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ABSTRACT 
Aplastic anemia (AA) is a lethal hematological disorder; however, its pathogenesis is not fully understood. Although immunosuppressive 
therapy (IST) is a major treatment option for AA, one-third of patients do not respond to IST and its resistance mechanism remains elu-
sive. To understand AA pathogenesis and IST resistance, we performed single-cell RNA sequencing (scRNA-seq) of bone marrow (BM) 
from healthy controls and patients with AA at diagnosis. We found that CD34+ early-stage erythroid precursor cells and PROM1+ hema-
topoietic stem cells were significantly depleted in AA, which suggests that the depletion of CD34+ early-stage erythroid precursor cells 
and PROM1+ hematopoietic stem cells might be one of the major mechanisms for AA pathogenesis related with BM-cell hypoplasia. 
More importantly, we observed the significant enrichment of CD8+ T cells and T cell–activating intercellular interactions in IST responders, 
indicating the association between the expansion and activation of T cells and the positive response of IST in AA. Taken together, our 
findings represent a valuable resource offering novel insights into the cellular heterogeneity in the BM of AA and reveal potential biomark-
ers for IST, building the foundation for future precision therapies in AA.

INTRODUCTION

Aplastic anemia (AA) is a rare and life-threatening disease char-
acterized by pancytopenia and hypoplastic bone marrow (BM).1 
Unlike the inherited AA characterized by BM failure in association 
with one or more somatic abnormalities, most cases of acquired 
AA are without any identifiable causes (idiopathic). Although 

the exact pathogenesis of AA is not completely understood, 
immune-mediated destruction of hematopoietic stem cells (HSCs) 
following systemic immune dysregulation has emerged as a main 
mechanism.2 The most relevant evidence for an immune-mediated 
mechanism is improvement in blood counts following immu-
nosuppressive therapies (IST).1 The treatment for patients with 
severe AA (SAA), who are ineligible for hematopoietic stem cell 
transplantation, aims to suppress the cytotoxic T-lymphocyte 
response with IST using a combination of antithymocyte globulin 
(ATG) and cyclosporine.3 However, typical response rates to IST 
are approximately 60%–70%, and one-third of responders even-
tually relapse,4 suggesting complex cellular factors linked to AA 
pathogenesis and the IST resistance mechanism.5

As AA patients have diverse genetic, pathogenic, and immu-
nological backgrounds, it is imperative that the comprehensive 
characterization of cellular factors for IST response is researched 
thoroughly. Recently, single-cell RNA sequencing (scRNA-seq) 
has been widely appreciated in relation to its ability to mea-
sure rare or heterogeneous cell populations.6 Lundgren et al 
highlighted the reduction of cytotoxic STAT3-mutated CD8+ 
T cells by IST.7 Zhu et al reported the inactivation of cellular 
interactions mediating the destruction of hematopoietic stem 
and progenitor cells (HSPCs) by cytotoxic T cells after IST.8 The 
contribution of changes in B cell gene expression and receptor 
diversity to AA pathogenesis was also indicated by Tonglin et 
al.9 However, these studies were limited by the number of either 
cell types or samples, and a comprehensive understanding of AA 
pathogenesis and the IST response mechanism is still lacking. 
Hence, this study analyzed cellular diversity and interactions in 
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the BM of healthy controls and AA patients using scRNA-seq. 
We identify multiple cellular factors associated with AA patho-
genesis and IST resistance.

MATERIALS AND METHODS

Patients
We initially collected consecutive BM samples and clini-

cal data from 18 patients with AA and 10 healthy controls 
between October 2017 and January 2020 from Seoul St. Mary’s 
Hospital, Seoul, Republic of Korea (Suppl. Table S1). The sam-
ples of 2 of the subjects who were diagnosed with nonsevere AA 
were excluded from scRNA-seq analysis. The quality control 
indicated that the BM samples of 5 patients with SAA and 7 
healthy controls were inadequate for scRNA-seq analysis. The 
final cohort included 11 SAA patients and 3 healthy controls 
and was subjected to scRNA-seq. The diagnosis and severity of 
idiopathic AA were assessed according to previous reports.10,11 
Patients received IST consisting of rabbit ATG (Thymoglobulin; 
Genzyme-Sanofi, Lyon, France) and cyclosporine (n = 7) as 
previously described12,13 or cyclosporine monotherapy (n = 4). 
Patients with SAA received the combination of ATG and cyclo-
sporine as the standard treatment. However, some patients with 
older age (≥65 y) and/or severe comorbidity related to SAA were 
treated with cyclosporine monotherapy based on the physician’s 
discretion. A complete response was defined as hemoglobin 
≥10 g/dL, absolute neutrophil count ≥1.0 × 109/L, and platelet 
count ≥100 × 109/L for >8 weeks without transfusion support. 
A partial response was determined as no longer meeting the 
criteria for SAA and having transfusion independence for >8 
weeks.3,14 An analysis of glycosylphosphatidylinositol-deficient 
granulocytes was performed by flow cytometry outlined in our 
previous report.13 Bone marrow samples of healthy controls 
were collected from healthy donor for allogeneic BM transplan-
tation following written consent. These were obtained during 
bone marrow harvesting. The protocol was approved by the 
institutional review board committees of the Seoul St. Mary’s 
Hospital (IRB number: KC17TESI0426 and KC23SASI0369). 
The study was conducted in accordance with the Declaration of 
Helsinki. The scRNA-seq experiment and flow cytometry anal-
ysis were carried out using frozen BM, taken from either AA 
patients at diagnosis before IST or healthy controls.

