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ancestors (Fig. 2, B and C) (i > l: F1,104 = 27.9; P <
0.0001; o > r: F1,60 = 166.2; P < 0.0001), thus
indicating reciprocal coevolution in the outcrossing host populations. Whereas the obligate selfing
populations in the coevolution treatment became
more infected over time (Fig. 2A), the wild-type
populations maintained the same level of infectivity over the course of the experiment (Fig. 2B)
(g = l: F1,104 = 0.35; P = 0.554), while the obligate
outcrossing populations were significantly less
infected at the end of the experiment relative to
the beginning (Fig. 2C) (m > r: F1,60 = 33.1; P <
0.0001). Coupled with the maintenance of high
outcrossing rates in the coevolving wild-type
populations (Fig. 1), these results demonstrate the
ability of antagonistic coevolution to continually
generate novel environmental conditions under
which outcrossing is favored and populations persist when interacting with a virulent pathogen.
A recent host/pathogen coevolution study in
C. elegans further supports the conclusion that
low levels of outcrossing impede the rate of
adaptive evolution. The C. elegans hosts in this
previous study appear to have primarily reproduced via self-fertilization and did not evolve
significantly greater resistance to a coevolving
pathogen over 48 generations of selection (27).
Contrary to our study, however, greater outcrossing rates did not evolve in these mixedmating populations in response to the pathogen.
It may be that higher levels of genetic variation
and/or a greater level of pathogen virulence in
our study account for the difference in outcomes.
In summary, we found that obligately selfing
lineages were driven to extinction when con-

fronted with a coevolving parasite. These results
are consistent with the macroevolutionary aspects
of the Red Queen hypothesis, as originally formulated by Van Valen (28). We also found that the
presence of a coevolving pathogen selected for and
maintained high levels of outcrossing in mixedmating populations, whereas elevated levels of
outcrossing were not maintained in populations
where the pathogen was not coevolving. These
results are consistent with the microevolutionary
predictions of the Red Queen. Taken together, the
results demonstrate that sex can facilitate adaptation to novel environments, but the long-term
maintenance of sex requires that the novelty does
not wear off.
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Lifelong blood cell production is dependent on rare hematopoietic stem cells (HSCs) to
perpetually replenish mature cells via a series of lineage-restricted intermediates. Investigating
the molecular state of HSCs is contingent on the ability to purify HSCs away from transiently
engrafting cells. We demonstrated that human HSCs remain infrequent, using current purification
strategies based on Thy1 (CD90) expression. By tracking the expression of several adhesion
molecules in HSC-enriched subsets, we revealed CD49f as a specific HSC marker. Single CD49f+
cells were highly efficient in generating long-term multilineage grafts, and the loss of CD49f
expression identified transiently engrafting multipotent progenitors (MPPs). The demarcation of
human HSCs and MPPs will enable the investigation of the molecular determinants of HSCs,
with a goal of developing stem cell–based therapeutics.
ature blood cell lineages are generated
from a network of hierarchically distinct progenitors that arise from selfrenewing hematopoietic stem cells (HSCs). The
extensive regenerative potential of HSCs makes
them attractive targets for cellular and genetic
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therapies. The molecular regulation of specific
HSC properties such as long-term self-renewal is
beginning to be elucidated for murine HSCs (1).
However the biology of human HSCs remains
poorly understood because of their rarity and the
lack of methods to segregate HSCs from multip-
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otent progenitors (MPPs) to obtain pure populations for biological and molecular analysis.
The bulk of HSCs are CD34+, as evidenced
by human transplantation and xenograft repopulation assays; however, most CD34+ cells
are lineage-restricted progenitors and HSCs remain rare. HSCs can be enriched further on the
basis of CD45RA (2), Thy1 (3–5), and CD38
(6, 7) expression. Loss of Thy1 expression in the
CD34+CD38−CD45RA− compartment of lineagedepleted cord blood (CB) was recently proposed
to be sufficient to separate HSCs from MPPs
(5). However, more than a third of Thy1− primary
recipients gave rise to engraftment in secondary
animals, raising uncertainty about whether Thy1
can absolutely segregate HSCs from MPPs. To
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IL2Rgc−/− (NSG) mice (8–10). Flow-sorted CB
HSCs (CD34+CD38−CD45RA−Thy1+; Thy1+ ) (Fig.
1, P5) and MPPs (CD34+CD38−CD45RA− Thy1−;
Thy1− ) (Fig. 1, P2) fractions were functionally
characterized with our HSC assay. A priori, HSCs
were operationally defined by lymphomyeloid

Fig. 1. Cell sorting scheme
used to isolate human HSCs
and MPPs. Lin− CB cells
were stained with monoclonal antibodies against
CD34, CD38, CD45RA, Thy1
(CD90), CD49f antigens,
and the mitochondrial membrane dye Rho. The frequency of each subpopulation
(P1 to P10) is based on the
parent gate shown on the
top right of each plot.

