender.

Furthermore, we identified five cell clusters: CXCL2+, CD244+, KLHL9+, SOCS3+, and DNTT+ HSCs (Figures 2E and S2F). The percent-
ages of CXCL2+ and SOCS3+ HSC increased in the aged groups, whereas CD244+, KLHL9+, and DNTT+ HSC percentages decreased (Fig-
ure 2F). The top markers of the CXCL2+ HSC cluster were enriched in inflammatory pathways, including IL-17, vascular endothelial growth
factor (VEGF), TNF, nuclear factor kB (NF-kB), and MAPK signaling pathways (Figure 2G), whereas those of the SOCS3+ HSC cluster were
enriched in metabolic pathways such as the TCA cycle, carbon metabolism, cellular senescence, cell cycle, and HIF signaling pathways
(Figure 2H).

Single-cell transcriptomic landscape of bone marrow niche during aging

The dynamic and complex interactions between cell types in the bone marrow niche and HSPC/HSCs play a critical role in HSC aging. To
illustrate the dynamic change in the HSC niche during aging, UMAP was performed on bone marrow cells, and all samples were well inte-
grated: cells from different ages and genders were interspersed across distinct clusters, and all clusters contained cells from multiple samples
(Figures 3A and S3A). All 16 samples were divided into three groups: young (age <37 years), median (age 38-59 years), and old (> 60 years
old). Based on the annotated subsets and prior knowledge, 48,104 cells were divided into 11 different clusters (Figure 3A). Canonical markers
of different cell types confirmed annotation robustness: CD34 for HSPCs, CD8A and PRF1 for CD8 T cells, KLRD1 for natural killer (NK) cells,
CD79A for B cells, DERL3 and CSTA for plasma cells, CD14 for CD14 monocytes, FCGR3A for CD16 monocytes, IRF4/8 for DCs, and SLC2A1
for erythrocytes (Figures S3B and S3C). Distinct UMAP visualization of 16 bone marrow samples illustrated high inter-sample heterogeneity
(Figure S3D). Overall, despite considerable patient heterogeneity, only naive CD8 T cells showed pronounced significant cellular composition
changes in bone marrow subsets during aging (Figure S3E).

CD14/CD16 monocytes in aged bone marrow niche contribute most to inflammation accumulation and GVHD risk

To further reveal the relationship between the different bone marrow cell types and GVHD, we analyzed KEGG and GVHD scores. KEGG re-
sults showed that CD14 monocytes, CD16 monocytes, and HPSCs exhibited significant changes in inflammation-related signaling pathways
during aging (Figure 3B). For instance, GVHD, NF-kB signaling pathway, and MAPK signaling pathway were pronounced in aged CD14 mono-
cytes. Notably, the GVHD-related signaling pathways exhibited widespread upregulation in the aforementioned three clusters, which empha-
sized that the bone marrow microenvironment in older patients is more susceptible to GVHD.

These results may account for the positive correlation between donor age and aGVHD severity after HSCT in the clinic. To determine the
contribution of each cell subset in GVHD and inflammation, we next sought to compute the GVHD and inflammation score for each cell type
as the mean expression level of 198 GVHD-related and 200 inflammation-related genes (Tables S1 and S3). The GVHD score of CD4 T cells,
CD8T cells, NK cells, CD14 monocytes, CD16 monocytes, and DCs changed significantly (p < 0.05), whereas the inflammation score of HSPCs,
CDA4T cells, CD8 T cells, B cells, CD14 monocytes, CD16 monocytes, and DCs changed significantly (p < 0.05), further indicating their crucial
role in GVHD and inflammatory HSC niche (Figure 3C).