Single-cell library preparation and sequencing
scRNA-seq libraries were prepared using the Chromium 

Single-Cell 3ʹ Reagent Kits (v2) comprising a Single-Cell 3ʹ 
Library & Gel Bead Kit v2 (PN-120237), Single-Cell 3ʹ Chip 
Kit v2 (PN-120236), and an i7 Multiplex Kit (PN-120262) (10× 
Genomics, Pleasanton, CA, USA) and following the Single-Cell 
3ʹ Reagent Kits (v2) User Guide (manual part no. CG00052 Rev 
A). The libraries were run on a HiSeq X Ten System (Illumina, 
San Diego, CA, USA) as 150-bp paired-end reads with 1 sam-
ple per lane. All the remaining procedures, including library 
construction, were performed according to the manufacturer’s 
protocol.

Antibodies and flow cytometry
All antibodies were against human antigens. Anti-TFRC-

Alexa Fluor 700 (M-A712), anti-CD4-APC-cy7 (RPA-T4), anti-
Prom1-FITC (567029), and anti-CD34 were purchased from 
BD Biosciences (Franklin Lakes, NJ, USA). Anti-CD3-Brilliant 
Violet421 (OKT3) and anti-CD8a-APC (300912) were pur-
chased from BioLegend (San Diego, CA, USA). For the pheno-
typic analysis of BM cells, 1 × 105 cells were suspended in 100 
μL Hanks’ balanced salt solution (Mediatech) containing 2% 
fetal bovine serum. For each sample, cells were incubated with 
1 μg of each fluorescent-conjugated primary antibody for 15 
minutes at room temperature and washed with Hanks’ bal-
anced salt solution/fetal bovine serum. After being washed with 

chilled binding buffer, the cells were incubated with streptavi-
din-PE on ice for 10 minutes before they were washed and ana-
lyzed. Staining data were collected using a FACSCantoTM II 
Cytometer (BD Biosciences).

Clustering analysis and gene set enrichment test
Further scRNA-seq analysis was performed using R (version 

4.0.2). We used the FindVariableFeatures in the Seurat package 
(version 3.2.0) to identify highly variable genes and then per-
formed principal component analysis with the top 2000 variable 
genes based on the default method, “vst.” Clusters were parti-
tioned with FindClusters in the Seurat package, and cells were 
projected into a two-dimensional space with uniform manifold 
approximation and projection based on the default method, 
“matrix.” The parameters used for clustering analysis are listed 
in Suppl. Table S2. The differentially expressed genes (DEGs) 
in each cluster were identified using FindMarkers in the Seurat 
package based on the default test, “wilcox.” All processes were 
performed with default options in the Seurat package. We also 
used the SingleR15 method, which is based on the correlation 
of gene expression between single cells and a homogenous cell 
population, with the Novershtern Hematopoietic Data data-
base providing 211 human microarray samples annotated to 
16 main types and 38 subtypes of cells. To remove batch effect 
when integrating the scRNA-seq from the other database with 
our data, we used the RunHarmony in the Harmony package16 
(version 0.1.1) with default parameter while considering the 
origin of data as batch information, Gene set enrichment test 
was performed with the Database for Annotation, Visualization, 
and Integrated Discovery website.17,18 The top 5 gene ontology 
terms, ranked by P values, are described in our results.

Trajectory analysis
We performed single-cell trajectory analysis using the 

Monocle2 package (version 2.18.0).19 To chronologically sort 
cells by pseudotime using the orderCells in Monocle2, we 
selected the top 2000 DEGs identified by the FindAllMarkers in 
the Seurat package, based on the default test, “wilcox.” To visu-
alize and interpret the results using the plot_cell_trajectory in 
Monocle2, the dimension was reduced using reduceDimension 
in Monocle2 based on the DDRTree method. The other param-
eters were provided with default options.

Cellular interaction analysis
We performed cell–cell interaction analysis using 

CellPhoneDB,20 which is a public repository of interactions 
between ligands and receptors. We used the python (version 
3.7.0) and cellphonedb method in CellphoneDB python pack-
age (2.1.2) based on the default parameters for the analysis, and 
the count per million normalized single-cell expression data of 
HSCs, T cells, and B cells from all samples were used as the 
input. Interactions of receptors and ligands between 2 cell types 
were predicted based on the expression profiles of receptors of 1 
cell type and the expression profiles of the corresponding ligand 
of another cell type.

Statistical analysis
All statistical tests were performed on directed pairwise com-

parisons. Unpaired t-tests were performed to analyze differences 
between 2 groups. No mathematical corrections were made for 
multiple comparisons. Significance is displayed as *P < 0.05; 
**P < 0.01; ***P < 0.001.

RESULTS

Patient characteristics
The median age of the patients was 52 years (range 22–67). 

