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Abstract

Backgroud: Allogeneic haematopoietic stem cell transplantation (allo-HSCT)
is a curative treatment for haematological malignancies. Sequential transplan-
tation of haploidentical stem cell and umbilical cord blood (haplo+cord HSCT)
among recipients with relapsed/refractory (R/R) leukaemia exhibited superior
survival outcomes compared with single cord HSCT. However, the underlying
mechanisms remain unclear.

Methods: Here, we profiled and compared single-cell gene expression and chro-
matin accessibility in bone marrow from 16 patients receiving haplo+cord or
single cord HSCT.

Results: We observed distinct compositions and functions of global immune
landscapes, with haplo+cord HSCT exhibiting effective anti-tumour and anti-
viral immunity mediated by type I interferon signalling. Analysis of T cells
revealed specific CD8" T cell subtype (CD8-cl), enriched in recipients with
haplo+cord HSCT, which was also confirmed by flow cytometry. Function-
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1 | INTRODUCTION

Allogeneic haematopoietic stem cell transplantation (allo-
HSCT) is one of the most effective methods for curing
haematological malignancies, particularly in patients with
relapsed/refractory (R/R) leukaemia.! The success of allo-
HSCT depends on the graft-versus-leukaemia (GVL) effect
and the prevention of severe graft-versus-host disease
(GVHD).” Moreover, immune reconstitution in patients
receiving allo-HSCT relies on the ability of the donor
graft for stem cell differentiation and development.® For
patients lacking human leukocyte antigen (HLA)-matched
sibling or unrelated donors, haematopoietic stem cells for
transplantation can be derived from umbilical cord blood
(UCB) and haploidentical donors.*> UCB grafts have the
natural immune advantage of a GVL effect and lower
GVHD but are associated with delayed immune reconsti-
tution, which can lead to increased risk of infections and
early mortality.®® Conversely, haploidentical haematopoi-
etic stem cell transplantation (haplo-HSCT) has the advan-
tage of rapid engraftment but is associated with a higher
incidence of chronic GVHD.”!° To overcome these draw-
backs while retaining the advantages, sequential trans-
plantation of haploidentical stem cells and UCB stem cells
(haplo+cord HSCT) has been proposed as an alternative,
showing improved clinical outcomes in patients with R/R
leukaemia.''"" In a multi-centre, randomised phase 3 trial,
Zhou et al.'* reported that haplo+cord HCT significantly

ally, gene signature scoring suggests a dual effector and memory property of
CD8-cl that potentially offers long-term protection. Furthermore, single-cell
multi-omics analysis delineated the expression of cytotoxic-related genes up-
regulated in CD8-cl are cooperatively regulated by enhancer networks. Notably, a
proportion-based survival analysis indicated that high proportion of CD8-c1 was
associated with better survival.

Conclusion: Our results collectively demonstrate that a population of CD8t T
cells with effector and memory properties contributes to improved survival in
patients with R/R leukaemia receiving haplo+cord HSCT.

CD8™" T cells, haplo+cord HSCT, relapsed/refractory leukaemia, single cord HSCT, single-cell

enhances overall survival (OS) and disease-free survival
(DFS) compared with haplo-HSCT in patients with acute
myeloid leukaemia. Our previous prospective clinical trial
also found that haplo+cord HSCT improved the OS and
DFS in patients with R/R leukaemia compared with sin-
gle cord HSCT." Immune reconstitution following HSCT
is a critical process for patient recovery and long-term sur-
vival, involving the restoration of both innate and adaptive
immune systems.!® Delays in Immune reconstitution sig-
nificantly limit transplantation success, increasing risks
of infection and relapse.'” Several studies have linked the
clinical benefits of haplo+cord HSCT with T cell diver-
sity, rapid natural killer (NK) and B cells reconstitution,
rapid neutrophil and platelet recovery,'® as well as lower
GVHD.!”?Y Adaptive immunity, involving B and T cells,
requires 1-2 years for complete reconstitution.”! Because
T-cell recovery is the principal determinant of protection
against viral infections and relapse,” its kinetics after allo-
HSCT are intensively studied. The development of a new
T-cell repertoire is influenced by factors such as condition-
ing regimens, infections and GVHD.?* And quantitative
haematopoietic recovery does not necessarily equate to
functional immune competence.”* Consequently, post-
transplant immune reconstitution after haplo+cord HSCT,
especially T-cell recovery, remains largely undefined and
poorly characterised.

Single-cell techniques, such as single-cell RNA-
sequencing (scRNA-seq) and single-cell assay for
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transposase-accessible chromatin using sequencing
(scATAC-seq), facilitate the exploration of cellular het-
erogeneity and functionality during haematopoiesis
and related diseases.”> " These approaches have been
instrumental in delineating the dynamic immune recon-
stitution patterns following allo-HSCT.*** Additional
studies identified distinct subsets of haematopoietic stem
cells with dominant role in posttransplant haematopoietic
reconstitution®* and the pathway to promotes haematopoi-
etic reconstitution.>* However, the transcriptomic and
epigenetic landscapes of R/R leukaemia after haplo+cord
HSCT are still lacking, which impeded a comprehen-
sive understanding of the mechanisms driving immune
reconstitution.

Here, we collected BM samples from patients with
R/R leukaemia who received haplo+cord or single cord
HSCT and performed scRNA-seq and scATAC-seq on these
samples. We found significant gene expression changes
within each cell type between the two transplantation reg-
imens, with haplo+cord derived cells involved in response
to virus and type I interferon (IFN-I) signalling path-
way. In addition, we identified a subset of CD8* T
cells, with an increased cytotoxicity and memory signa-
ture score, enriched in haplo+cord HSCT and associated
with improved survival. Taken together, our single-cell
multi-omics analysis of post-transplantation BM provided
comprehensive insights into the underlying mechanisms
of immune reconstitution in patients with R/R leukaemia
after haplo+cord HSCT.

