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Abstract
Background  The function of hematopoietic stem cells (HSC) is regulated by HSC internal signaling pathways and 
their microenvironment. Chemokines and chemokine ligands play important roles in the regulation of HSC function. 
Yet, their functions in HSC are not fully understood.

Methods  We established Cxcr3 and Cxcl10 knockout mouse models (Cxcr3−/− and Cxcl10−/−) to analyze the 
roles of Cxcr3 or Cxcl10 in regulating HSC function. The cell cycle distribution of LT-HSC was assessed via flow 
cytometry. Cxcr3−/− and Cxcl10−/− stem/progenitor cells showed reduced self-renewal capacity as measured in 
serial transplantation assays. To study the effects of Cxcr3 or Cxcl10 deficient bone marrow microenvironment, we 
transplanted CD45.1 donor cells into Cxcr3−/−or Cxcl10−/− recipient mice (CD45.2) and examined donor-contributed 
hematopoiesis.

Results  Deficiency of Cxcl10 and its receptor Cxcr3 led to decreased BM cellularity in mice, with a significantly 
increased proportion of LT-HSC. Cxcl10−/− stem/progenitor cells showed reduced self-renewal capacity in the 
secondary transplantation assay. Notably, Cxcl10−/− donor-derived cells preferentially differentiated into B 
lymphocytes, with skewed myeloid differentiation ability. Meanwhile, Cxcr3-deficient HSCs demonstrated a 
reconstitution disadvantage in secondary transplantation, but the lineage bias was not significant. Interestingly, the 
absence of Cxcl10 or Cxcr3 in bone marrow microenvironment did not affect HSC function.

Conclusions  The Cxcl10 and Cxcr3 regulate the function of HSC, including self-renewal and differentiation, adding to 
the understanding of the roles of chemokines in the regulation of HSC function.

Keywords  C-X-C motif chemokine receptor 3, C-X-C motif chemokine ligand 10, Hematopoietic stem cells, Self-
renewal, Competitive bone marrow transplantation
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Introduction
Hematopoietic stem cells (HSC) are a group of adult stem 
cells with multilineage differentiation and self-renewal 
capability. The balanced state between quiescence, pro-
liferation, and differentiation is regulated by numerous 
transcriptional networks, which are controlled by both 
cellular autonomous factors and the surrounding BM 
microenvironment [1–3]. Non-hematopoietic cells in the 
bone marrow niche, such as vascular endothelial cells, 
adipocytes, and mesenchymal stem cells, have also been 
identified as key regulators of HSC maintenance [2].

Chemokines belong to the largest subfamily of cyto-
kines and can be further divided into four main sub-
families based on the location of the N-terminal cysteine 
residues: CC, CXC, XC, and CX3C chemokines [4]. Che-
mokines normally bind to chemokine receptors, which 
are widely involved in cell migration, immune cell devel-
opment and hematopoiesis [5, 6]. HSC proliferation, sur-
vival, and differentiation are regulated by members of the 
chemokine and chemokine receptor family [6]. For exam-
ple, CXCL12 and its receptor CXCR4 play important 
roles in hematopoietic cell survival, bone marrow reten-
tion, and mobilization [7]. Plerixafor is a CXCR4 antago-
nist that has been used clinically to mobilize HSCs [8, 9]. 
Moreover, bone marrow dendritic cells play an important 
role in regulating hematopoietic stem and progenitor cell 
(HSPC) trafficking through regulating sinusoidal endo-
thelial cells CXCR2-CXCL1/CXCL2 signaling and vas-
cular permeability [10]. Recent advances have shown that 
G protein-coupled receptor 182 (GPR182) is expressed 
in endothelial cells and binds to CXCL10, CXCL12, and 
CXCL13. GPR182 is a novel atypical chemokine receptor 
involved in regulating HSC homeostasis through clear-
ance of CXCL10, CXCL12 and CXCL13 [11]. Moreover, 
studies in Cxcl4-deficient mice showed significantly 
reduced numbers of HSCs. In contrast, Cxcr2 deficient 
mice significantly increased the numbers of HSCs and 
hematopoietic progenitor cell subpopulations. In serial 
transplantation assays, CXCL4 or CXCR2 deficient HSCs 
demonstrated significantly reduced self-renewal capacity 
[12]. However, the roles of chemokines and their recep-
tors in the fate of HSCs have not been comprehensively 
described so far.

Studies have shown that C-X-C motif chemokine ligand 
10 (CXCL10) expression is significantly increased in qui-
escent hematopoietic stem cells (CD34+CD38−) com-
pared with proliferative hematopoietic stem progenitor 
cells (CD34+CD38+) [12, 13], suggesting that CXCL10 
may be involved in regulating HSC homeostasis. C-X-C 
motif chemokine receptor 3 receptor 3 (CXCR3), as a 
receptor for CXCL9/CXCL10/CXCL11, is involved in 
regulating cell proliferation, migration, and immunity, 
but its role in HSC remains unknown. Here, we inves-
tigated the requirement of Cxcl10 and Cxcr3 for the 

self-renewal and multi-lineage differentiation potential of 
HSCs in vivo.

