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Abstract 
Hematopoiesis is maintained by hematopoietic stem cells (HSCs) that replenish all blood lineages throughout life. It is well-established that the 
HSC pool is functionally heterogeneous consisting of cells differing in longevity, self-renewal ability, cell proliferation, and lineage differentiation. 
Although HSCs can be identified through the Lineage–Sca-1+c-Kit+CD48–CD34–CD150+ immunophenotype, the cell surface marker combination 
does not permit absolute purification of functional HSCs with long-term reconstituting ability. Therefore, prospective isolation of long-term HSCs 
is crucial for mechanistic understanding of the biological functions of HSCs and for resolving functional heterogeneity within the HSC population. 
Here, we show that the combination of CD229 and CD49b cell surface markers within the phenotypic HSC compartment identifies a subset of 
multipotent progenitor (MPP) cells with high proliferative activity and short-term reconstituting ability. Thus, the addition of CD229 and CD49b to 
conventional HSC markers permits prospective isolation of functional HSCs by distinguishing MPPs in the HSC compartment.
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Graphical Abstract 

Significance Statement
Blood cells are generated by rare stem cells, which based on their defining features of self-renewal and multipotent abilities, are used 
in transplantation as curative treatment for blood diseases. Despite their clinical importance, mechanisms of stem cell properties are 
elusive given the inability to isolate pure blood stem cells for prospective analyses. In this study, we demonstrate that stem cells can be 
isolated by excluding multipotent progenitors, marked by CD229 and CD49b, from the stem cell compartment. Our study has important 
implications for the analysis of mechanisms regulating stem cell function and is relevant for clinical applications of stem cells.
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Introduction
Blood cells in the hematopoietic system are replenished by 
infrequent hematopoietic stem cells (HSCs). The hallmarks of 
HSCs are multipotency and self-renewal ability.1,2 Although 
HSCs can be identified by immunophenotype, they are only 
distinguishable from multipotent progenitors (MPPs) with 
short-term (ST) self-renewal potential through functional 
studies. HSCs are defined by their ability to continuously re-
populate short-lived mature blood cells in myeloablated mice 
for at least 4-6 months, with the capacity to reconstitute sec-
ondary transplanted animals.2

The HSC population is functionally heterogeneous; how-
ever, the mechanism for distinct HSC behaviors remains 
obscure.3-11 HSCs reside within the phenotypically de-
fined lineage–Sca-1+c-Kit+ (LSK) compartment and can be 
enriched through CD34–,12 Flt-3–,13 CD48–,14 and CD150+,14 
cell surface marker selections. Inclusion of CD49b15 or 
CD22916 has been suggested to resolve functionally distinct 
HSC subsets. However, a significant proportion of the cells 
still lack long-term (LT) reconstituting ability. Therefore, 
prospective identification of functional HSCs remains cru-
cial to resolve HSC heterogeneity and permit mechanistic 
analysis of distinct HSC behavior. Here, we used a combina-
tion of CD49b and CD229 to subfractionate the phenotypic 
HSC compartment and identified a CD49b+CD229+ subset 
enriched for MPPs with high proliferative activity and short-
term reconstituting ability. Our study demonstrates that in-
cluding additional cell surface markers to the conventional 
HSC immunophenotype can improve the identification of 
functional HSCs.

Materials and Methods
Animal Experiments
All animal experiments were approved by the Swedish re-
gional ethical committee, Linköping ethical committee (#882 
and #02250-2022). Animals were bred at the Preclinical 
Laboratory at Karolinska University Hospital, Sweden. Young 
adult (2-5 months) and old (1.5-2 years) females and males on 
C57BL/6J background were used. In transplantations, Gata-1 
eGFP mice (CD45.2),17 backcrossed to C57BL/6J (>8 genera-
tions), were used as donors. B6.SJL-PtprcaPepcb/BoyCrl and 
B6.SJL-PtprcaPepcb/BoyJ mice (CD45.1), myeloablated with 
10 Gy split over 2 days, were used as recipients. In primary 
transplantation, 5 donor (CD45.2) and 200 000 bone marrow 
(BM) support (CD45.1) cells were transplanted intravenously. 
In secondary transplantation, 10 million unfractionated BM 
cells from primary recipients were each transplanted into 1-2 
myeloablated mice. Peripheral blood (PB) was collected peri-
odically from transplanted mice by tail vein bleeding.