2 | RESULTS

2.1 | Haplo+cord HSCT improves
survival of patients with R/R leukaemia

To evaluate the clinical efficacy of the two transplanta-
tion strategies in the treatment of R/R leukaemia, we
retrospectively compared the overall clinical outcomes of
patients receiving haplo+cord HSCT or single cord HSCT
(Figures 1 and Sl1). In total, we enrolled 43 patients with
R/R leukaemia, among which 26 patients who received
haplo+cord HSCT, whereas 17 who received single cord
HSCT. The baseline clinical characteristics of patients
and preconditioning regimens are shown in Table S1 and
Figure S1A. We found that the median recovery time of
neutrophil and platelet were 15.8 days (95% confidence
interval (CI) 13.2-18.4) and 19.8 days (95% CI 15.4-24.3)
in the haplo+cord group compared with 19.3 days (95%
CI 17.7-20.9) and 33.5 days (95% CI 29.5-37.5) in the sin-
gle cord group (log-rank test, p < .05; Figure S1B,C). We
next compared their survival outcomes and found that the
haplo+cord group had superior survival outcomes with

CLINICAL AND TRANSLATIONAL MEDICINE

a 2-year OS of 66.3% (95% CI 49.6-88.6%), DFS of 61.5%
(95% CI 44.5-85.1%) and GRFS of 54.2% (95%C1 37.2-78.9%)
compared with 30.1% (95% CI 12.8-70.4%), 30.1% (95% CI
12.8-70.4%) and 20.3% (95% CI 6.7-61.3%) in the single
cord group (log-rank test, p < .05; Figure 1A-C). Mean-
while, we did not detect significant differences in grade
III-IV acute GVHD [12.5% (95% CI 0.8-25.8%) vs. 11.8%
(95% CI 0-27.0%), log-rank test, p = .681] and chronic
GVHD [20.1% (95% CI 0-37.7%) vs. 37.5% (95% CI 0-79.2%),
log-rank test, p = .735] between the two groups (Figure
S1D,E). Together, these results indicate that haplo+cord
HSCT improves the survival outcomes of patients with R/R
leukaemia.

2.2 | Haplo+cord HSCT exhibits effective
IFN-I-mediated anti-tumour and anti-viral
immunity

To understand the immune reconstitution in the BM
microenvironment after transplantation, we collected
post-transplantation BM samples from 10 patients who
received haplo+cord HSCT and six who received single
cord HSCT and performed scRNA-seq in each sample
using the chromium platform (10x Genomics) (Figure 1D
and Table S2). After quality control, we obtained the tran-
scriptome profiles for 93 592 high-quality BM mononuclear
cells (56 089 from haplo+cord HSCT and 37 503 from sin-
gle cord HSCT), with a median of 2914 detected genes and
7883 UMIs per cell, respectively (Figure S2A and Table
S3). After batch effects correction, the graph-based clus-
tering analysis revealed 21 cell clusters (Figure S2B,C).
Using known cell markers, we identified 11 major cell types
(Figures 2A and S2D), namely, haematopoietic stem and
progenitor cells (HSPCs) (expressing CD34 and IGLLI),
T cells (expressing CD3D), NK cells (expressing KLRFI),
B cells (expressing CD79A and MS4AI), granulocyte—
monocyte progenitor (GMP) (expressing MPO), monocytes
(expressing MAFB), neutrophils (expressing NAMPT and
NEAT), plasmacytoid dendritic cells (pDC) (expressing
IRF4 and IL3RA), type 2 conventional dendritic cell (cDC2)
(expressing CDIC), platelets (expressing PPBP and PF4),
erythrocytes (expressing HBB and HBD) and a popula-
tion of unknown cells with low expression of markers
(Figure 2B). While the proportion of each cell type within
a sample varied across individuals, the average propor-
tions of these major cell types were comparable between
the haplo+cord and single cord groups (Figures 2C,D and
S2E).

To compare the overall immune characteristics between
different transplantation strategies, we performed differ-
ential expression analysis between the haplo+cord and
single cord groups within each major cell type (Figure 2E
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Comparison of overall survival outcomes of patients with R/R leukaemia receiving haplo+cord or single cord HSCT. (A-C)

The Kaplan-Meier curves illustrate the overall survival (OS; A), disease-free survival (DFS; B) and GVHD-free, relapse-free survival (GRFS;
C) of 43 patients, categorised by transplantation strategies. p Values were calculated using the log-rank test. (D) Schematic representation of
single-cell gene expression and chromatin accessibility profiling of bone marrow samples from post-transplantation patients by using
scRNA-seq and scATAC-seq. Abbreviations: PBSC, peripheral blood haematopoietic stem cells; UCB, umbilical cord blood stem cells.

and Table S4). Four cell types (T cells, NK cells, B cells and
monocytes) exhibited substantial transcriptome changes,
as evidenced by a significant number of differentially
expressed genes. Notably, IFN-induced proteins (IFI44,
IFI44L and MXI) were up-regulated in various cell types
after haplo+cord HSCT, which involve in pathways related
to response to type I IFN (IFN-I) signalling pathway and
response to virus (Figure 2F). Additionally, genes up-
regulated in T cells derived from the haplo+cord group
were involved in immune response and cell killing path-
ways, while those up-regulated in the single cord group are
associated with translation and ribosome-related processes

(Figure 2F). Together, these results indicate that patients
receiving haplo+cord HSCT exhibit more effective anti-
tumour and anti-viral immune responses mediated by the
IFN-I signalling pathway compared with those receiving
the single cord HSCT.

Next, we aimed to determine the differences in propor-
tions at the subtype level. By extracting and re-clustering
T cells, NK cells, B cells and monocytes into subtypes, we
observed that, except for T cells (see the next section for
details), there were no significant differences in propor-
tions between the two transplantation strategies (Figure
S3).
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FIGURE 2 Global immune landscapes in bone marrow from patients receiving haplo+cord or single cord HSCT. (A) Uniform manifold
approximation and projection (UMAP) of scRNA-seq data from 16 patients coloured by the major cell types. (B) Expression of known marker
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Representative pathways enriched in DEGs for selected cell types in each transplantation strategy.
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2.3 | Haplo+cord HSCT augments
cytotoxic and memory CD8* T cells
expressing CX3CRI and GNLY