Methods
Mice
The Cxcr3−/− and Cxcl10−/− mice were purchased from 
the Shanghai Model Organism Center. The frameshift 
mutations were generated by non-homologous recombi-
nation using CRISPR-CAS9 technology on the C57BL/6J 
mouse background. Heterozygous mice were crossed to 
produce Cxcl10 or Cxcr3 deletion homozygous mice. 
CD45.1 mice were a gift from Dr. Jinyong Wang (Guang-
zhou Institutes of Biomedicine and Health, Chinese 
Academy of Sciences, Guangzhou). 8–10 weeks old 
and sex matched WT and Cxcr3−/− or Cxcl10−/− mice 
were used in our study. The mice had access to steril-
ized food and water ad libitum. Mice were anesthetized 
with 2% isoflurane and then sacrificed by cervical dislo-
cation. All animal experiments were carried out using 
the experimental scheme approved by the Institutional 
Animal Care and Use Committee of Jinan University 
(JNU-IACUC). All animal experiments were performed 
according to the National Institutes of Health guide for 
the care and use of laboratory animals and ARRIVE 
guidelines. To prevent confounding bias, the placement 
of each mouse cage was randomized.

Cell staining for FACS analysis and sorting
Bone marrow cells were obtained from the tibia 
and femur of mice. A small amount of peripheral 
blood was collected from the retroorbital venous 
plexus after anesthesia. Spleen cells were obtained 
by grinding and filtering the spleen. Red blood cells 
were lysed for subsequent staining. HSPC popula-
tions were stained with the following antibodies: 
LT-HSC (Lin−Sca-1+c-Kit+CD135−CD150+CD48−); 
ST-HSC (Lin−Sca-1+c-Kit+CD135−CD150−CD48−); 
MPP2(Lin−Sca-1+c-Kit+CD135−CD150+CD48+); MPP3 
(Lin−Sca-1+c-Kit+CD135−CD150−CD48+); MPP4 
(Lin−Sca-1+c-Kit+CD135+CD150− CD48+). For lineage 
analysis, cells were stained with antibodies against T 
cells (CD90.2 or CD3), B cells (CD19) and myeloid cells 
(CD11b). Cell analysis was performed with FACS Canto 
and FACS Aria III, respectively. Data analysis was per-
formed with FlowJo software.

LT-HSC cell cycle analysis
BM cells were harvested from tibias and femurs 
of 8-10-week-old WT and Cxcl10−/− or Cxcr3−/−. 
We first labeled the LT-HSC (Lin−Sca-1+c-
Kit+CD135−CD150+CD48−). Then the cells were fixed 
using 4% PFA. After washing, the fixed cells were per-
meabilized with 0.4% saponin in PBS (S4521, Sigma-
Aldrich) together with the Ki-67-APC (Cat: 652405, 
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Biolegend) staining for 45  min. Finally, the cells were 
resuspended in DAPI solution (2.5 µg/ml) for 1 h in the 
dark. The data were analyzed using Flowjo software. To 
prevent confounding bias, the placement of each mouse 
cage was randomized.

Bone marrow transplantation assays
In non-competitive transplantation experiments, 1 × 106 
BM cells from CD45.1 mouse were transplanted into 
lethally irradiated (8 Gy, 1 Gy/min) Cxcr3−/− or Cxcl10−/− 
recipient by the tail vein injection. In competitive trans-
plantation experiments, 5 × 105 Cxcr3−/− or Cxcl10−/− BM 
cells were respectively mixed with the same amount 
of CD45.1 BM cells and transferred into lethally irradi-
ated (8 Gy, 1 Gy/min) CD45.1 recipients by the tail vein 
injection. The second transplantation was performed at 
16 weeks. 1 × 106 BM cells from primary recipients were 
injected into lethally irradiated (8 Gy, 1 Gy/min) CD45.1 
recipients by tail vein injection. Donor chimerism and 
lineage commitment of peripheral blood were assessed 
every 4 weeks by flow cytometric analysis. At the end of 
transplantation, recipients were sacrificed and BM HSPC 
frequency was determined. To prevent confounding bias, 
the placement of each mouse cage was randomized.