Out of total, 8 were classified as SAA, whereas the severity of 
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3 AA patients was very SAA. Seven patients received IST with 
ATG and cyclosporine, and 4 patients received cyclosporine 
monotherapy. Five IST responders (R1–4, 7) achieved a com-
plete response at 8.9, 6.1, 2.3, 11.6, and 24.4 months, respec-
tively. Two IST responders (R5–6) achieved a partial response 
at 14.3 and 4.3 months, respectively. Four patients had no 
response (N1–4). Eight patients had small paroxysmal nocturnal 
hemoglobinuria clones in glycosylphosphatidylinositol-deficient 
granulocytes (R2–4, R6–7, N2–4). All patients did not have a 
family history of BM failure syndrome as well as pregnancy/
virus-related onset. In 2 patients with onset age younger than 40 
years (R2 and R3), there was no evidence of Fanconi anemia by 
assessment of chromosome breakage on peripheral blood lym-
phocytes. All patients were classified as having idiopathic AA 
with normal cytogenetics. Next-generation sequencing-based 
gene panel testing using peripheral blood did not reveal any 
pathogenic variants representing inherited BM failure syndrome 
(Suppl. Tables S3 and S4).21,22

scRNA-seq of BMs from healthy controls, IST responders, and IST 
non-responders characterizes differential proportion of diverse cell 
types

To depict the baseline cellular composition, lineage, and inter-
action of BM cells from patients with AA and their relation to IST 
responses, we profiled BM cells from 11 treatment-naive patients 
with AA, including 7 IST responders (R1–R7), 4 non-responders 
(N1–N4), and 3 healthy controls (H1–H3) using droplet-based 
scRNA-seq (Figure 1A). After a quality control, a total of 67,271 
cells were retained, comprising 33,646 cells from IST respond-
ers (mean: 4807 cells per patient), 21,166 cells from non-re-
sponders (mean: 5292 cells per patient), and 12,459 cells from 
healthy controls (mean: 4153 cells per patient) (Suppl. Table 
S5). Subsequently, we performed unsupervised clustering anal-
ysis and used uniform manifold approximation and projection 
(UMAP)23 to visualize the cells according to cell type (Figure 1B) 
and IST response (Figure 1C). We classified our clusters into 8 
broad cellular lineages: HSCs, megakaryocytes (MKCs), myeloid 
cells, myeloid natural killer (NK) cells, plasmacytoid dendritic 
cells (pDCs), erythroid precursor cells (EPCs), B cells, CD4+ T 
cells, CD8+ T cells, and lymphoid NK cells by combining the 
results of the SingleR package in R and the expression profiles 
of cell type-specific marker genes (Figure  1D). Notably, HSCs 
and pDCs were significantly depleted in both IST responders and 
non-responders compared with healthy BM (Figure 1E,F; Suppl. 
Figure S1; Suppl. Table S6). EPCs were marginally depleted in 
IST non-responders compared with healthy controls (P = 0.058; 
Figure 1E,F). We found an increase of CD8+ T cells in IST respond-
ers compared with healthy controls (P = 0.1; Figure 1E,F).

Depletion of early-stage EPCs was observed in AA patients
Although the depletion of erythrocytes in the peripheral blood 

of AA patients was well known,24 the distribution of EPCs in 
the BM of AA patients is not fully understood. We performed 
reclustering analysis of EPCs and identified 10 subclusters that 
were largely grouped based on erythroid genes, such as CD34, 
GYPA, and TFRC (Figure 2A). Based on our trajectory analysis, 
they were divided into early-stage (C1, C9), middle-stage (C0, 
C2, C3, C6, C7, C8), and late-stage (C4, C5) EPCs (Figure 2B; 
Suppl. Figure S2). Interestingly, the CD34+GYPAloTFRC+ 
subcluster (C9) was significantly depleted in AA patients 
(Figure 2C–F; Suppl. Figures S2 and S3). Using flow cytometry, 
we confirmed the significant depletion of CD34+TFRC+ EPCs in 
AA patients (Figure 2G,H).

HSCs with low expression of PROM1 were partially depleted in AA 
patients

As described above, a significant depletion of HSCs was 
observed in AA patients. To understand the cellular heterogeneity 

of HSCs related to this phenomenon, we reclustered HSCs into 
6 subclusters, which were largely divided into 2 groups based 
on PROM1 expression (Figure  3A,B; Suppl. Figure S3).25–27 
PROM1+ HSCs (C2, C4, C5) were almost completely depleted in 
AA patients, but PROM1−/low HSCs (C0, C1, C3) were retained 
in AA patients (Figure 3B,C). Furthermore, the diversity of HSC 
subclusters decreased significantly in AA patients compared 
with healthy controls (Suppl. Figure S4B). Our trajectory analy-
sis showed 2 distinct differentiation pathways for the PROM1+ 
and PROM1−/low HSC lineages (Figure 3D; Suppl. Figure S5). We 
analyzed DEGs and found that the partially depleted PROM1−/

low HSCs exhibited a relative upregulation of autophagy-related 
genes implicated in HSC survival (Figure  3B).28 Furthermore, 
the relative upregulation of inhibitory checkpoints, such as 
those encoded by BTLA,29,30 CYBB,31,32 and TNFRSF14,33,34 and 
the downregulation of cytokine receptor IL6R35,36 (Figure 3E) in 
the partially depleted PROM1−/low HSCs represents the ability 
of immunosurveillance. To confirm the association of PROM1 
to the depletion of HSPCs in AA patients from an independent 
scRNA-seq cohort, we reclustered HSPCs based on data from 
Zhu et al (Figure 3G).8 One HSPC subcluster (C6) with rela-
tively high expression of PROM1 was identified as depleted 
in AA patients (Figure  3H,I), which was consistent with our 
results. For further validation, we checked the expression of 
PROM1 in CD34+ hematopoietic cells from healthy controls, 
IST responders, and non-responders using flow cytometry 
(Figure  3J). Notably, PROM1 expressing CD34+ hematopoi-
etic cells were significantly depleted in both IST responders and 
non-responders (Figure 3K).