The threshold for successful repopulation was based on 
≥0.1% CD45.2 and/or eGFP+ platelet reconstitution in PB 
2 months post-transplantation. Repopulation of mature 
blood cells in PB (platelets, erythrocytes, myeloid, B, T, and 
NK cells) was considered if reconstitution was ≥0.01% and 
had ≥10 events in the CD45.2 donor gate for any given lin-
eage.3,15 These criteria were used to avoid excluding lineage-
restricted HSC clones and low-output HSCs, including latent 
HSCs.3,6,8,10,15 Flow cytometric detection limit was determined 
by assessing false-positive events in the CD45.2 donor gates 
of CD45.1 control mice (n = 12), which was 0.0003%. To 
determine the number of LT myeloid reconstituted mice, the 

threshold was set to ≥0.1% myeloid repopulation in PB, 6 
months post-transplantation. Using the number of LT mye-
loid reconstituted mice, HSC frequencies was estimated by 
limiting dilution analysis through the online tool https://
bioinf.wehi.edu.au/software/elda/, calculated with a 95% 
confidence interval.18 These frequencies were used to calcu-
late the HSC frequencies in secondary transplantation by also 
considering the number of LT myeloid reconstituted mice in 
secondary transplantation.

Flow Cytometry Experiments
Bone marrow and PB cells were prepared and stained 
with antibodies (Supplementary Table S1), as previously 
described.15 Cell cycle and cell proliferation analyses 
were performed according to manufacturer’s protocols 
(BD Biosciences) and previous studies.15 Flow cytometry 
experiments were performed on FACSAria Fusion, LSR 
Fortessa, and FACSymphony A5 (BD Biosciences). Gates 
were set based on fluorescent minus one controls, backgating, 
or negative cell populations. Purity analysis was performed 
in all cell sorting experiments with a mean purity of 88% 
(±9%). Postacquisition analyses were performed on FlowJo 
software v10 (BD Biosciences).

In Vitro Assays
Combined myeloid and B-cell lineage differentiation poten-
tial of single-sorted cells was assessed in vitro using the OP9 
coculture assay.15 Cultures were analyzed by flow cytometry 
3 weeks postsort.

Statistical Analysis
Statistical analyses were performed using GraphPad v9.4.1 
for Mac OS. Non-parametric analysis was performed using 
Kruskal Wallis with Dunn’s multiple comparison test or 
Mann-Whitney test. Data are represented as mean ± SD, and 
exact P-values are shown.

Results and Discussion
The most primitive HSCs reside within the phenotypic 
LSKCD48–CD34–CD150hi (CD150hi) compartment in the 
BM.2,8,19,20 CD49b and CD229 have been suggested to 
subfractionate the functionally heterogeneous HSC popula-
tion into LT reconstituting HSCs with myeloid- or lymphoid-
bias, and MPPs with limited self-renewal ability.15,16 Here, 
we explored whether the combination of CD49b and 
CD229 can purify functional HSCs, and HSCs with distinct 
behaviors. CD49b and CD229 subfractionation revealed 
4 immunophenotypic subtypes: CD49b–CD229–, CD49b–

CD229+, CD49b+CD229–, and CD49b+CD229+, which 
exhibited small but significant differences between females 
and males (Fig. 1A, 1B; Supplementary Fig. S1A, S1B). We 
first analyzed whether cycling differences could functionally 
distinguish the subtypes. All fractions were predominantly 
found in G0 phase. However, CD49b–CD229– and CD49b–