To further explore the different compositions and func-
tions of T cells that mediate GVL effect® between the
haplo+cord and the single cord groups, we re-clustered
T cells into three subtypes, which included two groups
of CD8% T cells (with CD8-cl expressing GNLY and
CX3CRI, and CD8-c2 expressing CXCR4 and GZMK), and
a population of naive CD4% T cells (CD4-cl; expressing
LTB) (Figures 3A and S4A,B). By comparing the dis-
tributions of T cell subtypes between the two groups,
we observed that the proportion of CD8-cl significantly
increased in the haplo+cord group, accounting for 51.2%
of T cells, compared with 26.1% in the single cord group
(Figure 3B-E). Additionally, substantial transcriptome dif-
ferences were detected between the two CD8' T cell
subtypes (Figure 3F). Genes up-regulated in CD8-cl were
enriched in pathways related to cell killing, chemokine
signalling and IFN signalling (Figure S4C), while those
in CD8-c2 were linked to RNA processing (Figure S4D).
We then conducted an examination of the expression of
immune-related genes and found high levels of NKG7,
GZMA, GZMH and GZMM expression in the two CD8*
T cell subtype groups, indicating their identity as cyto-
toxic CD8% T cells (Figure 3G). Notably, we observed
that haplo+cord expanded CD8* T cells (CD8-cl) highly
expressed the cytotoxic genes GNLY, PRFI and GZMB,*¢
as well as the memory CD8" T cell-specific chemokine
receptor CX3CRI,*"® suggesting a dual effector and mem-
ory property for CD8" T cells in the haplo+cord group
(Figure 3G). In contrast, CD8-c2 highly expressed the
chemokine receptor CXCR4, which is related to the hom-
ing of progenitor cells to BM,* and GZMK, a striking
cellular hallmark of immune aging a murine model.*’
Next, we quantified the cytotoxicity, memory, naiveness
and exhaustion signature scores for each CD8" T cell sub-
type based on the expression of function-related genes.*!
As expected, we found that two CD8* T cell subtypes
obtained relatively high scores for cytotoxicity and mem-
ory signatures, comparing with CD4-c1 (Figure 3H), but
not for naiveness or exhaustion signatures (Figure S4E).
Notably, CD8-c1 exhibited significantly higher cytotoxicity
and memory scores compared with CD8-c2. Furthermore,
CD8-c1 abundance is significantly associated with post-
transplant minimal residual disease negativity, thereby
supporting this T-cell phenotype to a superior GVL effect
(Figure 31).

To further explore the TFs that driving the distinct
transcription program, we performed SCENIC analysis,*?
which infers TFs by analysing the co-expression of TFs

and their putative target genes from scRNA-seq data. We
identified candidate TFs underlying the differences in
gene expression in CD8-cl, including IRF9 and TBX21
(Figure 3J). IRF9 was reported to prevent the exhaustion
of CD8™" T cells during acute lymphocytic choriomeningi-
tis virus infection,* indicating that the activation of IRF9
may underlie the more effective immune responses of
haplo+cord expanded CD8-cl. Taken together, these data
suggest that haplo+cord HSCT augmented the presence
and function of effector and memory CD8* T cells that
highly express cytotoxic-related genes.

2.4 | Flow cytometry confirms the
expansion of CD8-cl in recipients of
haplo+cord HSCT

To further confirm the expansion of CD8-cl in the
haplo+cord group, we examined the expression of surface
marker CX3CRI and the highly expressed gene GNLY in
CD8™* T cells derived from individual patients. As expected,
we found the haplo+cord derived T cells highly expressed
CX3CRI and GNLY genes, compared with the single cord
derived T cells (Figure 4A). Next, to validate sSCRNA-seq
analysis, we performed flow cytometry analysis on the
residual BM samples from two recipients of haplo+cord
HSCT (BM38, BM39) and one recipient of single cord
HSCT (BM89) (Figure 4B,C). Notably, we observed a pop-
ulation of CD8" T cells with co-expression of CX3CR1 and
GNLY enriched in the haplo+cord group (Figure 4C; 25.4
and 21.7% for BM38 and BM39 vs. 4.9% for BM&9), further
supporting the presence of CD8-cl. Taken together, our
flow cytometry analysis confirms the expansion of CD8-cl
in recipients of haplo+cord HSCT.

2.5 | Chromatin landscapes delineate
lineage-defining gene expression after
HSCT

To explore the gene regulation network driving distinct
transcriptional programs of immune cells, we performed
ScATAC-seq assays on six samples with matching scRNA-
seq, including three patients who received haplo+cord
HSCT and three patients who received single cord HSCT,
using the chromium platform (10X Genomics) (Figure 1D
and Table S2). After quality control and batch correction,
we obtained 15 121 cells for further analysis (6987 cells
from the haplo+cord group and 8134 cells from the sin-
gle cord group), with a total of 147 301 peaks and a median
of 3365 fragments per cell (Figure S5A). We annotated the
ScATAC-seq cell clusters as HSPC, T cells, NK cells, B
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FIGURE 3 Reconstruction of T cells in bone marrow after haplo+cord and single cord HSCT. (A) UMAP of 11 575 T cells, identifying
three clusters of T cell subtypes, as indicated by the labels, with CD8-c1 and CD8-c2 clusters defined by combinations of two key genes. (B)
Bar plot showing the average proportion of each T cell subtype in haplo+cord and single cord groups. Error bars are equal to the MSE across
individuals. (C) Bar plot showing the proportion of each T cell subtype within each individual sample. (D) UMAP plots of the density of T

85U801 SUOWILLIOD BA11E81D) 3|qeo![dde 8Ly Aq peueob ke Saoie YO ‘8sn JO s3I0} ARIqiT8UIIUQ AB|IM UO (SUOTIPUOD-PUB-SWBH 00" A8 | 1M Ake.q)1|Bul 1 [UO//:SANY) SUORIPUOD PUe SWie | 8U18eS *[9202/20/50] Uo ARigiTeuliuo A(Im AIseAlun uswerx Aq 6260, ZWi0/Z00T 0T/10p/woo A 1M Ateiqpul|uo//sdny wolj pepeojumod ‘2 ‘920z ‘9zeTT00Z



8 of 20 CLINICAL AND TRANSLATIONAL MEDICINE
. ‘OpenAccess.