Inflammatory IL-1/IL-6/TNF signaling from CD14/CD16 monocytes is a crucial bridge between monocytes and HSPC/HSCs

To elucidate the dynamic regulatory network of HSC function in bone marrow during aging, cell-cell interaction inference analysis was per-
formed with CellChat. The results of pathways targeting HSPCs showed that IL-1, IL-6, TRAIL (i.e., TNFSF10), LIGHT, and FGF signaling path-
ways presented widespread upregulation in old donor group, whereas FLT3, BAFF, and NPR2 were also upregulated in the young donor
group (Figure 4A). Based on the ligand-receptor interaction number, global cellular communication of immune cells targeting HSPCs grad-
ually strengthens during aging, especially the CD14 monocyte-HSPC axis (Figure 4B). Additionally, the crucial intersection in three signifi-
cantly changed signaling pathways (MAPK, TNF, and Nod-like signaling pathways) in HSCs during aging contained IL-1B, TAB2, TNF,
NFKB1, and TRAF1 (Figures 2A-2C and 4C). Additionally, the notable changes in specific ligand-receptor interactions during aging were
IL-1 and IL-6 pathways in the CD14 monocyte-HSPC axis. The most varied ligand-receptor pairs in the IL-1 pathway were IL-1B-(IL-
TR1+IL-TRAP/IL-1R2) and IL-6-(IL-6R + IL-6ST) in IL-6 pathway (Figures 4D and 4E). Meanwhile, TRAIL pathways in the CD16 monocytes
also exhibited a strong inter cellular interaction with HSPCs via TNFSF10-TNFRSF10B ligand-receptor pairs. These results suggest that
the inflammatory factors, paracrine IL-1/IL-6 and TNFSF10 from senescent CD14 and CD16 monocytes, respectively, and HSPC autocrine,
constantly activate the MAPK and TNF signaling pathways in HSPCs, finally resulting in the dysfunction of HSC and subsequent lineage-
biased differentiation.

To further investigate the heterogeneity and internal changes in CD14 and CD16 monocytes, they were reclustered. After unsupervised
dimensionality reduction, three subpopulations—IL-1B+ CD14 monocytes and RETN+ CD14 monocytes—were identified in the CD14 mono-
cyte cluster (Figures 4H and 4l), whereas VMO1+, IL1B+, and TNF+ subpopulations were identified in CD16 monocytes (Figures 4K and 4L).
The increased proportion of IL-1B+ CD14 and CD16 monocytes during aging revealed the crucial role of CD14 and CD16 monocytes in age-
related HSC dysfunction (Figures 4J and 4M). Notably, although the proportion of TNF+ CD16 monocytes decreases with age, there is a
significantincrease in CD16 monocytes with considerable expression of TNFSF10 compared with all myeloid cells, suggesting the importance
of TNF-family-involved pathways.
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Figure 3. Functional changes of different clusters in bone marrow niche during aging

(A) UMAP plots of HSPC bone marrow niche with colors indicating different ages, samples, and clusters.

(B) Plots of the significantly enriched pathways via GSEA in CD4 T cells, CD8 T cells, NK cells, CD14 monocytes, CD16 monocytes, and HSPCs.

(C) Violin plot of GVHD and inflammation scores in each cluster during aging. Wilcoxon test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001; ns, no significance.
See also Figure S3 and Table S3. The GVHD-related gene list is in Table S3, and the inflammation-related gene list is in Table S1. See also Figure S3.

DISCUSSION

aGVHD is one of the most significant complications of HSCT accompanied by multi-organ inflammation. In the clinic, donor age is positively
correlated with the severity of aGVHD and low OS after HSCT (Figures TA-1D). It is highly consistent with the original findings that the older
donor group had a higher incidence of aGVHD with poor OS."* To illustrate the role of transplanted HSC products from old donors in the
occurrence of aGVHD, we explored the cellular dynamics in the bone marrow from patients treated with allo-HSCT. We also analyzed
HSC and HSC niche characterization and their contribution to GVHD and inflammation accumulation during donor aging.

Differentially expressed genes (DEGs) between young and aged HSCs and their biological functions were extensively explored. For
example, the specific differential expression gene KIf4 between aged and young HSCs (Figure 2B) is a known inhibitor of HSC self-renewal.’
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Figure 4. Inflammatory pathways serve as the crucial bridge between CD14/CD16 monocytes and HSPCs

(A) Signaling pathways in the overall information flow between young and old groups. The red bar represents the young group, and the blue bar represents the
old group. The signaling pathways in red texts were upregulated in the young group, and the pathways in blue texts were upregulated in the old group.

(B) Circle plot of the interaction numbers among different cell types. The red line represents the higher interaction number in the old group. The blue line
represents the higher interaction number in the young group.