CD229+ were most quiescent, with the lowest frequency of 
cells in G1 (Fig. 1C, 1D). Furthermore, BrdU analysis showed 
that CD49b–CD229– and CD49b–CD229+ were the least pro-
liferative subsets (Fig. 1E, 1F), suggesting that CD49b– subsets 
represent the most dormant cells regardless of CD229 ex-
pression. Females and males exhibited similar cell cycle and 
proliferation properties across all subtypes (Supplementary 
Fig. S1C, S1D). Therefore, despite differences in population 
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Figure 1. CD49b and CD229 are heterogeneously expressed in the phenotypic HSC compartment. (A) Representative FACS profiles and gating 
strategy of the phenotypic HSC compartment (lineage−Sca-1+c-kit+ (LSK) CD48–CD34–CD150hi) and further subfractionation with CD49b and CD229. 
(B) Frequency of CD49b–CD229–, CD49b–CD229+, CD49b+CD229–, and CD49b+CD229+ subsets within the phenotypic HSC compartment of young 
adult mice. n = 22 biological replicates, 9 experiments. (C) Cell cycle analysis of CD49b–CD229–, CD49b–CD229+, CD49b+CD229–, and CD49b+CD229+ 
subsets by Ki-67 and DAPI staining in young adult mice. Frequency of cells in G0 (left) and G1 (right) phases are shown. n = 9 biological replicates, 
2 experiments. (D) Representative FACS profile of cell cycle analysis. (E) Cell proliferation analysis by BrdU incorporation in young adult mice. 
Frequencies of BrdU+ CD49b–CD229–, CD49b–CD229+, CD49b+CD229–, and CD49b+CD229+ cells are shown. n = 8 biological replicates, 2 experiments. 
(F) Representative FACS profile of BrdU proliferation analysis. (G) In vitro analysis of the B cell and myeloid cell differentiation potential from single 
cell sorted CD49b–CD229–, CD49b–CD229+, CD49b+CD229–, and CD49b+CD229+ populations from young adult mice, using OP9 coculture assay. 
Total frequencies of clones with B cells and/or B and myeloid cells (left), and clones containing only myeloid cells (right) are shown. n = 5 biological 
replicates, 2 experiments. (H) Representative FACS profile of OP9 readout. B cells were defined as CD19+B220+ and myeloid cells as Gr-1+CD11b+ and/
or F4/80+CD11b+. Data are represented as mean ± SD. Frequencies of parent gates are shown in FACS plots. Statistical analysis was performed using 
the Kruskal Wallis test with Dunn’s multiple comparison test in (C, E, G). Abbreviations: FSC: forward scatter; SSC: side scatter; FSC-H: forward scatter 
height; FSC-A: forward scatter area; BrdU: bromodeoxyuridine.
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frequencies, functional characteristics do not differ between 
sexes.

Given that both CD49b and CD229 were described to 
enrich for lymphoid-biased cells,15,16 we first investigated 
the multilineage differentiation ability of CD49b and 
CD229 fractionated subsets. All 4 populations could gen-
erate B lymphocytes and myeloid cells in vitro (Fig. 1G, 
1H). We subsequently assessed the multilineage ability in 
vivo by competitive transplantation using limiting num-
bers from each subtype, with success rates between 73% 
and 86% (Supplementary Fig. S1E). The comparable trans-
plantation efficiencies show that the subtypes have similar 
homing ability. All populations also exhibited similar total 
blood leukocyte repopulation efficiency and were capable of 
multilineage differentiation (Fig. 2A, 2B). Notably, only the 
CD49b+CD229+ subtype displayed declining myeloid, plate-
let, and erythrocyte reconstitution over time, while other 
subsets had either increasing or stable LT repopulation of all 
blood lineages (Fig. 2B; Supplementary Fig. S2), suggesting 
reduced reconstituting ability and limited self-renewal poten-
tial. Indeed, only 46% of CD49b+CD229+ transplanted mice 
could actively produce short-lived myeloid cells 6 months 
after transplantation (Fig. 2C). In addition, CD49b+CD229+ 
transplanted mice showed a strong preference for lymphoid 
cells in the PB, consistent with reduced myeloid output (Fig. 
2D). Moreover, the CD49b+CD229+ subtype generated my-
eloid cells with the lowest efficiency but potently gave rise 
to lymphoid cells in the BM (Fig. 2E). These findings imply 
that CD49b+CD229+ cells have less HSC activity. In con-
trast, CD49b–CD229–, CD49b–CD229+, and CD49b+CD229– 
subtypes demonstrated robust myeloid reconstitution in 
the PB and BM, suggesting high self-renewal potential (Fig. 
2B-2E). Remarkably, CD49b–CD229+ cells also showed a 
strong lymphoid differentiation profile in the PB, indicating 
that CD49b and CD229 subfractionation can distinguish 
between HSCs with distinct repopulation characteristics, 
in addition to differences in self-renewal potential (Fig. 2D; 
Supplementary Fig. S3).