LIET AL.

cells, monocytes, neutrophils, pDC, cDC2 and erythrocytes
by transferring the major cell type labels from scRNA-seq
data** (Figure 5A). Consistent with scRNA-seq data, we
found that the major cell types showed cell-type-specific
chromatin accessibility and imputed expression of known
markers, including CD34, CD3D, KLRF1, CD79A, MAFB,
NAMPT, IRF4 and HBB (Figures 5B and S5B,C). In total,
using differential accessible peak analysis we identified
37 876 cell-type-specific cis-regulatory elements (CREs)
(Figure S5D). We observed a high correlation between the
cell-type-specific chromatin accessibility of CREs and the
expression of their putative target genes (Figure 5C), sug-
gesting their regulatory roles in controlling the expression
of lineage-defining genes of immune reconstitution after
transplantation. In addition, we applied ChromVAR® to
calculate the activity scores of TF motifs for each cell and
found that they exhibited high variance across all cells
representing known master regulators of haematopoiesis,
such as CEBPD, ATF4 and RUNX1 (Figure S5E). Hier-
archical clustering of single-cell TF Z-scores identified
cell-type-specific TF motifs (Figure 5D), such as, TBX21
(also known as T-bet) for T and NK cells,*® EBF1 for
B cell,’” as well as GATAl1 and CEBPB for erythroid
and myeloid development.*® Overall, single-cell chromatin
accessibility profiling provides a high-quality resource for
exploring the underlying gene regulation in immune cells
after transplantation.

2.6 | GNLY expression in CD8" T cells is
regulated by CTCF-mediated chromatin
loop
CREs play important roles in regulating gene expression.*’
We used the GNLY gene, with the highest expression in
CD8-cl, as an example to explore the gene regulation net-
works controlling the differential transcriptional programs
between the two transplantation strategies.

Using our scATAC-seq data, we identified eight CREs in
the GNLY locus, named C1, C2, P1, P2 and E1-4 (Figure 5E).

To interrogate TF occupancy at each CRE, we considered
both motif occurrences by Find Individual Motif Occur-
rences (FIMO) analysis®’ and the expression of TFs in
CD8* T cells in the haplo+cord group (Figure 5F). Among
these CREs, P1 and P2 were the alternative promoters of
GNLY transcripts, whereas C1 and C2 were CTCF-binding
sites with convergent orientation CTCF motif, which was
verified by the CTCF ChIP-seq data in T lymphocytes
(Figure 5G and Table S5). In addition, we detected that
MYC-associated zinc finger protein (MAZ) and RAD21
(a well-known cohesin subunit) bound on C1 and C2 in
T-lymphocytes and the GM12878 cell line, respectively
(Figure 5G). These data suggested the formation of a
chromatin loop on C1 and C2 anchors that is mediated
by CTCF, MAZ and cohesin.’*> We found that the C2
CTCF-binding site contained several GWAS SNPs, such
as rs12151621, rs7603438 and rs7577293 (Figure 5G), which
have been reported to be associated with GNLY expression
in human blood plasma proteome GWAS studies.”> > This
further illustrated the importance of the CTCF-mediated
chromatin loop for the expression of GNLY. Applying our
recently developed algorithm eNet,”® we built enhancer
networks controlling GNLY expression in CD8' T cells.
eNet confirmed the potential interaction between C1 and
C2, as well as both P1 and P2 interacting with C1, C2, E2,
E3 and E4 (Figure 5H). Interestingly, while these CREs
in the GNLY locus were indistinguishable in their chro-
matin accessibility between the haplo+cord and single
cord groups (Figure 5E), we observed GNLY enhancer net-
works was more complex in the haplo+cord group than
in the single cord group (Figure 5H). Interestingly, our
previous work suggested the complexity of enhancer net-
works are associated with the expression of cell identity
and disease genes.*® This pattern was also observed for sev-
eral cytotoxic-related genes that were highly expressed in
haplo+cord derived T cells (Figures 51 and S5F-H). Taken
together, these results delineate that an enhancer network
within the CTCF-mediated chromatin loop controls the
expression of GNLY in CD8" T cells reconstructed from
haplo+cord HSCT.

cells from patients receiving haplo+cord and single cord HSCT. (E) Proportion of each T cell subtype in haplo+cord and single cord groups.
Error bars are equal to the MSE across individuals. Statistical analysis was performed using Wilcoxon signed-rank test. (F) Scatter plot

displaying gene expression changes between CD8-c1 and CD8-c2 subtypes. Each point represents a gene, with the x-axis showing the

difference in expression percentage (Delta_pct) and the y-axis indicating the log, fold change (log,FC). (G) Stacked violin plot showing the

gene expression of immune-related genes in two CD8* T cell subtypes. (H) Violin plots showing the distribution of cytotoxicity scores and
memory scores in each T cell subtype. T cell functional scores were calculated using AUCell with gene sets related to their function-related
genes (see section Methods). Statistical analysis was performed using Wilcoxon signed-rank test. (I) Box plot showing the association between

CD8-cl1 abundance and post-transplant minimal residual disease levels. Statistical analysis was performed using Student’s ¢-test. (J) Heatmap

of representative transcription factors (TFs) showing SCENIC estimated regulon activity for CD8* T cells. Top 10 TFs with the highest

difference in estimates of regulon activity in each CD8" T cell subtype.
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2.7 | Insilico cytometry analysis reveals
the prognostic value of CD8" T cell subtypes

To characterise the influence of the proportion of CD8* T
cell subtypes on the prognosis of leukaemia, we adopted in
silico cytometry analysis (Figure 6A) by querying publicly
available acute myeloid leukaemia cohort on The Cancer
Genome Atlas (TCGA-LAML)” and chronic lymphocytic
leukaemia cohort on Broad institute (BROAD-CLL).’®
Strikingly, CD8-cl and CD8-c2 exhibited a significantly
consistent prognostic trend in their proportion-based sur-
vival analysis (Figure 6B). Notably, the proportions of
CD8-cl and CDS8-c2 were negatively correlated in both
cohorts (Figures 6C and S6A). Higher infiltration of CD8-c1
was associated with better prognosis in leukaemia patients,
whereas CD8-c2 showed the opposite trend (Figures 6D,E
and S6B). These findings strengthen the notion that CD8-
cl may contribute to prolonged survival in patients with
R/R leukaemia undergoing haplo+cord HSCT.