RNA-seq of LT-HSCs and analysis
LT-HSCs (Lin−Sca-1+c-Kit+CD135−CD150+CD48−) 
were isolated from bone marrow cells of three WT mice, 
Cxcl10−/− and Cxcr3−/− mice, respectively. 500 ~ 800 
drops per mouse were sorted into 96-well plates contain-
ing 10  µl buffer (2%FBS + DPBS). RNA extraction and 
amplification were performed with Discover-sc WTA Kit 
V2 following the manufacturer’s instructions (Vazyme, 
N711-02). cDNA concentration was determined by 
Qubit 3.0. Sequencing libraries were prepared using 
TruePrep DNA Library Prep Kit V2 for Illumina accord-
ing to the manufacturer’s protocol (Vazyme, TD503-01) 
and sequenced on the Illumina sequencing platform 
by Genedenovo Biotechnology Co., Ltd (Guangzhou, 
China). Alignment analysis of mouse genomes was car-
ried out using HISAT2 software [14]. RSEM was used to 
calculate the expression of all genes in each sample [15]. 
Differential gene expression analysis was performed by 
the DESeq2 package. GSEA analysis was used to find 
enriched signaling pathways.

Statistical analysis
The data were represented as mean values ± SD or SEM 
and analyzed using GraphPad Prism software (Version 
8.0). Two-tailed Student’s t-tests were performed for the 
comparison of two groups. P values of less than 0.05 were 
considered statistically significant (*:P < 0.05, **:P < 0.01, 
***:P < 0.001, ****: P < 0.0001).

ARRIVE checklist
All authors declare that the work has been reported in 
line with the ARRIVE guidelines 2.0.

Results
Loss of Cxcl10 increased proportion of LT-HSC under 
homeostasis
To study the role of Cxcl10 in hematopoiesis, Cxcl10−/− 
mice were established with CRISPR/Cas9 method (Fig. 
S1A). The deletion of Cxcl10 was confirmed by poly-
merase chain reaction (PCR) (Fig. S1B). In 8-10-week-
old, weight-and sex-matched mice, the number of bone 
marrow cells significantly decreased in Cxcl10−/− mice 
compared to WT mice (P < 0.001) (Fig.  1A, Fig. S2A). 
Interestingly, both the weight and cell counts of the 
spleen increased in Cxcl10−/− mice (P < 0.001) (Fig.  1B-
C). We next examined the frequencies of mature lin-
eages in the peripheral blood, bone marrow, and spleen. 
The frequencies of lineage cells (CD90.2+ T cells, CD19+ 
B cells, and CD11b+ myeloid cells) were comparable to 
those in WT mice (Fig.  1D-E). However, the frequency 
of T cells decreased and that of B cells increased in the 
spleen of Cxcl10−/− mice (P < 0.001) (Fig.  1F). We then 
went on to examine the T cell distribution in the thymus 
and found no significant difference in the proportion of 
T lymphocyte subsets in the thymus of Cxcl10−/− mice 
(Fig. S2B). Next, we investigate whether the deficiency 
of Cxcl10 affects HSPCs. Interestingly, we observed an 
increase in the proportion of LT-HSC, ST-HSC, MPP4 
as well as the LSK in the bone marrow of Cxcl10−/− mice 
(Fig. 1G-I). To further characterize the Cxcl10−/− HSCs, 
we examined the cell cycle status of Cxcl10−/− LT-HSC. 
Notably, the ratio of Cxcl10−/− in the G0 phase was 
reduced significantly while more Cxcl10−/− LT-HSCs 
were in the G1-S-G2-M phase compared to WT mice 
(P < 0.05), indicating loss of Cxcl10 drives HSCs into cell 
cycle (Fig. 1J-L). Taken together, Cxcl10 deficiency alters 
the cellularity in the bone marrow and spleen. More 
importantly, the loss of Cxcl10 increases the frequency of 
LT-HSCs and drives them into the cell cycle.