Fig. 2. Functional characterization of the Thy1+ and Thy1− subsets. (A and B) Engraftment and lineage
potential of Thy1+ (P5) and Thy1− (P2) cells assessed in NSG mice 20 weeks after transplant (Thy1+: n =
65 mice; Thy1−: n = 30 mice, 6 experiments). IF, injected femur; BM, left femur, tibiae; SP, spleen; TH,
thymus. (C) Frequency of long-term repopulating cells within Thy1+ and Thy1− populations measured by
LDA. (D) Phenotype of Thy1+ (left) and Thy1− (right) cells cultured on OP9 stroma. Plots are gated on
CD34+CD38− cells (figs. S4 and S14). (E) Phenotype of Thy1+ and Thy1− cells engrafted in NSG mice. (F)
Populations labeled + and – from (D) were isolated from stroma and transplanted into NSG mice (200 to
400 cells, two experiments, n = 10 mice per group). Their engraftment potential (as percent of CD45+
cells) is shown in the bottom panel. All data are presented as means T SEM. PB, peripheral blood.
www.sciencemag.org

SCIENCE

VOL 333

engraftment that persisted for at least 20 weeks
after transplant. This duration represents a stringent test of long-term repopulation and encompasses the total engraftment time of primary
and secondary transplants historically used to
assess the self-renewal capacity of human HSCs
in xenograft models. At nonlimiting cell doses,
recipients of Thy1+ and Thy1− cells had similar
levels of human chimerism and lineage distribution (injected femur: P = 0.17; Fig. 2, A and B;
fig. S1; and table S1). To assess whether Thy1−
cells would persist beyond the allotted 20-week
primary transplant period, we performed secondary transplants for an additional 12 to 14
weeks. This revealed that Thy1− cells could be
serially transplanted, albeit with lower efficiency than Thy1+ cells (table S2), which is consistent with previous work (5). These data suggest
that cells with extensive self-renewal potential
exist in both Thy1+ and Thy1− subsets, although
the basis for the disparity in secondary transfer efficiency between these subsets remained
unknown.
We next performed limiting dilution analysis
(LDA) to measure the frequency of HSCs within
Thy1+ and Thy1− fractions. One in 20 Thy1+
cells (5%) clonally initiated long-term hematopoiesis in NSG mice ascompared to 1 in 100
(1%) Thy1− cells (P = 0.0003, Fig. 2C). Double
sorting and high-stringency sort modes used in
our experimental design ruled out the possibility
that HSC activity from Thy1− cells was due to
residual contamination from Thy1lo/+ cells (figs.
S2 and S3). The inability of prior studies to detect
engraftment from Thy1− cells was probably due
to the less sensitive xenograft models employed
(3). Thus, although Thy1+ enriches for HSCs, longterm repopulating activity persists in the Thy1−
fraction previously believed to represent MPPs (5).
To examine the hierarchical relationship between the Thy1 subsets, we cultured sorted Thy1+
and Thy1− cells with stroma cells known to express HSC-supportive ligands (11). Both Thy1+
and Thy1− cells (>70%) remained CD34+CD38−
on stromal cultures (fig. S4, column 3). Unexpectedly, Thy1− cells consistently generated Thy1+ cells
on stroma (Fig. 2D, right panel) and also in vivo
within the bone marrow microenvironment of
NSG mice that received transplants (Fig. 2E).
Thy1+ cells arising from Thy1− cells after culture,
as well as Thy1+ cells that retained their Thy1
expression, had robust repopulating activity in
NSG mice 20 weeks after transplantation. Engraftment and lineage potentials were identical
for Thy1+ cells derived from either Thy1 subfraction (Fig. 2F and fig. S5). Cells that remained
Thy1− after being cultured on OP9 stroma did
not sustain a long-term graft (Fig. 2F, right panel);
however, they transiently repopulated (fig. S6).
These results demonstrate that the Thy1− compartment is heterogeneous and contains a small
fraction with repopulating activity and a larger
fraction with MPP-like activity.
To further purify HSCs in both Thy1+ and
Thy1− subsets, we searched for a different cell
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resolve the relationship between these two subsets, the number of cells in each subset that are
capable of short-term and long-term engraftment
must be quantified at clonal resolution. We recently optimized the HSC xenograft assay by using
intrafemoral injection into female NOD-scid-
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results also rule out the idea that Thy1−CD49f −
cells have impaired capacity to home and proliferate in the marrow. B cells, monocytes, granulocytes, and erythrocytes were detected in the
bone marrow of Thy1−CD49f − mice (Fig. 3E
and fig. S9). HSC-enriched fractions displayed
a delay in engraftment until 4 weeks (Fig. 3F).
The engraftment kinetics of Thy1+CD49f − cells
were intermediate to HSC and Thy1−CD49f −
subsets (Fig. 3, D to F). These data demonstrate
that Thy1−CD49f − cells can give rise to all major
hematopoietic lineages but fail to engraft longterm, indicating that these are bona fide MPPs.
To remain consistent with previous work (5), we