3 | DISCUSSION

Recent studies, including ours, have shown that
haplo+cord HSCT, which combines the advantages of
UCB and haploidentical grafts, can significantly improve
the survival of patients with R/R leukaemia.''"'>!> Here,
our single-cell analysis revealed distinct compositions
and functions of global immune landscapes in post-
transplantation BM. Overall, the haplo+cord group
exhibited effective anti-tumour and anti-viral immunity
mediated by IFN-I signalling. CD8' T cells are actively
involved in the GVL effect. CD8" T cells recovery is
typically observed within 100 days to 6 months post-
HSCT.” The effective reconstitution of CD8* T cells has
been shown to correlate with a reduced incidence of
leukaemic relapse and NRM, as well as improved survival
outcomes.®**%! Robust immune reconstitution, particularly
of CD8*' T cells after HSCT is associated with superior
clinical outcomes, enabling control of infection and medi-

ating the GVL effect.®? Studies have consistently linked
robust CD8% T-cell reconstitution following haploiden-
tical stem-cell transplantation to reduced relapse®® and
improved survival benefit in high-risk acute leukaemia.**
These cytotoxic lymphocytes are also playing a central
role in restoring antiviral immunity post-transplant.®
Our single-cell sequencing data, sourced from patients
within 3 months post-transplantation, reveals mature
CD8*' T cells. This indicates these cells play a key role
in the early GVL effect after haplo+cord HCST, boosting
patient survival. We identified two CD8* T cell subsets,
CD8-cl in the haplo+cord group and CD8-c2 in the single
cord group. Differential expression analysis revealed that
CD8-cl had an increased expression of cytotoxicity and
memory genes (GNLY, CX3CRI1, PRF1 and GZMB), indicat-
ing the potential role in exerting significant anti-viral and
anti-tumour immune activity.**°%%” Our proportion-based
survival analysis further demonstrated the relationship
between CD8-cl and prolonged survival in patients with
leukaemia, but further validation is needed to determine
its prognostic significance in post-HSCT settings.
Preconditioning regimen plays an important role
in immune reconstitution. Post-transplant cyclophos-
phamide (PTCy) is currently considered a highly effective
strategy for preventing both acute and chronic GvHD.
In our haplo+cord HSCT preconditioning protocol,
cyclophosphamide (Cy) was added between haplo-HSCT
and single cord HSCT for GVHD prophylaxis (Figure
S1A). Early T-cell reconstitution relies on the expansion
of donor-derived mature T cells, whereas complete T-cell
reconstitution requires de novo production of naive T
cells through thymopoiesis.®® Roberto et al.*” showed that
nearly all donor T cells with proliferation markers were
vulnerable to Cy after haplo-HSCT. Cieri et al.”’ revealed
that the majority of T cells within the first 30-90 days after
HSCT under PTCy conditions originated from the donor
naive compartment. A key difference between the two
transplant strategies compared in this study is the use of
PTCy for GVHD prophylaxis in the haplo+cord cohort. It
iswell established that PTCy selectively depletes rapid pro-

of marker genes. More marker genes for each cell type are shown in Figure S5B. (C) Single-cell multi-omics analysis revealed the enrichment
of cell-type-specific genes (columns) in putative target genes of cell-type-specific cis-regulatory elements (CREs) (rows). Enrichment score is
defined as the —log;,(hypergeometric test p values). (D) Heatmap of transcription factor (TF) motif accessibility Z scores (rows) in each cell
(columns). The top 250 TF motifs, ranked by cell-cell variability, are shown, with representative TFs labelled. Major cell types defined in (A)
are indicated in different colours. (E) Genome browser tracks showing the GNLY enhancer cluster. Aggregated chromatin accessibility of
CDS8™* T cells grouped by transplantation strategy are shown. (F) Prediction of TFs binding on individual CRE based on motif analysis and
gene expression in CD8" T cells derived from the the haplo+cord group. (+): motif on forward strand; (—): motif on reverse strand. TFs
verified by ChIP-seq data in T cells (E) are labelled by red colour. (G) ChIP-seq of regulators binding on the GNLY enhancer cluster in blood
cells. (H) eNet analysis revealed the transcriptional regulation network among eight CREs on the GNLY locus in CD8* T cells derived from
the haplo+cord and single cord groups. Each node represents a CRE, while each edge represents the potential interaction between two CREs
predicted by eNet. (I) Comparison of network connectivity in cytotoxic-related genes between the haplo+cord and single cord groups.
Statistical analysis was performed using paired Student’s ¢-test.
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FIGURE 6 The prognostic value of CD8* T cell subtypes through in silico cytometry analysis. (A) The diagram of in silico cytometry by
CIBERSORTX. (B) Forest plot showing the association between cell type proportion and overall survival in the two available RNA-seq
datasets. (C) Scatter plot showing the correlation between cellular proportions of CD8-c1 and CD8-c2 subtypes across samples in
TCGA-LAML. Correlation coefficients and p value are computed using Spearman method. (D and E) The Kaplan-Meier curves illustrating
the association of CD8-cl (D) and CD8-c2 (E) proportion with overall survival on the TCGA-LAML and BROAD-CLL cohort. The optimal cut
point for stratifying high- and low-level infiltration was obtained by using the maximally selected rank statistics. High infiltration in red, low

infiltration in blue. p values were calculated using the log-rank test.

liferating alloreactive T cells in the early post-transplant
period, while sparing quiescent immune subsets such as
naive T cells and stem cell memory T cells (Tgcp).%%”!
This presentation creates a permissive niche that supports
robust de novo T-cell reconstitution and differentiation
of long-lived memory populations.”” Our single-cell data
reveal a significant expansion of the cytotoxic CD8-cl
subset in haplo+cord recipients. We therefore hypothesise
that PTCy-mediated landscape is a pivotal factor shaping
this distinct immune profile. By eliminating alloreactive
and proliferating T cells derived from the haploidentical
donor, PTCy may facilitate the preferential expansion and
differentiation of TSCM and naive T cells into cytotoxic
CD8-cl cells, thereby contributing to the potent GVL
efficacy observed in the haplo+cord cohort. In contrast,
the single cord cohort, which lacks PTCy, may not provide

the same selective pressure, potentially leading to a less
focused and effective cytotoxic T-cell response. This
proposed mechanism, lining PTCy to the chromatin and
transcriptional landscape of recovering T cells, offers a
plausible explanation for the superior clinical outcomes
and merits further investigation in prospective studies.
Granulysin (GNLY), which is secreted by cytotoxic CD8*
T cells, plays an important role in killing leukaemic cells.
GNLY was highly expressed in CD8-cl, consistent with
the differences in enhancer profiles, in that some novel
enhancer signals appeared near the GNLY gene. A recent
study defined a distally accessible chromatin region down-
stream of GNLY in T cells.”? Going beyond this study, we
further revealed that GNLY expression was controlled by
a CTCF-mediated chromatin loop involving multiple TFs,
such as TBX21 and ETS1. ETSI1 plays an essential role in
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NK cell cytotoxicity and production of IFN-y,” providing
clues for the transcriptional regulation of GNLY by ETS1 in
T cells. Thus, our single-cell multi-omics analysis revealed
the underlying mechanism of transcriptional regulation
in the haplo+cord group.