Enrichment of CD8+ T cells in IST responders
We further investigated diverse subclusters of T cells. As a 

result, we identified 13 T cell subclusters: CD4+ T cells (C0, C1, 
C6, C8, C10), 4 CD8+ T cells (C2, C4, C9, C12), 1 NK cell (C3), 
2 Tregs (C5, C7), and 1 CLP (C11) (Figure 4A) according to the 
expression patterns of major T cell lineage markers (Figure 4B). 
Additionally, based on the top markers of each subcluster and 
the results from the trajectory analysis, we further annotated 
each subcluster with 4 characteristics, such as naive, cytotoxic, 
exhausted, and memory (Suppl. Tables S7 and S8 and Figure 
S6). Although the diversity of the T cell subclusters was simi-
lar among healthy controls, IST responders, and non-respond-
ers (Suppl. Figure S7A), we found that IST responders showed 
marginally enriched CD8+ T cells compared with healthy con-
trols (P = 0.075; Figures  1F and 4C,D). Further verification 
through flow cytometry using 18 BMs of IST responders (n=9) 
and non-responders (n=9) confirmed that IST responders also 
showed significantly higher CD8+ T cell rates compared with 
non-responders (Figure  4E,F). We also found the significant 
enrichment of CD8+ T cells in IST responders by in silico sorting 
T cells expressing CD8A from scRNA-seq data (Figure 4G).

Depletion of MALAT1-upregulated Tregs in AA patients
Next, we investigated the characteristics of Tregs in AA 

patients and found that Tregs showed the pattern of depletion in 
AA patients (Figure 5A). The depletion was confirmed by flow 
cytometry, which measures the proportion of CD4+ Tregs from 
BM (Figure 5B,C). Importantly, we observed that 1 (C5) of the 
2 Treg subclusters was characterized by significant depletion in 
AA patients compared with healthy controls (Figure 5D,E). To 
investigate the transcriptomic profile of the C5, we compared 
DEGs between the 2 Treg subclusters and found that MALAT1 
was upregulated in C5 compared with the other Treg subcluster 
(C7) (Figure 5F; Suppl. Figure S7B). In addition, MALAT1high 
Tregs showed significant downregulation of FOS and JUNB, 
which are the genes inducing inflammatory responses in T cells 
(Figure 5F; Suppl. Figure S7B). Moreover, we verified the deple-
tion of MALAT1high Tregs in AA patients using the independent 
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scRNA-seq data of AA patients obtained from the Zhu et al.8 
We identified MALAT1high Treg subcluster from Zhu et al8 based 
on the Pearson’s coefficient between the expression profiles of 
the T cells from Zhu et al8 and mean expression profiles of T cell 

subclusters from our data. The proportion of MALAT1high Treg 
subcluster from Zhu et al was similar to that of AA patients 
from our data, representing significant depletion compared 
with healthy controls from our data (Figure 5E). Additionally, 

Figure 1.  scRNA-seq of healthy controls and patients. (A) Workflow of the study design. scRNA-seq was conducted with bone marrow cells extracted 
from 3 healthy controls and 11 patients (7 IST responders and 4 non-responders). (B) UMAP plot of clusters including all samples. (C) UMAP plots of the 
group-specific distribution of cells. (D) Heatmap representing cluster-specific gene expression. The yellow color represents high expression and purple rep-
resents low expression. (E) Proportion of clusters (top) and number of cells (bottom) in each sample. (F) Box-and-whisker plot comparing the proportions of 
clusters among healthy controls, IST responders, and non-responders. The solid horizontal line represents the median, the lower boundary represents the lower 
quartile, the upper border represents the upper quartile, and the whiskers represent outliers (t test, *P < 0.05). AA = aplastic anemia; EPC = erythroid precursor cell; HSC 
= hematopoietic stem cell; IST = immunosuppressive therapy; MKC = megakaryocyte; NGS = next generation sequencing; NK = natural killer; pDC = plasmacytoid dendritic cell; scRNA = 
single-cell RNA; UMAP = uniform manifold approximation and projection. 
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we verified the depletion of MALAT1high Tregs by observing the 
proportion of MALAT1high Tregs from the integrated scRNA-seq 
data of healthy BM downloaded from the Human Cell Atlas37 
and AA patients from our data after removing batch effect using 
Harmony.16 We reclustered T cells into 15 subclusters: 5 CD4+ 
T cell (C0, C1, C2, C5, C7), 2 Treg (C6, C8), 3 CD8+ T cell (C4, 
C10, C11), 2 NK cell (C3, C9, C12), and 2 common lymphoid 
precursor (CLP; C13, C14) subclusters (Figure 5G,H). The char-
acteristic of each subcluster was identified based on the results 
of trajectory analysis (Suppl. Figure S8). We confirmed that the 
Tregs are significantly depleted in AA patients compared with 

Human Cell Atlas controls (Figure 5I). Especially, 1 (C8) of 2 
Treg subclusters (C6, C8) was characterized with the significant 
depletion in AA patients and upregulation of MALAT1 com-
pared with the other Treg subcluster (C8) (Figure 5J–F).