To further address differences in reconstitution and self- 
renewal potential, we assessed the ability of CD49b and 
CD229 fractionated subsets to regenerate stem- and progen-
itor cells. Only 54% of CD49b+CD229+ transplanted mice 
reconstituted phenotypic HSCs, and the repopulation effi-
ciency was significantly lower (Fig. 2F, 2G). These results agreed 
with a reduced regenerative capacity in CD49b+CD229+ cells. 
Furthermore, the number of CD49b+CD229+ transplanted 
mice which repopulated lymphoid-primed multipotent 
progenitors (LMPPs), common lymphoid progenitors 
(CLPs), granulocyte-monocyte progenitors (GMPs), and 
megakaryocyte progenitors (MkPs) was markedly reduced 
compared to other subtypes (Supplementary Fig. S4A). 
Collectively, these results suggest that the CD49b+CD229+ 
subset has reduced HSC activity and enriches for MPPs with 
short-term repopulating capacity. Therefore, to estimate the 
frequency of functional HSCs in the CD49b and CD229 
fractionated subsets, we used limiting dilution calculation,18,21 
which predicted the lowest frequency in CD49b+CD229+ 
cells, consistent with lower reconstituting ability and reduced 
HSC activity (Fig. 2H).

To further investigate the self-renewal potential in the 
CD49b+CD229+ subset, we selected transplanted mice with 
phenotypic HSC reconstitution (Fig. 2F, 2G), for secondary 
transplantation to assess their LT reconstituting ability. All 

populations could repopulate secondary recipients; however, 
the CD49b+CD229+ cells were the least efficient in repopulating 
both myeloid and lymphoid lineages (Fig. 3A, 3B). Furthermore, 
the CD49b+CD229+ group had the fewest animals exhibiting 
active LT myeloid reconstitution (Fig. 3C). In addition, the 
HSC frequency was further reduced in the CD49b+CD229+ 
population in secondary transplantation, compared to primary 
transplantation (Fig. 3D). These findings demonstrate that 
most CD49b+CD229+ cells lack extensive self-renewal poten-
tial. Conversely, CD49b–CD229– and CD49b–CD229+ subsets 
maintained a high HSC frequency, consistent with their potent 
reconstituting ability (Fig. 3B, 3D). The CD49b+CD229– sub-
set showed the highest HSC frequency while preferentially 
repopulating mature lymphoid cells and lymphoid progenitors 
(LMPP and CLP, Fig. 3B; Supplementary Fig. S4A). We 
have previously shown that CD49b+ HSCs, without CD229 
subfractionation, contain LT lymphoid-biased HSCs with an 
HSC frequency of 11%.15 The higher HSC frequency (38%) 
and preferential lymphoid repopulation in CD49b+CD229– 
cells suggest that lymphoid-biased HSCs within CD49b+ cells 
can be enriched using CD229 (Fig. 2H, 3B, 3D).

Lymphoid-biased HSCs are suggested to decrease with age.22 
We, therefore, assessed the frequency of CD49b and CD229 
subfractionated subsets in old mice (Supplementary Fig. 
S4B). The frequency of CD49b+CD229– and CD49b+CD229+ 
subsets reduced with age, consistent with an age-related de-
cline, while CD49b–CD229+ frequency increased and CD49b–

CD229– remained unchanged (Supplementary Fig. S4C).
Altogether, our findings demonstrate that LT HSCs are 

confined to the CD49b–CD229–, CD49b–CD229+, and 
CD49b+CD229– subsets. In contrast, the CD49b+CD229+ 
subset within the phenotypic HSC compartment predomi-
nantly comprise MPPs with high proliferative activity and ST 
reconstituting ability and, therefore, do not represent func-
tional HSCs.

Conclusion
It is recognized that HSCs isolated by immunophenotype con-
tain cells lacking in vivo LT reconstituting ability. Therefore, 
assessment of HSC function is constricted to retrospective 
analysis through transplantation assays, where HSCs are 
defined based on functional readouts.2 The inability to pro-
spectively identify functional HSCs has limited mechanis-
tic insights into HSC regulation, as molecular analysis of 
immunophenotypic HSCs reflects a composite of HSCs and 
MPPs with ST reconstituting potential. Therefore, identifying 
strategies to isolate functional HSCs remains necessary 
to enable mechanistic studies, and is of relevance for clini-
cal applications.23 In this study, we used the combination of 
CD49b and CD229 cell surface marker expression within 
the conventional phenotypic HSC compartment to resolve 
HSC functional heterogeneity. We demonstrated that the ST 
reconstituting activity of phenotypic HSCs is predominantly 
confined to the CD49b+CD229+ fraction, which contained 
the lowest HSC frequency and failed to maintain LT hemat-
opoiesis. Furthermore, through segregating CD49b+CD229+ 
cells, lymphoid-biased LT HSCs can be enriched in the 
CD49b+CD229– subset. In addition, our results implicate that 
the combination of CD49b and CD229 differentiates HSCs 
with distinct behaviors, which likely can be refined using ad-
ditional markers. Defining the immunophenotype for diverse 
HSCs to reveal the full spectrum of HSC behaviors remains 
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Figure 2. CD49b and CD229 subfractionate the phenotypic HSC compartment into functional HSCs and MPPs with short-term activity. (A) Leukocyte 
repopulation in the peripheral blood (PB) of mice transplanted with 5 cells from CD49b–CD229–, CD49b–CD229+, CD49b+CD229–, and CD49b+CD229+ 
populations. (B) Donor-derived myeloid, platelet, erythrocyte, B cell, and T-cell frequency in the PB of mice transplanted with 5 cells from CD49b–