C) Venn diagram of genes in three significant changed signaling pathways during HSC aging.

D) Bubble plot of each cell cluster targeting HSPCs in IL-1 signaling pathway, IL-6 signaling pathway (E), and TRAIL signaling pathway (F).

G) The UMAP of CD14 monocyte clusters.

H) Violin plot of the top markers in different CD14 monocyte subpopulations.

(
(
(
(
() Barplot of the cellular composition of CD14 monocyte cluster in the young and old groups.
(J) The UMAP of CD16 monocyte clusters.

(K) Violin plot of the top markers in different CD16 monocyte subpopulations.

(

L) Barplot of the cellular composition in CD16 monocyte cluster in the young and old groups.

1516 whereas KIf5 enhances age- and inflammation-related LT-HSC

Furthermore, Klf6 is involved in inflammation and myeloid differentiation,
myeloid bias.'” These results demonstrate the effects of the KLF family on HSCs.

Furthermore, our studies revealed genes upregulated in the aging HSC, which were primarily involved in inflammatory pathways, including
TNF, MAPK, and NOD-like receptors. These inflammatory response pathways enriched in aged HSCs are consistent with previous findings,
which were mainly correlated with inflammatory response and STAT3/IFNa/f targets.'’ The subgroups sensitive to inflammatory pathways
were mainly CXCL2+ HSC subpopulations, whose proportion increased during aging and DEGs of which were mainly enriched in TNF,
NF-KB, and MAPK pathways (Figures 2G and 2H). These results suggested that the CXCL2+ HSC population migrates to the inflammatory
sections during aging. On the other hand, the genes downregulated in aging HSCs were enriched in the metabolic pathways (including
glycolysis and TCA cycle) (Figure 2C), and their corresponding subset was mainly SOCS3+ HSCs. Meanwhile, the proportion of SOCS3+
HSCs subpopulations decreased with donor age, and their DEGs were highly enriched in the TCA cycle, carbon metabolism, and cellular
senescence. Additionally, in line with this, previous studies have shown that the HSPC subset with high glucose uptake is highly enriched
for HSPC with a differentiation bias toward the myeloid lineages.'® In 2022, Suo et al. also found that Igf2bp2 at a young age regulates
the metabolism- and protein-synthesis-related genes necessary for the complete function of HSCs in young adult mice.'” These aging-related
inflammatory features of HSCs may partly explain the higher GVHD risk of patients with aged donors after HSCT. These inflammatory features
are closely related to the functional decline of HSCs, such as the differentiation bias and decreased self-renewal ability, which may impair
normal hematopoietic reconstitution after HSCT.?° In addition, such aging-related state may be accompanied by the epigenetic landscape
reshaping, which is inherited by downstream progenitors or mature leukocytes causing dysfunctional bone marrow as well as GVHD.”'

In addition to HSCs, we identified cell clusters of the HSC bone marrow niche, calculated a GVHD and inflammation score of each sub-
population (Figure 3C), and analyzed intercellular communication between HSPCs and other cell types (Figure 4), highlighting the contribu-
tions of IL-1B+ CD14/CD16 monocytes. In 2022, Caiado et al. demonstrated that increased IL-1 levels in the bone marrow during aging drove
Tet2*'~ clonal expansion via increased HSPC proliferation and multilineage differentiation. Furthermore, genetic deletion of IL-1R1 abolishes
and pharmacological inhibition of IL-1-IL-1R1 signaling impairs Tet2*~ clonal expansion during aging.?” For IL-1 source, other than IL-1B +
CD14 monocytes, Kovtonyuk et al. found that increased blood microbial compounds also drive elevated IL-1A/B production in the bone
marrow of older mice. HSCs in older IL-1R1 KO and germ-free mice are protected from HSC inflammation, whereas IL-1 antagonist or anti-
biotic treatment reverts HSC inflammation.”® Furthermore, previous findings indicated that the amounts of monocytes in allografts between
young and old donors displayed profound correlation with the adverse prognosis of patients with GVHD.?* These phenomena highlight the
important roles and potential mechanism of monocyte-derived IL-1 in HSC clonal expansion and myeloid bias differentiation.