Our study was subject to several limitations. First, our
single-cell data were constrained by a limited sample size,
which restricted our ability to fully elucidate the under-
lying mechanisms. Second, the data were derived from a
single-centre study. And there is a lack of comparison with
acontemporaneous cohort of patients receiving haploiden-
tical HSCT. Thus, the generalisation of our findings would
require validation through multi-centre collaboration and
the analysis of larger sample sizes. Third, our assessment
was limited to a single time point post-transplantation,
which precluded a comprehensive analysis of immune
reconstitution dynamics over time. Finally, all BM sam-
ples selected for scRNA-seq/scATAC-seq were obtained
from patients who were alive at 3 months post-transplant,
which may introduce a selection bias toward a more
favourable prognosis group. Despite these limitations, this
study nonetheless represents a significant step toward
understanding the mechanisms of HSCT at the single-cell
level.

4 | METHODS

4.1 | Study design, endpoints and
definitions

This study was designed to retrospectively compare the
overall clinical outcomes between patients undergoing
two different transplantation strategies. The primary end-
point was DFS, whereas the secondary endpoints were OS,
engraftment kinetics and GVHD. GRFS was defined as a
composite endpoint comprising any death, relapse, grade
IIT-IV acute GVHD or chronic GVHD. Neutrophil recov-
ery was defined as the first of 3 consecutive days with
an absolute neutrophil count exceeding 500/pL. Platelet
recovery was defined as the first of 3 consecutive days
with an absolute platelet count of 20 000/uL without
transfusion. Primary graft failure was considered when a
patient did not achieve neutrophil recovery by day 30 post-
transplantation, in the absence of bone marrow disease.
Secondary graft failure was considered to occur when at
least two haematopoietic cell lines were lost after initial
haematopoietic recovery. Donor chimerism was analysed
by STR-PCR at the time of engraftment and at 3, 6 and 12
months, as well as annually after transplantation. GVHD
was diagnosed and graded according to classic definitions:
acute if it appeared before day 100 post-infusion or chronic
if it appeared after day 100 post-infusion. DFS was defined

CLINICAL AND TRANSLATIONAL MEDICINE

as the time from transplantation to relapse or death from
any cause.

4.2 | Conditioning regimen, GVHD
prophylaxis and stem cell infusion

The myeloablative condition regimen for all recipients
was conducted as following (Figure S1): (1) fludarabine
(25 mg/m?, iv, daily), cytarabine (2 g/m?, iv, daily) from day
—13 through —9; (2) Cy (1.8 g/m?, iv, daily) on days —8 and
—7, with mesna (2.5 g/m?) being administered to prevent
Cy-induced early bladder haemorrhage; (3) busulfan (Bu,
0.8 mg/kg, iv, q6h) from day —6 through —4, with pheny-
toin sodium being administered to prevent Bu-induced
seizures; (4) MCCNU (250 mg/m?, po) on day —3 to pre-
vent central nervous system leukaemia. Peripheral blood
stem cells were transfused on day 0, whereas UCB stem
cells were transfused on day 6 in haplo+cord HSCT. UCB
stem cells were transfused on day O in single cord HSCT.

For GVHD prophylaxis, patients in the haplo+cord
group received low doses of anti-thymocyte globulin
(ATG), PTCy, cyclosporine A (CsA) and mycophenolate
mofetil (MMF) (Figure S1A): (1) ATG (total dose 5 mg/kg,
iv) on days —5 and —4. (2) Cy (1.8 g/m?, iv) on days +3
and +4. (3) CsA (3.0 mg/kg/day, iv) was administered
from day +5 until stem cells were engrafted. Subse-
quently, CsA (targeting a blood concentration range of
200-300 ng/mL) was administered orally for 3 months.
The CsA dose was reduced to 5-10% every week for 6
months and then fully stopped. If the patient was intol-
erant to CsA, administration of tacrolimus was adjusted
to maintain a concentration of 5-15 ng/mL until day 180.
(4) MMF (1.0 g/d) was administered from day +5 until
engraftment of stem cells. Then, MMF was reduced to
0.5 g/d for 1 month and finally stopped. In the case of
single cord HSCT, all patients received a low dose of
ATG, CsA and MMF: (1) ATG (total dose 5 mg/kg, iv)
on days —5 and —4. (2) CsA (3.0 mg/kg/day, iv) was
administered from day —7 until stem cell engraftment.
Subsequently, CsA was administered orally, with the CsA
blood level and dosage reduction being consistent with
those in the haplo+cord group. (3) MMF (1.0 g/d) was pro-
vided after UCB infusion on day 0 of stem cell engraftment;
Then, MMF was reduced to 0.5 g/d for 1 month and fully
stopped.

4.3 | Retrospective survival analysis

This retrospective clinical trial was conducted at the
Hemopoietic Stem Cell Transplantation Center, Fujian
Medical University Union Hospital between January 2016
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and December 2021. In total, we enrolled 43 patients
with R/R leukaemia, including nine newly reported
cases and 34 cases reported in our previous prospec-
tive clinical trial.'”> Among these patients, 26 received
haplo+cord HSCT, whereas 17 received single cord HSCT.
All probabilities were given at 2-years and provided
with their 95% CI. The Kaplan-Meier method with the
log-rank test was used to estimate the probabilities of
OS, DFS and GRFS. A p < .05 was considered statis-
tically significant. The cumulative incidence of GVHD
was calculated using competing-risks analysis. Statisti-
cal analyses were performed using R package survival
(version 3.5.8).