Loss of Cxcr3 increased proportion of LT-HSC under 
homeostasis
To complement the observation in Cxcl10−/− mice, we 
next investigated the requirement of Cxcr3, a receptor 
for Cxcl10, for HSC function in mice. Similarly, Cxcr3−/− 
mice were constructed with CRISPR9/Cas9 method and 
confirmed by PCR (Fig. S3). In 8-10-week-old, weight- 
and sex-matched mice, the number of bone marrow cel-
lularity significantly decreased (P < 0.01) (Fig.  2A, Fig. 
S4A), while the weight and cell counts of spleen also 
increased in Cxcr3−/− mice (Fig. 2B-C). The frequency of 
mature lineage cells (CD90.2 T+ cells, CD19+ B cells, and 
CD11b+ myeloid cells) in Cxcr3−/− mice in peripheral 
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Fig. 1  The HSPC and lineage composition of Cxcl10−/− mice under homeostasis. (A-C) Counts of bone marrow cells (A), weight of spleen (B), number of 
spleen cells (C) in Cxcl10−/− mice. Data are analyzed by Student’s t-test (n = 8 mice for each group, a total of 16). ***, P < 0.001. (D-F) The proportion of T 
lymphocytes, B lymphocytes, and myeloid cells from PB (D), BM (E), and SP (F) in Cxcl10−/− mice. Data are analyzed by Student’s t-test (n = 4 mice for each 
group, a total of 8). ***, P < 0.001. (G-I) (G) Representative gating strategy used to identify LT-HSC, ST-HSC, MPP2, MPP3, and MPP4 based on expression 
of CD135, CD48, and CD150 in BM LSK in Cxcl10−/−. (H) Statistical analysis of HSPC proportion in Cxcl10−/− mice. (I) Statistical analysis of LSK proportion in 
Cxcl10−/− mice. Data are analyzed by Student’s t-test (n = 8 mice for each group, a total of 16). *, P < 0.05, **, P < 0.01, ***, P < 0.001. (J-L) Cell cycle analysis of 
Cxcl10−/− HSCs under homeostasis. (J) Representative plots of cell cycle from representative WT and Cxcl10−/− mice (6-week-old). WT littermates (6-week-
olds) were used as control. LT-HSC (Lin− (CD2− CD3− CD4− CD8− B220− Gr1− CD11b− Ter119−) CD48− Sca1+ c-kit+ CD150+ CD135−) were analyzed by 
DNA content (DAPI) versus Ki-67. G0 (Ki-67−DAPI−), G1-G2-S-M (Ki-67+). The percentages (%) of LT-HSC in G0 (K), G1-G2-S-M (L) stages were compared, 
respectively. Data are analyzed by Student’s t-test (n = 4 mice for each group, a total of 8). *, P < 0.05
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Fig. 2  The HSPC and lineage composition of Cxcr3−/− mice under homeostasis.(A-C) Counts of bone marrow cells (A), weight of spleen (B), number of 
spleen cells (C) in Cxcr3−/− mice. Data are analyzed by Student’s t-test (n = 8 mice for each group, a total of 16). *, P < 0.05, **, P < 0.01. (D-F) The propor-
tion of T lymphocytes, B lymphocytes, and myeloid cells from PB (D), BM (E), and SP (F) in Cxcr3−/− mice (n = 4 mice for each group, a total of 8). (G-I) (G) 
Representative gating strategy used to identify LT-HSC, ST-HSC, MPP2, MPP3, and MPP4 based on expression of CD135, CD48, and CD150 in BM LSK in 
Cxcr3−/− mice. (H)Statistical analysis of HSPC proportion in Cxcr3−/− mice. (I) Statistical analysis of LSK proportion in Cxcr3−/− mice. Data are analyzed by 
Student’s t-test (n = 6 mice for each group, a total of 12). *, P < 0.05. (J-K) Cell cycle analysis of Cxcr3−/− HSCs under homeostasis. (J) Representative plots 
of cell cycle from representative WT and Cxcr3−/− mice (6-week-old). WT littermates (6-week-olds) were used as controls. LT-HSC (Lin− (CD2− CD3− CD4− 
CD8− B220− Gr1− CD11b− Ter119−) CD48− Sca1+ c-kit+ CD150+ CD135−) were analyzed by DNA content (DAPI) versus Ki-67. G0 (Ki-67−DAPI−), G1-G2-S-M 
(Ki-67+). The percentages (%) of LT-HSC in G0 (K), G1-G2-S-M (L) stages were compared, respectively. Data are analyzed by Student’s t-test (n = 4 mice for 
each group, a total of 8). *, P < 0.05, **, P < 0.01
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blood, BM, and spleen were all comparable to WT 
mice (Fig.  2D-F). Not surprisingly, no differences were 
detected in the T-cell subsets (CD4 and CD8) in the thy-
mus between the Cxcr3−/− mice and WT mice (Fig. S4B). 
Next, we also investigate whether the deficiency of Cxcr3 
affects HSPCs. We observed an increase in the propor-
tion of LT-HSC, MPP2, MPP4, and LSK in the bone mar-
row of Cxcr3−/− mice (Fig. 2G-I). The cell cycle analysis of 
LT-HSC indicated that fewer LT-HSCs were in G0 status 
while more cells entered the G1-S-G2-M phase (Fig. 2J-
L). Collectively, Cxcr3 deficiency leads to the alteration 
of cellularity in the bone marrow and spleen, and loss of 
Cxcr3 also results in the increase of phenotypic LT-HSCs 
and drives them into the cell cycle.