Furthermore, we elucidated that TNF family also involves in this process, as the significantly increased TNF+ CD16 monocytes and
TNFSF10-TNFRSF10B ligand-receptor pairs from CD16 monocytes to HSPCs. However, Yamashita and Passegué proposed that upregulated
TNFa during aging may serve as a vital pro-survival and regeneration factor for HSCs (2019).”

Collectively, our study elucidated the biological characteristics of CD14-/CD16-monocytes-related IL-1, CD14-monocytes-related IL-6,
and CD16-monocytes-related TNF family during aging and revealed their potential contribution to aGVHD and HSC dysfunction. To date,
the roles of IL-27¢,%° IFN-o,”” IFN-y,”® and IL-18°%?% in HSCs have been reported in mouse models. Although the effect of inflammation
on HSCs has been widely accepted, we speculated that GVHD-related genes IL-1, IL-6, and TNF family, pivotal proinflammatory factors,
mainly mediate the dysfunction of HSC in patients with HSCT. Moreover, the genes and pathways we identified could be potential biomarkers
and targets for functional rejuvenation of aged HSC.

Limitations of the study

Although we provided valuable insights into the underlying mechanisms of poorer prognosis and higher aGVHD levels in allo-HSCT with
older donor, further preclinical experiments and large-cohort clinical trials blocking monocyte-derived IL-1/IL-6/TNF pathways in both young
and old HSCs would provide more direct evidence on the proposed mechanisms.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

Clinical data This paper, Wu et al. 29 N/A

Raw and processed scRNA-seq data GEOQ database GSE224714
Raw and processed scRNA-seq data GEQ database GSE104379
Raw and processed scRNA-seq data GEOQ database GSE120221
Software and algorithms

Seurat https://satijalab.org/seurat/index.html Version 4.1.1

EnhancedVolcano

https://github.com/kevinblighe/EnhancedVolcano

Version 1.13.2

TBtools https://github.com/CJ-Chen/TBtools/releases Version 1.0
scDblFinder https://github.com/plger/scDblFinder N/A
SingleCellExperiment https://bioconductor.org/packages/release/bioc/html/SingleCellExperiment.html N/A
clusterProfiler https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html N/A
CellChat https://github.com/sqjin/CellChat Version 1.1.3
tSNE https://github.com/jdonaldson/rtsne/ N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Prof. He Huang

(huanghe@zju.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key resources table.
The data and code to replicate the analysis is available at https://github.com/lixia2017/-IL-1-IL-6-TNF-Contributes-to-the-Dysfunction-

and-Aging-of-HSCs.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Data analysis of clinical data and single-cell sequencing data from allo-HSCT patients

The data of 443 patients treated with allo-HSCT were collected in a clinical trial study, which was conducted in accordance with the principles
of the Declaration of Helsinki as well as with the approval of The First Affiliated Hospital of Zhejiang University. Relevant results have been
published in 2021.%

GSE224714 was downloaded from the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo). GSE224714
was using 10x genomics, while GSE104379 and GSE120221 were both based on C1 Single-Cell Auto Prep System. GSE224714 was ob-
tained from 6 recipients diagnosed with aplastic anemia and treated with allo-HSCT: young donors aged 21, 23, and 15 as well as old
donors aged 40, 40 and 45, accompanied by aGVHD level No, Grade | (skin Il), No, Grade | (skin 1), Grade IV (skin IIl, liver I, Gl tract V),
respectively.

The processed bone marrow scRNA-seq data of patients with different degree of aGVHD after allo-HSCT from GSE224714 was chosen to
represent the GVHD related bone marrow hematopoietic reconstitution with different donor ages. The patients with young donors (ages <25)
and mild symptoms (No or Grade |) were defined as Young group. The patients with old donors (ages >40) and severe symptoms (Grade Il or
Grade V) were defined as Old group. The analysis follows Seurat (version 4.1.1) pipeline. AddModule Score function and HALLMARK
INFLAMMATORY RESPONSE geneset were used to evaluate the inflmmatory characteristics at single cell level.
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Data filtration and integration of HSC
GSE104379 was downloaded from the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo). In GSE104379, there
were 654 HSCs from 9 healthy samples: females aged 24, 28, 36, 37, 64, and 71, and males aged 24, 66, and 71.