Depletion of activated memory B cells in IST non-responders
After reclustering B cells, 10 subclusters were identified: 

1 immature B cell (C6), 4 mature B cells (C0, C1, C3, C4), 
2 memory B cells (C2, C5), 1 transitional B cell (C9), and 2 
plasma cells (C7, C8) (Figure 6A). The B cell subtypes were 
labeled according to the expression patterns of major B cell 

Figure 2.  EPC subclusters. (A) UMAP plot of the EPC subclusters. (B) Trajectory plots of the group-specific distribution of EPC subclusters. The arrow rep-
resents the direction of differentiation. (C) UMAP plots of the group-specific distribution of EPCs. (D) Box-and-whisker plot comparing the proportion of cells 
within EPC subcluster 9 between healthy controls and patients (t-test, ***P < 0.001). (E) Box-and-whisker plot comparing the proportion of cells within EPC 
subcluster 9 among healthy controls, IST responders, and IST non-responders (t-test, ***P < 0.001). (F) UMAP plots of the expression of marker genes charac-
terizing EPC subclusters (zoomed-in views represent subcluster 9). (G) Representative images for EPC subclusters using flow cytometry. (H) Box-and-whisker 
plot comparing the percent of CD34+ EPC among healthy controls, IST responders, and non-responders. The solid horizontal line represents the median, the 
lower boundary represents the lower quartile, the upper border represents the upper quartile, and the whiskers represent outliers (t-test, ***P < 0.001). AA = 
aplastic anemia; BM = bone marrow; EPC = erythroid precursor cell; IST = immunosuppresive therapy; UMAP = uniform manifold approximation and projection. 
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Figure 3.  HSC subclusters. (A) UMAP plot of HSC subclusters. (B) Heatmap of the expression profile of marker genes [z score of log2(count per million+1)] used 
to identify the cell type of each subcluster and to determine the degree of depletion. Red and blue colors denote upregulated and downregulated genes, respec-
tively. (C) Proportions (top) and cell counts (bottom) of HSC subclusters for each sample (HSCs were not detected in R4, R5, N3, and N4). (D) Trajectory plot depict-
ing the degree of differentiation and cluster distribution of all samples by pseudotime analysis. The arrow represents the direction of differentiation. (E) Violin plots of 
the expression profile of DEGs representing the characteristic of PROM1−/low HSCs. (t-test, *P < 0.05, ***P < 0.001). (G) UMAP plot of HSPC subclusters, (H) Dot plot 
of the expression profile of PROM1. (I) Box-and-whisker plot comparing the proportions of clusters between healthy controls and AA patients. The solid horizontal 
line represents the median, the lower boundary represents the lower quartile, the upper border represents the upper quartile, and the whiskers represent outliers 
(t-test, **P < 0.01). (J) Representative histograms show the expression of PROM1 of CD34+ HSCs. (K) Box-and-whisker plot comparing the percent of PROM1+ 
HSCs among healthy controls, IST responders, and non-responders. The solid horizontal line represents the median, the lower boundary represents the lower 
quartile, the upper border represents the upper quartile, and the whiskers represent outliers (t-test, ***P < 0.001). AA = aplastic anemia; BM = bone marrow; DEG = differen-
tially expressed genes; HSC = hematopoietic stem cell; HSPC = hematopoietic stem and progenitor cells; IST = immunosuppressive therapy; UMAP = uniform manifold approximation and projection. 

D
ow

nloaded from
 http://journals.lw

w
.com

/hem
asphere by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsIH
o4X

M
i0hC

y
w

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dgG

j2M
w

lZ
LeI=

 on 11/21/2023



8

Jang et al� Single-cell RNA Sequencing of Aplastic Anemia

lineage markers (Figure 6B; Suppl. Table S9). The B cell sub-
clusters were largely divided into 2 memory statuses based 
on the expression of CD27,38 while the expression patterns 
of IGHG1, IGHG4, and IGLL1 clearly distinguished plasma 
cells (C6, C9) from the other B cell subclusters (Figure 6A,B; 
Suppl. Figure S9). Interestingly, 1 memory B cell subclus-
ter (C2) with relative upregulation of MALAT1, which was 
reported to be associated with viability of diffuse large B cell 
lymphoma (DLBCL) cell,39 and TXNIP, which is required 
for expansion of germinal center B cell,40 showed margin-
ally significant depletion in IST non-responders (P = 0.058; 
Figure 6C–E).

Depletion of CD1C+ DCs and M2 monocytic precursors, and 
enrichment of inflammatory M1 macrophages in AA patients

When reclustering myeloid cells, we identified 9 subclusters: 
1 myeloid NK cells (C0), 1 myeloid NK precursors (C6),41,42 
1 M1 macrophage (C7), 1 M1 monocyte (C8), 1 M2 mono-
cyte (C4), 2 monocyte precursors (C1, C2), 1 CD1C+ DC (C3), 
and 1 CLEC9A+ DC (C5) (Figure  7A–C; Suppl. Table S10).43 
Among the 9 subclusters, only 1 subcluster (C7) was marginally 
increased in AA patients (P = 0.055; Figure 7D,E; Suppl. Figure 
S10A). C7 was defined as inflammatory M1 macrophage based 
on the expression of FCGR1A, SOCS1, and complement com-
ponents (C1QA, C1QB, and C1QC) (Figure 7B,F; Suppl. Figure 