Cxcl10 or Cxcr3 deficient HSCs showed normal 
reconstitution capacity in primary transplantation
To further investigate the role of Cxcl10 and Cxcr3 in the 
function of HSCs, we performed a competitive transplan-
tation assay. Five hundred thousand whole bone marrow 
cells from Cxcl10−/− or Cxcr3−/− (CD45.2+) were trans-
planted into irradiated recipients (CD45.1+) respectively, 
together with five hundred thousand CD45.1+ competitor 
cells (Fig. 3A). Donor chimerism and lineage composition 
of the peripheral blood were assessed by flow cytometry 
every four weeks. The donor contribution of Cxcl10−/− or 
Cxcr3−/− mice in PB was comparable with WT control in 
primary recipients (Fig. 3B-C). Consistently, we found no 
alteration in percentages of T lymphocytes, B lympho-
cytes, and myeloid cells in donor-derived cells (Fig. 3D-F, 
Fig. S5). When compared with the WT control, we also 
observed comparable percentages of LSK and LT-HSC 
in the donor-derived cells in the recipient mice for both 
Cxcl10 and Cxcr3 groups (Fig.  3G-H). These data sug-
gest that Cxcl10 and Cxcr3 deficient HSCs have normal 
reconstitution capacity in the primary transplantation 
recipients.

Cxcl10 and Cxcr3 deficiency decreases self-renewal of HSCs 
in secondary recipient mice
Since we found the loss of Cxcl10 and Cxcr3 induced cell 
cycle entry of HSC in the primary mice, we speculate that 
the loss of Cxcl10 and Cxcr3 might lead to self-renewal 
defect of these HSCs in more stressed conditions. To 
determine the effect of Cxcl10 and Cxcr3 in long-term 
engraftment, we performed secondary transplantation 
by transplanting one million total bone marrow cells of 
the primary recipients into lethally irradiated recipients 
(CD45.1). Intriguingly, there was a significant decrease of 
donor contribution in the peripheral blood of recipients 
transplanted with Cxcl10−/− cells 4 weeks post-transplan-
tation, while a significant decrease of donor contribution 
became prominent for Cxcr3−/− 8 weeks post-trans-
plantation (Fig.  4A-B). Interestingly, we observed that 

the percentage of B cells increased significantly, while 
the percentage of myeloid cells decreased markedly in 
the PB of Cxcl10−/− secondary recipient mice. However, 
there was no obvious bias in the lineage differentiation of 
the Cxcr3−/− group up to 16 weeks post-transplantation 
(Fig. 4C-E, Fig. S6). Sixteen weeks after transplantation, 
we sacrificed the secondary recipients and analyzed the 
lineage distribution in the spleen. The donor contribution 
in the spleen dropped dramatically for both Cxcl10−/− 
and Cxcr3−/− groups. Notably, donor contribution of 
myeloid cells deceased for the Cxcl10−/− recipients, while 
the percentage of B cells increased compared to the WT 
control group (Fig. 4F-G). Within the LSK and LT-HSC 
compartments, the donor-contribution of the Cxcl10−/− 
group also decreased significantly compared to the WT 
or Cxcr3−/− group (Fig.  4H-I). The above data indicates 
that both loss of Cxcl10 and its receptor Cxcr3 affect the 
long-term reconstitution capacity of HSC while Cxcl10 
plays a role in determining myeloid and B lineages.

Lack of Cxcl10 or Cxcr3 drives HSCs into the cell cycle upon 
irradiation exposure
Since we observed the reconstitution disadvantage of 
Cxcl10−/− and Cxcr3−/− HSCs in the transplantation set-
ting, we wonder whether deficiency of Cxcl10 and Cxcr3 
could alter HSC function in other stress conditions. To 
address this question, we irradiated these mice in paral-
lel with WT control mice at 4 Gy and examined the fre-
quencies and cell cycle of the HSPC compartment 6  h 
after exposure (Fig. 5A). The ratio of Cxcl10−/− in G0-sta-
tus was reduced significantly, as more Cxcl10−/− LT-
HSCs entered the G1-S-G2 and M phase as expected (**, 
P < 0.01, ***, P < 0. 001) (Fig. 5B-D), indicating an acceler-
ated cell cycle entry in response to irradiation. Similarly, 
the proportion of quiescent cells in the Cxcr3−/− HSC 
also decreased and an increase of cycling cells (G1-S-
G2-M proliferative phases) in the residual Cxcr3−/− HSC 
was observed (P < 0.01) (Fig.  5E-G). Therefore, Cxcr3−/− 
and Cxcl10−/− HSCs were more susceptible to irradia-
tion-induced stress, and the residual HSCs proliferated 
shortly after irradiation, leading to a rapid increase of 
phenotypic HSCs.