4.4 | Clinical samples

To investigate the molecular and cellular mechanisms
that underlie clinical outcomes, we collected BM samples
approximately 3 months after transplantation to obtain
fully chimeric BM. BM samples were obtained from 10
patients who received haplo+cord HSCT and 6 who
received single cord HSCT. The baseline characteristics of
patients are shown in Table S2.

4.5 | Preparation and sequencing of
scRNA-seq library

BM samples were diluted 1:1 with cold PBS and centrifuged
on Ficoll (GE 17-1440-02) to isolate BM mononuclear cells.
Residual erythrocytes were removed using erythrocyte
lysate (TIANGEN, RT122), washed twice and resuspended
in cold PBS containing 0.04% BSA (Sigma; B2064). As
the residue of mature erythrocytes in the bone marrow
was difficult to be completely lysed in the experiments,
we excluded erythrocytes in the downstream analysis.
Single-cell suspensions were filtered using 40 um cell
strainers. The process of cell preparation before loading
onto the 10X chromium controller was less than 2 h. Try-
pan blue (0.2%) staining was used for the evaluation of cell
numbers and viability under a microscope. Samples with
cell viabilities >90% were used for sequencing. Libraries
were constructed using the Single Cell 3’ Library Kit V3.1
(10x Genomics, Pleasanton, CA, USA). The transcrip-
tome profiles of individual cells were determined using
10x genomic-based droplet sequencing. Once prepared,
indexed cDNA libraries were sequenced with paired-end
reads using an Illumina NovaSeq 6000 (Illumina, San
Diego, CA, USA).

4.6 | Preparation and sequencing of
ScATAC-seq library

Single-cell suspensions were obtained for the scATAC-seq
assay, as described above. Single cells were lysed with
lysis buffer on ice for 3 min and washed once with wash
buffer.”> Nuclei were resuspended in PBS containing 0.04%
BSA, and approximately 10 000 nuclei were transposed and
loaded onto the chip according to the protocol of the 10X
Chromium Single Cell ATAC Reagent Kit v1.1. Libraries
were sequenced on an Illumina NovaSeq 6000 using the
following read lengths: read 1: 50, read 2: 50, i7 index: 8
and i5 index: 16.

4.7 | Flow cytometry analysis

Single cell suspensions were prepared as describes above.
One million cells were stained with CX3CR1 (Biolegend;
341625), CD8 (Biolegend; 344745), CD3 (Biolegend; 300327)
and CD45 (Biolegend; 368508) in cell stain buffer for 30 min
on ice. Cells were then washed twice with cell stain buffer
(Biolegend; 420201) and resuspended in 100 uL cell stain
buffer. To fix cells, 200 pL IC fixation buffer (eBioscience;
00-8222-49) were added to cells, kept at RT for 1 h. Fixed
cells were washed with permeabilisation buffer (eBio-
science; 00-8333-56) and stained with GNLY (Biolegend;
348003) at RT for 30 min. Stained cells were washed twice
with permeabilisation buffer and resuspended in cell stain
buffer for FACS analysis (Beckman, Cytoflex LX).

4.8 | scRNA-seq data processing

Raw sequence data from each sample were mapped
to the human genome (build hg38) using CellRanger
(version 7.2.0) provided by 10x Genomics. Using the
preliminary clustering information for each sample, ambi-
ent RNA contamination was estimated and subsequently
removed using the SoupX package (version 1.6.2).”° Raw
gene expression matrices were then combined in R
(version 4.3.2) and converted to a Seurat object using
the Seurat R package (version 5.0.3).”” To ensure data
quality, we removed cells that had either less than
1000 or more than 25 000 unique molecular identi-
fiers (UMIs), less than 500 or more than 5000 expressed
genes or over 10% UMIs derived from the mitochon-
drial genome. We used the remaining cells to exclude
genes detected in less than 0.1% of total cells. For
the remaining 93 592 cells, we used the ‘SCTransform’
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function,”® which models the UMI counts using a regu-
larised negative binomial model to remove the variation
of sequencing depth, to normalise gene expression and
regress out mitochondrial read count with the following
parameters: vst.flavor = ‘v2’ and vars.to.regress = ‘per-
cent.mt’. To exclude potential batch effects among different
time points during library construction (Table S3), we
performed batch effects correction, following the stan-
dard pipeline for dataset integration in Seurat, using
library construction time points to split datasets (Figure
S2B).

4.9 | Dimension reduction and
unsupervised clustering for scRNA-seq
data

To reduce the dimensionality of this dataset, the result-
ing 3000 variably expressed genes from the default setting
were summarised using principal component analysis
(PCA), and the first 30 principal components were fur-
ther summarised using Uniform Manifold Approximation
and Projection (UMAP) dimensionality reduction with
the default settings of the ‘RunUAMP’ function. Then,
‘FindNeighbors’ and ‘FindClusters’ functions were used to
calculate the neighbours among each cell and identify cell
clusters.

4.10 | scRNA-seq cell annotation

After the first-round of unsupervised clustering, we anno-
tated each cell cluster according to canonical immune
cell markers and identified the major cell types, includ-
ing HSPCs, T cells, NK cells, B cells, GMP, monocytes,
neutrophils, pDC, cDC2, platelets and erythrocytes. Three
Seurat clusters (4, 18 and 20) with low expression of
markers were labelled as #x02018;Unknown#x02019;. We
excluded several cell types (erythrocytes, neutrophils and
platelets) and unknown cells from downstream analysis
due to lack of interest.

The procedure of the second-round clustering for
each major immune cell type was similar to that of
the first-round clustering, both of which started from
raw expression matrices, then normalised gene expres-
sion, corrected batch effects, calculated PCA matrix and
were then subjected to dimensionality reduction for visu-
alisation. All analyses were performed using Seurat.
Marker genes were detected using the ‘FindAllMarkers’
function.

3

4.11 | scATAC-seq data processing

ScATAC-seq raw sequence data were mapped to the human
genome (build hg38) using CellRanger ATAC (version
2.1.0), generating a count matrix for open chromatin
regions in single cells. Downstream analyses were per-
formed using the Signac workflow (version 1.12.0),”” an
extension of Seurat for the analysis, interpretation and
exploration of single-cell chromatin datasets. Briefly, the
peak count matrix was combined and converted into a
Seurat object using Signac. Genomic ranges and gene
information were annotated for each peak. Subsequently,
a series of additional quality control metrics, including
the total number of fragments in peaks, fraction of frag-
ments in peaks, ratio of reads in genomic blacklist regions,
nucleosome banding signal and transcriptional start site
enrichment score, were calculated for each single cell.
High-quality cells with a number of fragments in peaks
greater than 1000 and less than 10 000, the fraction of frag-
ments in peaks greater than 15%, reads in genomic blacklist
regions less than 5%, nucleosome banding signals less than
4 and transcriptional start site enrichment scores larger
than 4 were retained for downstream analyses.