Figure 4.  T cell subclusters. (A) UMAP plot of T cell subclusters (NK, Treg, and CLP). (B) Heatmap of the expression of marker genes used to identify the cell 
type of each subcluster. Red and blue colors denote upregulated and downregulated genes, respectively. (C) Proportion of T cell subclusters in each sample. (D) 
Box-and-whisker plot comparing the proportion of CD8+ T cell subclusters among healthy controls, IST responders, and non-responders. The solid horizontal 
line represents the median, the lower boundary represents the lower quartile, the upper border represents the upper quartile, and the whiskers represent outliers 
(t-test). (E) Representative images of CD4+ T cells and CD8+ T cells from the BMs of IST responders and non-responders through flow cytometry analysis. (F) 
Box-and-whisker plot comparing the percent of CD8+ T cells between IST responders and IST non-responders. The solid horizontal line represents the median, 
the lower boundary represents the lower quartile, the upper border represents the upper quartile, and the whiskers represent outliers (t-test, **P < 0.01). (G) Box-
and-whisker plot comparing the proportion of CD8+ T cells detected by in silico detection among healthy controls, IST responders, and non-responders. The 
solid horizontal line represents the median, the lower boundary represents the lower quartile, the upper border represents the upper quartile, and the whiskers 
represent outliers (t-test, *P < 0.05). BM = bone marrow; CLP = common lymphoid precursor; IST = immunosuppressive therapy; NK = natural killer cell; Treg = regulatory CD4+ T cell; 
UMAP = uniform manifold approximation and projection. 
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Figure 5.  MALAT1high Treg subcluster. (A) Box-and-whisker plot comparing the proportion of Tregs including C5 and C7 between healthy controls and AA 
patients. The solid horizontal line represents the median, the lower boundary represents the lower quartile, the upper border represents the upper quartile, and 
the whiskers represent outliers (t-test). (B) Representative images for CD4+ Tregs using flow cytometry. (C) Box-and-whisker plot comparing the percent of CD4+ 
Tregs among healthy controls, IST responders, and IST non-responders. The solid horizontal line represents the median, the lower boundary represents the 
lower quartile, the upper border represents the upper quartile, and the whiskers represent outliers (t-test, **P < 0.01 and *P < 0.05). (D) Box-and-whisker plot 
comparing the proportion of Treg subcluster C7 between healthy controls and AA patients. The solid horizontal line represents the median, the lower boundary 
represents the lower quartile, the upper border represents the upper quartile, and the whiskers represent outliers (t-test). (E) Box-and-whisker plot comparing 
the proportion of Treg subcluster C5 among healthy controls and AA patients from our data, and AA patients from Zhu et al. The solid horizontal line represents 
the median, the lower boundary represents the lower quartile, the upper border represents the upper quartile, and the whiskers represent outliers (t-test, 
**P < 0.01). (F) Volcano plot for DEGs between T cell subclusters 5 and 7. Red and blue dots denote upregulated and downregulated DEGs, respectively, with 
an adjusted P value <0.05 and a |log2(FC: fold change)| >0.25. (G) UMAP plot of T cells. (H) Heatmap of the expression of marker genes used to identify the 
cell type of each subcluster. Red and blue colors denote upregulated and downregulated genes, respectively. (I) UMAP plots displaying the scores associated 
with immune-suppressive potential of Tregs. (J) Relative expression profiles of MALAT1 among 10 T cell subclusters. (K) Box-and-whisker plot comparing the 
proportion of cluster 7 of clusters among HCA controls, healthy controls, and AA patients. The solid horizontal line represents the median, the lower boundary 
represents the lower quartile, the upper border represents the upper quartile, and the whiskers represent outliers (t-test, *P < 0.05). AA = aplastic anemia; BM = bone 
marrow; DEG = differentially expressed genes; HCA = Human Cell Atlas; IST = immunosuppressive therapy; UMAP = uniform manifold approximation and projection. 
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S10B). In contrast, C3 and C4 were significantly depleted in AA 
patients and identified as CD1C+ DCs43 and M2 monocytic pre-
cursor, respectively, based on the expression profiles of CD1C 
and CLEC10A (Figure 7B,D–F; Suppl. Figure S10). To further 
explore the lineages of myeloid cells, we performed trajectory 
analysis and observed 2 different developmental branches of 
cellular differentiation (Figure 7C). One branch was from NK 
precursors (C6) to mature NK cells (C0), and the other was 
from monocyte precursors (C1, C2) to intermediate-stage M2 
monocyte (C4), M1 monocyte (C8), and M1 macrophage (C7) 
(Figure 7C; Suppl. Figure S11). Late-stage M1 macrophage (C7) 
was enriched in AA patients, but late-stage CD1C+ DC (C3) 
and intermediate-stage M2 monocyte (C4) were depleted in AA 
patients (Figure 7E).

The immune-stimulating intercellular interactions were prominent in 
IST responders

To gain insight into intercellular interactions associated with 
AA pathogenesis and IST resistance, we assessed the crosstalk 
among the major cell types using CellPhoneDB.20 As T cells are 
major targets of IST and mainly responsible for the depletion of 
HSCs, our analysis was focused on the intercellular interactions 
of T cells. We found that several anti-inflammatory interactions 
between CD8+ EMs and HSCs were inactivated in AA patients. For 
example, TNFRSF14/MIF34,44 interaction that regulate immune 
response through the immune checkpoint were inactivated in 

AA patients (Figure 8A). In contrast, proinflammatory interac-
tions of molecular pairs, such as CLEC2D/FAM3C,45–47 were 
relatively activated in AA patients (Figure 8A). Additionally, IST 
responders were characterized by enriched CD2/CD58 interac-
tion, which is essential for cellular immunity48–51 and depleted 
HAVCR2/LGALS9 interaction which is associated with T cell 
dysfunction and immune escape (Figure 8B).52–54