CD229–, CD49b–CD229+, CD49b+CD229–, and CD49b+CD229+ populations. (C) Proportion of transplanted mice with ≥0.1% donor-derived myeloid 
cells in the PB, 6 months post-transplantation. (D) Relative myeloid and lymphoid (B, T, and natural killer cells) repopulation of reconstituted mice in 
the PB. Mice are selected based on ≥0.1% donor leukocyte (CD45.2+) reconstitution in the PB, 6 months post-transplantation. (E) Relative donor-
derived myeloid (M, left) and lymphoid (L, right) frequency (L: B, T, and natural killer cells) of reconstituted mice in the BM. Mice are selected based on 
≥0.1% donor leukocyte (CD45.2+) reconstitution in the BM, 6 months post-transplantation. (F) Proportion of transplanted mice with phenotypic HSC 
reconstitution. (G) Donor-derived HSC (lineage−Sca-1+c-kit+Flt-3–CD48–CD150+) frequency in the BM of primary transplanted animals. (H) Estimated HSC 
frequency based on limiting dilution calculation using the number of mice positively reconstituted in PB myeloid cells, 6 months post-transplantation. 
nCD49b

–
CD229

– = 13 mice, nCD49b
–
CD229

+ = 12 mice, nCD49b
+

CD229
– = 11 mice, and nCD49b

+
CD229

+ = 13 mice, 2 experiments, in (A-C, F-G). nCD49b
–
CD229

– = 11, nCD49b
–
CD229

+ 
= 11, nCD49b

+
CD229

– = 10, and nCD49b
+

CD229
+ = 9, 2 experiments, in (D-E). Data are represented as mean ± SD in (A-B, D-E, G). Statistical analysis was 

performed using the Kruskal Wallis test with Dunn’s multiple comparison test in (A-B and E, G) and the Mann-Whitney test in (D). Abbreviations: M: 
myeloid; L: lymphoid; HSC: hematopoietic stem cell.
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important, especially for gene therapies where isolation of 
distinct HSC subsets may be preferred depending on dis-
ease setting.23 In conclusion, we demonstrate that functional 
HSCs with extensive self-renewal ability can be prospectively 
enriched by discriminating and excluding CD49b+CD229+ 
cells containing MPPs with ST reconstituting activity. Our 
study provides the basis for prospective isolation of HSCs 
with improved purity and permits more accurate analyses of 
the molecular mechanisms underlying specific HSC function 
and behavior.
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Figure 3. The CD49b+CD229+ subset lacks extensive long-term reconstituting ability. (A) Leukocyte repopulation in the peripheral blood (PB) of 
secondary transplanted mice from CD49b–CD229–, CD49b–CD229+, CD49b+CD229–, and CD49b+CD229+ populations. (B) Donor-derived myeloid, 
platelet, erythrocyte, B cell, and T-cell frequency in the PB of secondary transplanted mice. nCD49b

–
CD229

– = 9 mice, nCD49b
–
CD229

+ = 6-7 mice, nCD49b
+

CD229
– = 

5 mice, and nCD49b
+

CD229
+ = 4-5 mice, 1 experiment, in (A-B). (C) Proportion of secondary transplanted mice with ≥0.1% donor-derived myeloid cells 

in the PB, 6 months post-transplantation. nCD49b
–
CD229

– = 8 mice, nCD49b
–
CD229

+ = 6 mice, nCD49b
+

CD229
– = 5 mice, and nCD49b

+
CD229

+ = 4 mice, 1 experiment. 
(D) Estimated HSC frequency in secondary transplantation, based on limiting dilution calculation from Fig. 2H and the number of mice with active LT 
myeloid reconstitution from Fig. 3C. Data are represented as mean ± SD in (A-B).
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