Quality filtration for GSE104379 was performed with R package PCA. The non-compliant data were excluded from the matrix and the
removal was repeated 5 times until meeting the requirement abs (PC1, PC2) < 75. T-distributed Stochastic Neighbor Embedding (tSNE)
was also performed to visualize HSC heterogeneity among ages and between genders.

Further integration for the final qualified 624 HSCs was performed based on the package Seurat (version 4.1.1). Briefly, young (age <37)
and old (age>60) data matrices were transformed into the 10X standard Seurat objects. Cell pre-processing was performed with the
threshold of filtration applied to cells expressing a minimum of 200 features and a maximum of 5,000. Unsupervised dimension reduction
by principal component analysis (PCA) according to variable features was performed. Subsequently, UMAP dimension reduction was per-
formed combined with clustering, based on selected statistically significant PCs. Cluster annotation was based on the dot distribution and
expression of marker genes. Feature visualization was performed with different Seurat graphs like Dimplot and DotPlot.

Differential expression and functional enrichment analysis of DEGs in HSC

To overview transcriptional differences between young and old donors, DEGs were calculated by the function FindMarkers in package Seurat.
PCA plots were performed, showing the averaged position of all cells in each donor. Significantly overexpressed genes were obtained and
shown via EnhancedVolcano (Version 1.13.2). Furthermore, the functional enrichment for HSC aging was assessed using enrichKEGG and
GSEA in R package clusterProfiler. The heatmaps of main up-regulated and down-regulated genes in the above significant enriched pathways
(p value cutoff <0.05) were shown via TBtools (version 1.0). Moreover, to probe into the features and function of each cluster, functional enrich-
ment was performed in the same way mentioned above.

Data filtration, integration, and analysis of cells in HSC bone marrow niche

GSE120221 was downloaded from the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo). In GSE120221, 48104
data in the bone marrow of 16 healthy samples were chosen to represent 3 age groups: young (age<31), median (31<age <60), and old
(age =>60).

R package Seurat (version 4.1.1) was performed for subsequent analysis, including data quality control, integration, and cluster identifica-
tion. For quality control, the criteria were as follows: 1) Cells in GSE32719 were removed using scDblFinder and SingleCellExperiment
package; 2) the number of genes detected in each cell was 500~2500; 3) the percentage of mitochondrial genes <10%. The filtration of
the cells was performed and assessed with two metrics: the number of detected genes was above 500 and below 2500, and the percentage
of mitochondrial genes was below 10. Principal component analysis was performed for 2000 variable features. UMAP was utilized for further
dimension reduction, clustering, and visualization. The clusters were annotated with canonical markers. EnrichKEGG function from cluster-
Profiler was performed for functional pathway analysis. AddModuleScore function from Seurat and GVHD-related geneset were utilized to
evaluate the GVHD score at the single cell level.

Cell-cell communication in bone marrow cells was evaluated by the R package CellChat (Version 1.1.3), which mainly depends on the data-
sets of ligand-receptor pairs. HSPC cells were set as the receiver in the network, while other cell types were set as the sender. Function
Comparelnteractions was performed for the differential and specific ligand-receptor interaction network during aging. Several functions,
such as RankNet and netVisual_bubble, were used to visualize the landscape of cell-to-cell communication.

QUANTIFICATION AND STATISTICAL ANALYSIS

The optimal cut point principle and clinical reality were considered for donor age stratification (young for age <37, median for age 38-49, and
old for age > 50). Brown-Forsythe test was used to identify the significance of aGVHD and cGVHD levels between three age groups, while the
Log Rank test was performed to demonstrate if OS distributions of young and old groups were statistically pronounced. Further correlation
analysis employed the relationship between two random variables, the level of aGVHD and the OS.

A p value of less than 0.05 was considered significant. All the computational analyses were performed using the R programming environ-
ment (version 4.1.2).

ADDITIONAL RESOURCES

The clinical data in this article was approved by the the Ethics Review Committee of the First Affiliated Hospital of Zhejiang University School of
Medicine (clinical registry number: approval no. 2021117299, ZJU-haplo-donor01).
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