Furthermore, several intercellular interactions between CD4+ 
T cells and memory B cells were found to be potentially asso-
ciated with AA pathogenesis and IST resistance. For instance, 
AA patients were characterized by CD4+ T cell–activating inter-
actions, such as CD40/CD40LG55 and CD22/PTPRC.56,57 On 
the contrary, immune-regulatory interactions, such as LILRB1/
HLA-F,58 were inactivated in AA patients (Figure  8C).59 IST 
responders, in particular, were featured by costimulatory inter-
action between CD86 and CD28 when compared with non-re-
sponders (Figure 8D).60–62

DISCUSSION

In this study, we demonstrated that the hematologic and 
immunologic abnormalities of the BM of AA patients were 
caused by the alterations of various types of cells (Figure 1F). 
Based on the reclustering analysis, the skewed differentiation of 
several cell types strongly suggests that complex cellular factors 
are associated with AA pathogenesis and IST resistance.
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Figure 7.  Myeloid cell subclusters. (A) UMAP plots of all myeloid cell subclusters (NK, DC; left panel) divided by healthy controls and patients (right panel). 
(B) Heatmap of the expression of marker genes used to identify the cell type of each subcluster. Red and blue colors denote upregulated and downregulated 
genes, respectively. (C) Trajectory plot describing the degree of differentiation and subcluster distribution by pseudotime analysis. The arrow represents the 
direction of differentiation. (D) Proportion of myeloid cell subclusters (left) and number of cells (right) in each sample. (E) Box-and-whisker plot comparing the 
proportion of myeloid cell subclusters 3, 4, and 7 between healthy controls and patients. The solid horizontal line represents the median, the lower boundary 
represents the lower quartile, the upper border represents the upper quartile, and the whiskers represent outliers (t-test, *P < 0.05). (F) Volcano plots of DEGs 
of myeloid cell subclusters 3, 4, and 7 compared with the other clusters. Red and blue dots denote upregulated and downregulated DEGs, respectively, with 
an adjusted P value <0.05 and a |log2(FC: fold change)| >0.25. AA = aplastic anemia; DC = dendritic cell; DEG = differentially expressed genes; NK = natural killer cell; UMAP = 
uniform manifold approximation and projection. 
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To disclose the factors affecting hematologic abnormalities, 
we focused on the depleted subclusters of EPCs and HSCs in 
AA patients. One early-stage EPC (C9) was completely depleted 

in AA patients compared with healthy controls (Figure 2D,E). 
These corroborate the results of a previous study that reported 
that immature erythroid precursors are sensitive to apoptotic 
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triggering mediated by the activation of the intrinsic and extrin-
sic apoptotic pathways, which were exacerbated in AA.63 Our 
results might be related to the significant reduction of mature 
erythrocytes in the peripheral blood of AA patients.24

In the case of HSCs, we found 2 major groups based on the 
expression profile of PROM1 (Figure 3A,B). Although PROM1+ 
HSCs were completely depleted in AA patients, PROM1−/low 
HSCs were partially depleted in AA patients before exposure to 
the IST, indicating their recovering roles after IST (Figure 3C). 
According to the results of the trajectory analysis, each HSC 
group was predicted to possess a unique trajectory pattern 
(Figure  3D). Thus, we concluded that the depletion of HSCs 
was largely dependent on their differentiation based on PROM1 
expression (Figure  3D). Importantly, PROM1−/low HSCs were 
characterized by the increased expression of autophagy-related 
genes and the inhibitory checkpoints, indicating their implica-
tion in HSC survival (Figure 3B,E).28 These distinct transcrip-
tion patterns of PROM1−/low HSCs could be associated with their 
residual capacity of regeneration in the abnormal hematologic 
environment of AA (Figure 3C).

To evaluate immunologic abnormality in AA patients, we 
researched the cellular status and interactions of diverse immune 
cell types. By assessing the ratio of several T cell subtypes, we 
found that CD8+ T cells were expanded in IST responders com-
pared with non-responders. This result confirms the expan-
sion of CD8+ T cells as a strong factor for IST response in AA 
patients (Figure  1F,4C–G). We also observed that Tregs were 
depleted in AA patients supporting the immune-reactive sta-
tus of T cells in this patient group (Figure  5A–C). Especially, 
MALAT1high Treg subcluster was significantly reduced in AA 
patients (Figure  5E,F). MALAT1 was previously reported to 
impact the differentiation of Th1/Th17 cells into Tregs.64 The 
MALAT1high Treg subcluster was characterized by the low 
expression of FOS and JUNB inducing inflammatory responses 
in T cells (Figure  5F).65 Overall, the altered proportions of 
CD8+ T cells and MALAT1high Tregs suggest that they could be 
important cellular components involved in IST response and AA 
pathogenesis.

We also discovered that 1 memory B cell subcluster (C2) 
characterized by the upregulation of MALAT1 and TXNIP was 
significantly depleted in IST non-responders compared with 
healthy controls (Figure 6C–F). In the case of B cell, MALAT1 
is known to be highly expressed in DLBCL patients and the 
knockdown of MALAT1 induced the apoptosis by arresting cell 
cycle.39 Furthermore, TXNIP was reported to be associated with 
the expansion of germinal center B cell.40 This result represents 
the restricted expansion of memory B cell in IST non-responders 
and potential contribution of the memory B cells in IST response 
by enhancing the immune microenvironment of responders.