Lack of Cxcl10 or Cxcr3 in bone marrow microenvironment 
did not affect HSC function
Our data suggest that Cxcl10 and Cxcr3 regulate HSC in 
a cell-autonomous manner. To exclude a non-cell-auton-
omous role of Cxcl10, we performed retrospective trans-
plantation by transplanting CD45.1 bone marrow cells 
into irradiated Cxcl10−/− recipients (Fig.  6A). Interest-
ingly, the absence of Cxcl10 from the niche components 
failed to demonstrate obvious defect to support normal 
reconstitution of CD45.1 HSCs (Fig.  6B-E). Similarly, 
retrospective transplantation of Cxcr3 was performed 
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to investigate whether loss of Cxcr3 from the niche cells 
could lead to defects of residing HSC (Fig.  6F). To our 
surprise, although the contribution of donor cells was 
decreased in the peripheral blood and T cells for week 8 
and week 16, we failed to observe severe defect to sup-
port normal hematopoiesis of CD45.1 HSC (Fig.  6G-J). 
These data indicated that the lack of Cxcl10 or Cxcr3 in 

the bone marrow microenvironment did not affect HSC 
function in a non-cell-autonomous manner.

Potential mechanism of Cxcl10 and Cxcr3 in regulating HSC 
functions
To gain insights into the possible mechanism by which 
Cxcl10 and Cxcr3  deletion impairs the self-renewal of 

Fig. 3  Cxcl10−/−/Cxcr3−/− HSCs show no difference in engraftment in primary transplantation assays. (A) Schematic diagram of competitive transplanta-
tion assay. 5 × 105 donor Cxcl10−/− / Cxcr3−/− WBMC (CD45.2) or littermate control WBMC (CD45.2) were mixed with equivalent WT (CD45.1) counterparts 
and transplanted to lethally irradiated recipients (CD45.1). 16 weeks later, the primary recipients were sacrificed. 1 × 106 WBMC were transplanted to le-
thally irradiated secondary recipients (CD45.1). (B) Representative flow cytometry plots of donor chimerism of primary transplanted recipients. (C) Donor 
population was analyzed in the peripheral blood from primary recipients (n = 5 mice for WT, n = 6 mice for Cxcl10−/−, n = 6 mice for Cxcr3−/−, a total of 17). 
(D-F) Donor-derived lineage chimerism in PB from primary transplanted recipients, including myeloid cells (D), B lymphocytes (E), and T lymphocytes (F) 
(n = 5 mice for WT, n = 6 mice for Cxcl10−/−, n = 6 mice for Cxcr3−/−, a total of 17). (G-H). Statistical analysis of LSK and LT-HSC proportion of CD45.2 in WT 
mice, Cxcl10−/− mice and Cxcr3−/− mice (n = 5 mice for WT, n = 6 mice for Cxcl10−/−, n = 5 mice for Cxcr3−/−, a total of 16)
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Fig. 4  Cxcl10−/−/Cxcr3−/− HSCs show a reduction in engraftment in secondary transplantation assays. (A) Representative flow cytometry plots of donor 
chimerism of secondary transplanted recipients. (B) Donor population was analyzed in the peripheral blood from secondary recipients Data are analyzed 
by Student’s t-test (n = 5 mice for WT, n = 4 mice for Cxcl10−/−, n = 5 mice for Cxcr3−/−, a total of 14). *, P < 0.05, **, P < 0.01, ***, P < 0.001. (C-E) Donor-derived 
lineage chimerism in PB from secondary transplanted recipients, including myeloid cells (C), B lymphocytes (D), and T lymphocytes (E). Data are analyzed 
by Student’s t-test (n = 5 mice for WT, n = 4 mice for Cxcl10−/−, n = 5 mice for Cxcr3−/−, a total of 14). *, P < 0.05, **, P < 0.01, ***, P < 0.001, ****, P < 0.0001. 
(F) Donor-derived lineage chimerism in spleen from secondary transplanted recipients, including myeloid cells, B lymphocytes, and T lymphocytes Data 
are analyzed by Student’s t-test (n = 5 mice for WT, n = 4 mice for Cxcl10−/−, n = 5 mice for Cxcr3−/−, a total of 14). *, P < 0.05, **, P < 0.01. (G) The donor 
population was analyzed in the spleen from secondary recipients. Data are analyzed by Student’s t-test (n = 5 mice for WT, n = 4 mice for Cxcl10−/−, n = 5 
mice for Cxcr3−/−, a total of 14). **, P < 0.01, ***, P < 0.001. (H-I) Statistical analysis of CD45.2 of LSK and LT-HSC proportion in WT mice, Cxcl10−/− mice and 
Cxcr3−/− mice. Data are analyzed by Student’s t-test (n = 5 mice for WT, n = 4 mice for Cxcl10−/−, n = 5 mice for Cxcr3−/−, a total of 14). *, P < 0.05, **, P < 0.01, 
***, P < 0.001, ****, P < 0.0001
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HSCs, we sorted LT-HSCs from Cxcl10−/−, Cxcr3−/− and 
WT mice for transcriptomic analysis. Differentially-
expressed genes (DEGs) were identified based on crite-
ria of adjusted P < 0.05 and fold change > 1.5. A total of 
465 DEGs were identified between WT and Cxcl10−/− 
LT-HSC (Fig.  7A) while only 41 DEGs were found for 
Cxcr3−/− HSC compared to control HSCs (Table S1). To 
further dissect the potential mechanism determining the 
function of Cxcl10−/− LT-HSC, GSEA enrichment analy-
sis were performed (Fig. 7B). Interestingly, GSEA showed 
that a number of DEGs between the WT and Cxcl10−/− 
LT-HSC DEGs were related to pathways of the G0-early 
G1 phase and the expression levels of these DEGs were 
decreased (Fig.  7C-D). These data collectively demon-
strate that Cxcl10 may regulate the quiescence of HSC, 
the loss of which drives HSCs into the cell cycle.