4.12 | Dimension reduction and
unsupervised clustering for scATAC-seq
data

Latent semantic indexing (LSI) was applied to the high-
quality peak count matrix for downstream analyses as
previously described.®” Term frequency-inverse document
frequency (TF-IDF) normalisation was performed to cor-
rect for differences in sequencing depths across cells and
peaks. The top 95% of peaks were then selected using
the ‘FindTopFeatures’ function, followed by dimensional
reduction using singular value decomposition on the TF-
IDF matrix. After LSI, we used the RunHarmony function
in the Harmony R package (version 1.2.0)*' for inte-
gration with group.by.vars = ’Sample’. After correlating
harmony components with sequencing depth using the
‘DepthCor’ function, we removed the first harmony com-
ponent because of its correlation with sequencing depth
rather than biological variation. Hence, 2 to 30 harmony
components were used for non-linear dimension reduc-
tion of UMAP projections to visualise cell clusters in a
two-dimensional space. Finally, the same harmony com-
ponents were applied using the ‘FindNeighbors’ function
to calculate the neighbours among each cell, and cell
clusters were identified using the ‘FindClusters’ function.
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4.13 | scATAC-seq cell annotation

We employed the AtacAnnoR R package (version 0.3.5)*
to annotate scATAC-seq data using a two-round anno-
tation method with well-annotated scRNA-seq data as
reference. In the first round, ATACAnnoR compared the
gene activity profile derived from scATAC-seq data with
the reference gene expression profile, assigning refer-
ence cell type labels to a subset of the queried cells.
In the second round, ATACAnnoR used a meta-program
matrix derived from genome-wide ATAC peaks to pre-
dict the labels of the remaining query cells. We sub-
sequent expanding these classifications to similar cells
to generate a set of cluster-extended assignments. The
ChromVAR® procedure was run with the ‘RunChrom-
VAR’ function, using the JASPAR2020%? motif set to
calculate the enrichment of chromatin accessibility at dif-
ferent transcription factors (TFs) motif sequences in single
cells.

4.14 | SCENIC analysis

To infer potential TFs from scRNA-seq data, we applied
pySCENIC (version 0.12.1),**%* which is a lightning-fast
python implementation of the SCENIC pipeline. The input
matrix was the normalised expression matrix from Seu-
rat and was further filtered according to the criteria
recommended by pySCENIC.

4.15 |
analysis

Differential gene expression

To identify marker genes for each cell type, we applied
the ‘FindAllMarkers’ function with the parameter
only.pos = “TRUE’. To compare transcriptomic differences
between cell groups (e.g., CD8" T cell subtypes), we
calculated the log2 fold change between two groups and
the percentage of cells where the gene was detected
in each cell subtype using the ‘FindMarkers’ function.
Significance of the difference was determined using the
Wilcoxon Rank Sum test with Bonferroni correction.
Differentially expressed genes (DEGs) were selected based
on the statistical threshold (difference of the percentage of
cells where the gene was detected between cell subtypes
larger than 5%, log2 fold change larger than 0.25 and
adjusted p < .05).

4.16 | Pathway enrichment analysis of
differentially expressed genes

The DEGs were categorised according to the functional
gene sets in the pathway from The Molecular Signatures
Database (MSigDB)** using the clusterProfiler R package
(version 4.8.1)® for annotation and integrated discovery
pathway enrichment analysis.

4.17 | Definition of signature scores

To evaluate cell status at the signature level, we applied the
AUCell R package (version 1.22.0)*” to calculate the signa-
ture score of single cells. Signature genes were obtained
from published literature. For CD8" T cells, naiveness
scores were calculated using the following genes: CCR7,
TCF7, LEF1 and SELL, cytotoxicity scores were calcu-
lated using the following genes: GZMA, GZMB, GZMK,
GNLY, PRF1, IFNG, NKG7 and IL2, and exhaustion scores
were calculated using the following genes: LAG3, TIGIT,
CTLA4, PDCDI1 and HAVCR2.*' The memory signature
genes were collected from CellMarker database.®®

4.18 | Proportion-based survival analysis

Cell type relative abundance was obtained by running
CIBERSORTx® on RNAseq data of leukaemia samples.
First, the single-cell raw counts matrix of BM mononu-
clear cells with T cells split into three subtypes were
fed into CIBERSORTY, building a gene signature able to
discriminate the cell types or subtypes. Second, we col-
lected survival tables of TCGA-LAML and BROAD-CLL
cohorts from cBioPortal®® and ran survival analysis strat-
ifying patients with ‘high’ and ‘low’ infiltration of cell type
or subtypes.

4.19 | eNet enhancer network
complexity analysis

To explore the gene expression regulation associated with
transplantation strategy, we applied eNet algorithm® to
cytotoxic-related genes (GZMA, GZMB, GZMK, CX3CR1,
GNLY, PRFI, IFNG, NKG7, IKZF2 and IL2). Briefly, eNet
identified putative enhancers within a + 100 kb window
around its transcription start site (TSS), then inferring
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potential enhancer interactions by computing chromatin
co-accessibility between enhancer pairs.”’ The enhancer
network was built as an undirected graph where nodes
represent enhancers and edges represent the strength of
enhancer interactions.

4.20 | GNLY enhancer cluster analysis
CREs in the GNLY enhancer network constructed by
eNet were preserved. CREs that overlapped with the gene
promoter were defined as promoters, whereas the rest
were defined as putative enhancers. CREs sequences were
input into the FIMO*" motif scanning of the MEME Suite
(https://meme-suite.org/) with a motif database supplied
by JASPAR2020.> The FIMO output listing matching
motif occurrences were filtered for matches with a p
value < .0001. The list of statistically significant motif
matches was further ranked by expression calculated by
averaging the TF gene expression across all CD8" T cells
derived from the haplo+cord group.
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