Next, we observed the altered proportion of 3 myeloid 
cell subclusters, including M1 macrophage (C7), M2 mono-
cyte precursor (C4), and CD1C+ DC (C3) in AA patients 
(Figure 7D,E). M1 macrophage subcluster (C7) was enriched 
in AA patients and was characterized by immune-stimulatory 
traits based on the upregulation of complement components 
(C1QA, C1QB, and C1QC) (Figure  7F). In contrast to M1 
macrophages, M2 monocytes, which were depleted in AA 
patients, are known as anti-inflammatory cells and play a role 
in alleviating inflammation in the context of various diseases.66 
Interestingly, CD1C+ DC subcluster (C3) was also depleted in 
AA patients. CD1C+ DCs have varying roles in different con-
texts. In several previous studies, CD1C+ DCs were reported 
to be playing an anti-inflammatory role in a specific condi-
tion, such as chronic inflammation.43 However, there are also 
reports suggesting the inflammatory role of CD1C+ DCs in 
other contexts.67 These data suggest that the enrichment of 
inflammatory M1 monocytes and the depletion of anti-inflam-
matory M2 monocytes and CD1C+ DCs are immunological 
factors of AA pathogenesis.

Apart from myeloid DC cells, we also detected a signifi-
cant reduction of pDCs in AA patients compared with healthy 
controls (Figure 1F). Previous studies reported that pDCs are 
related to anti-inflammatory responses in various sites via both 
innate and adaptive mechanisms by inducing the generation of 
Tregs.68,69 Although the inflammatory roles of pDCs in systemic 
lupus erythematosus and psoriasis have been reported in pre-
vious studies,70,71 our findings support their potential roles in 
inducing Treg generation for the regulation of the cytotoxicity 
of T cells.

To investigate the association between T cells and HSC deple-
tion in AA patients, we focused on the cellular interactions 
between CD8+ EMs and HSCs. We identified that CLEC2D/
FAM3C,45–47 and PLXND1/SEMA4A72,73 interactions, which are 
known to be implicated in T cell-mediated immunity and immune 
sensing of cell death, were enriched in AA patients (Figure 8A). 
In contrast, several interactions, including ICOS/ICOSLG,74,75 
ADRB2/IL1B,76,77 and SELPLG/SELL,78,79 which are associated 
with the regulation of T cell expansion, infiltration, and autoim-
munity, were depleted in AA patients (Figure 8A). Interestingly, 
we also observed that immune checkpoint signaling-related 
molecular interactions, such as TNFRSF14/MIF34,44 interaction, 
were deactivated in AA patients (Figure 8B). We further found 
that the active interaction between CD2 on CD8+ EMs and 
CD58 from HSCs was a characteristic of IST responders. CD58 
is the costimulatory ligand for CD2 and the CD2/CD58 inter-
actions between cancer cells and T cells are known to be essen-
tial for cell lysis.48–51 These results support that the depletion of 
HSCs in AA patients was induced by the enhanced immune-re-
active interactions between CD8+ EM and HSCs, while these 
intercellular interactions also affected the IST response.

In B cells, we observed that several molecular interactions 
associated with T cell activation were enriched in AA patients. 
These interactions including CD40/CD40L55 and CD22/
PTPRC57 are known to be implicated in T cell priming56 and 
maintenance,80 respectively (Figure  8C). Furthermore, the 
interaction between immunosuppressive receptor LILRB1 on 
memory B cells and HLA-F from CD4+ T cells was absent in 
AA patients (Figure 8C).58,59 IST responders in particular were 
characterized by the enhanced interaction between CD86 and 
CD28, which enhances T cell survival through the upregulation 
of Bcl-xL, an antiapoptotic molecule (Figure 8D).61,62

In summary, our findings demonstrate that various cellu-
lar factors are related to the immune-stimulating microenvi-
ronment in the BM of AA patients, and the IST response is 
significantly correlated with the level of immune activation. 
The activated immune environment in the AA patients was 
induced by the depletion of MALA1high Tregs, CD1C+ DCs, 
and M2 monocytes, and the enrichment of M1 macrophages 
resulting in the significant depletion of early CD34+ EPCs. 
Further immune activation in IST responders compared with 
non-responders was associated with the expansion of CD8+ T 
cells, the exacerbated depletion of MALAT1high Tregs, and the 
enrichment of memory B cells. In addition, PROM1+ HSCs 
showed distinct transcriptional profiles of immune check-
points representing the alteration of HSCs in AA patients. 
These results suggested that diverse cell types, such as EPC, 
HSC, T cell, myeloid cell, and B cell, should be considered 
to develop novel therapeutic strategy for treatment of AA 
patients (Suppl. Table S11). Due to the rarity and hypocellu-
larity of SAA, the small sample size and heterogeneous sub-
jects with different types of IST utilized in our study could be 
a limitation. Furthermore, since the presented data are mainly 
based on the computational analyses, additional rigorous val-
idations are required for supporting our data in the future. 
Although the horse ATG is the standard source of ATG as 
intensive IST, horse ATG is not available in South America 
and Asia.11,81 Since the current study included patients who 
received rabbit ATG, our results may need to be interpreted 
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cautiously for institutions using horse ATG. However, this is 
the first comprehensive BM single-cell transcriptome analysis 
of AA with support by flow cytometry that identifies diverse 
cellular factors related to AA pathogenesis and the IST 
response. Released library data from the current study could 
support subsequent studies to identify the change of scRNA-
seq based-transcriptome marker in SAA patients, especially in 
those who were treated with thrombopoietin agonist added to 
IST as a front-line treatment.82,83
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