Discussion
Regulation of hematopoietic stem cell function by che-
mokines is still largely unknown. Here, we demonstrate 
that loss of Cxcl10 increased the phenotypic LT-HSC, 
ST-HSC, and LSK in the primary mice. More impor-
tantly, Cxcl10 deficient HSCs demonstrated impaired 
self-renewal and skewed lineage differentiation. While 
the reconstitution of the primary recipient appeared rela-
tively normal, the donor contribution dropped dramati-
cally for the Cxcl10 group in the secondary recipients. 
These data indicated that loss of Cxcl10 drives HSC into 
the cell cycle which contributed to the increase of phe-
notypic HSC in the primary mice but eventually leads 
to the exhaustion of HSC. Similarly, the loss of Cxcr3 
also impaired the self-renewal of HSC. The donor con-
tribution of mice that received Cxcr3-deficient HSC 
also dropped compared to the control, although to a 
less severe extent compared to Cxcl10. These data sug-
gest that Cxcl10 and Cxcr3 play an important role in the 

Fig. 5  Cxcl10−/−/Cxcr3−/− HSCs enter into the cell cycle upon irradiation stress. (A) Schematic representation of cell cycle analysis of HSCs 6 h after 4 Gy 
irradiation. (B) Representative flow plots of cell cycle analysis of WT (left) and Cxcl10−/− (right) mice. (C-D) Statistical analysis of HSCs in G0 (C, Ki-67− DAPI−) 
and G1-S-G2-M phase (D, Ki-67+) in (B), (n = 3 mice for each group, a total of 6). **, P < 0.01, ***, P < 0.001. (E) Representative flow plots of cell cycle analysis 
of WT (left) and Cxcr3−/− (right) mice. (F-G) Statistical analysis of HSCs in G0 (F, Ki-67− DAPI−) and G1-S-G2-M (G, Ki-67+) phase in (E), (n = 3 mice for each 
group, a total of 6). **, P < 0.01
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regulation of self-renewal of HSC. Our finding is another 
piece of data suggesting the role of chemokines in the 
regulation of self-renewal of HSC. A previous study 
reported that Cxcl4 and Cxcr2 regulate self-renewal and 
differentiation of HSC with knock-out mice [12]. Of note, 

the defect of Cxcl10 and Cxcr3 knockout HSC could 
only be observed under stress conditions, including sec-
ondary transplantation and irradiation. Whether these 
HSCs behave similarly in other stress conditions, tertiary 

Fig. 6  HSC does not show altered functional differences in the Cxcl10- or Cxcr3-deficient microenvironment in noncompetitive transplantation. (A) 
Schematic representation of the noncompetitive transplantation strategy. 1 × 106 WT WBMC (CD45.1) were transplanted to lethally irradiated Cxcl10−/− 
(CD45.2) and WT recipient (CD45.2). (B) Donor-derived HSPC population from the bone marrow of Cxcl10−/− recipients in noncompetitive transplantation 
at 16 weeks (n = 6 mice for each group, a total of 12). (C-E) Donor-derived lineage chimerism in Cxcl10−/− recipients, including myeloid cells, T lympho-
cytes, and B lymphocytes every 4 weeks post-transplant up to 16 weeks (n = 6 mice for each group, a total of 12). (F) Schematic representation of the non-
competitive transplantation strategy. 1 × 106 WT WBMC (CD45.1) were transplanted to lethally irradiated Cxcr3−/− (CD45.2) and WT recipient (CD45.2). (G) 
Donor-derived HSPC population from the bone marrow of Cxcr3−/− recipients in noncompetitive transplantation at 16 weeks (n = 5 mice for each group, 
a total of 10). *, P < 0.05. (H-J) Donor-derived lineage chimerism in Cxcr3−/− recipients, including myeloid cells (H) T lymphocytes (I), and B lymphocytes (J) 
every 4 weeks post-transplant up to 16 weeks (n = 5 mice for each group, a total of 10). *, P < 0.05
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transplantation or chemotherapy, for example, should be 
tested in the future.

Interestingly, in addition to the disadvantage of hema-
topoietic reconstitution in the secondary recipient, we 
observed lineage bias of Cxcl10−/− HSC. Although a 
significant increase of B cell proportion in the spleen is 
observed in the primary mice, other hematopoietic lin-
eage seems normal in the Cxcl10-deficient mice. How-
ever, with two rounds of transplantation, we observed 
an increase in B cells at the expense of myeloid cells. 
This is unlikely because of the inability of B cells to 
mobilize from the spleen to the periphery, as the imbal-
anced lineage bias is observed both in the spleen and the 
peripheral blood. While the decreased contribution of 
donor-derived HSC indicated defect Cxcl10−/− HSC, how 
the loss of Cxcl10 affects downstream signaling cascades 
that eventually determine the lineage specification worth 
further investigation. It would be interesting to know 
whether the loss of Cxcl10 contributed to the altered 
expression or function of the essential transcription 

factors which may regulate the switch between the 
myeloid and B lineages.

More importantly, we observed normal hematopoietic 
reconstitution for retrospective transplantation. Neither 
loss of Cxcl10 nor Cxcr3 induced impaired function of 
HSC. Combined with the data from competitive trans-
plantation, these results suggest that Cxcl10 and Cxcr3 
play an important role in regulating the self-renewal of 
HSC in a cell-autonomous manner. However, they exert 
their role, not through interacting with Cxcr3 or Cxcl10 
in the microenvironment. They may interact with other 
receptors or ligands on the surface of HSC or component 
cells of the bone marrow microenvironment to maintain 
the normal function of HSC. For example, GPR182, an 
atypical receptor of Cxcl10, was reported to be expressed 
by endothelial cells. The endothelium-specific loss of 
GPR182 led to a defect of the niche to support HSC 
homeostasis [11]. This is consistent with the impairment 
of HSC function by loss of Cxcl10 we observed in the pri-
mary mice and the secondary recipients.

Fig. 7  Gene expression pattern of LT-HSC from Cxcl10−/− mice. (A) Volcano plot for differentially expressed genes identified in Cxcl10−/− and WT LT-HSC. 
(B) Dot plots showing enrichment of KEGG and cell cycle related gene sets in the Cxcl10 knockout LT-HSC, comparing to WT controls. Statistical signifi-
cance [false discovery rate (FDR)] and a fraction of cells expressing the gene were represented by color and size respectively. (C) The gene sets of the 
G0-early G1 signaling pathway in WT vs. Cxcl10−/− from GSEA analysis. (D) Heatmap showing the scaled expression level of genes within G0 and early G1 
cell cycle pathway in Cxcl10−/− and WT LT-HSCs
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Mechanistically, the loss of Cxcl10 leads to the 
decreased expression level of genes regulating the qui-
escence of HSCs. This is consistent with the cell cycle 
alterations we observed in the primary mice. Pathway 
genes in G0 and early G1 phases were downregulated in 
Cxcl10-deficient HSCs. In contrast, we only identified a 
few DEGs in primary Cxcr3−/− HSCs. This seems to be 
consistent with the mild reconstitution disadvantage 
in Cxcr3−/− recipient mice. To confirm this finding and 
gain more information about the potential mechanism 
responsible for the loss of Cxcl10 and Cxcr3 in regulating 
HSC function, further transcriptomic analysis of HSCs 
under stress should be pursued, including donor HSCs 
in primary and secondary recipients and those stressed 
HSCs after irradiation.

Considering the complexity of chemokines and their 
receptors, studies involving GPR182, Cxcl9, and Cxcl11 
in the regulation of HSC function are warranted. Both 
their cell-autonomous and non-autonomous roles should 
be examined in the future. Of note, the data in this study 
were obtained with knockout mice generated by CRISPR/
Cas9. The expression of target genes should be validated 
at the protein level and off-target effects may exist. 
Knockout models of Cxcl10 and Cxcr3 generated with 
other targeting sequences or homologous recombination 
could affirm the findings of the HSC function alteration 
we observed.

Conclusions
We investigated both the cell-autonomous and cell-non-
autonomous roles of Cxcl10 and its receptor Cxcr3 in 
HSC. Both Cxcl10 and Cxcr3 regulate self-renewal of 
HSC and Cxcl10 plays a role in the regulation of lineage 
specification of HSC. Our findings increase our under-
standing of the roles of chemokine-chemokine receptors 
in regulating the function of HSC. Further exploration 
and validation of the underlying mechanisms through 
which the chemokines exert their regulatory roles in the 
HSCs is needed.
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