defined transiently engrafting Thy1−CD49f − cells
as MPPs. However, considering that Thy1−CD49f −
cells differ from CD49f + HSCs solely in the ability to engraft durably, an alternate interpretation
is that Thy1−CD49f − cells are short-term HSCs.
To provide an independent line of evidence
for distinguishing our functionally defined HSC
and MPP populations, we carried out global
gene expression analysis of sorted CD49f + and
Thy1−CD49f − subsets. Unsupervised hierarchical clustering revealed that the CD49f + HSCs
clustered together irrespective of Thy1 status
(fig. S10A). No significant differences in gene
expression were detected between these subsets,
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surface marker. We hypothesized that integrins
would mark human HSCs, because they mediate niche interactions and have been used to
isolate murine HSCs and other somatic stem
cells (12, 13). We compared the surface expression of several adhesion molecules between
HSC-enriched (Thy1+ ) and -depleted (Thy1 − )
fractions. Among our candidates, only ITGA6
(integrin a6, termed CD49f ) was differentially
expressed (Fig. 3A and fig. S7), with 50 to 70%
of Thy1+ cells expressing CD49f versus 10 to
20% of Thy1− cells.
To determine whether human HSCs could
be delineated using CD49f expression, we partitioned Thy1+ cells into CD49f +/hi (here called
Thy1+CD49f +; Fig. 1, P9) and CD49f lo/− (here
called Thy1+CD49f −; Fig. 1, P8) subfractions
and evaluated their capacity for long-term multilineage chimerism in NSG recipients. Mean chimerism in the injected femur was 6.7-fold higher
for Thy1+CD49f + than for Thy1+CD49f − cells
(22.7% versus 3.4%, P < 0.0001, Fig. 3B, left
panel), and only Thy1+CD49f + cells could be
serially transplanted (table S3). LDA revealed
that 9.5% (1 in 10.5) of Thy1+CD49f + cells had
long-term repopulating activity as compared with
0.9% (1 in 111.3) Thy1+CD49f − cells (P = 9.9 ×
10− 9, Fig. 3C, and tables S1 and S4). Because we
had found that the Thy1− fraction was heterogeneous, we tested whether CD49f expression also
marked Thy1− HSCs. Indeed, only Thy1−CD49f +
cells reconstituted NSG mice 20 weeks after
transplant (Fig. 3B, right panel). LDA indicated
that approximately 4.5% (1 in 22.1) of cells in
this fraction had long-term multilineage engraftment potential as compared to 0.13% (1 in 735.2)
of Thy1−CD49f − cells (Fig. 3C and table S4). No
difference in lineage potential was observed between Thy1+CD49f + and Thy1−CD49f + cells
(fig. S8), although recipients of Thy1+CD49f +
cells trended toward higher levels of chimerism
at similar cell doses (table S1). We estimate that
although most human HSCs are Thy1+, consistent with prior work, 1 in 5.5 CB HSCs lack
Thy1 expression. These data indicate that human HSCs are marked by CD49f, and they establish the existence of Thy1− HSCs.
The absence of long-term grafts in Thy1−CD49f −
recipients raised the possibility that the loss of
CD49f demarcated human MPPs in the Thy1−
subset (5). To test this idea, we temporally monitored the peripheral blood and marrow of NSG
recipients transplanted with all four Thy1 and
CD49f subsets for 30 weeks. Although levels of
chimerism gradually increased in the peripheral
blood of mice transplanted with CD49f + HSC
subsets, engraftment of Thy1−CD49f − cells peaked
between 2 and 4 weeks and then declined (Fig.
3D). The bone marrow of Thy1−CD49f − recipients displayed significantly higher levels of chimerism at 2 weeks than did CD49f+ HSCs in
both the injected femur and noninjected bones,
indicating that Thy1−CD49f − cells have a higher
engraftment and differentiation potential than
HSCs immediately after transplant (Fig. 3E). These

Fig. 3. Human HSCs and MPPs are demarcated by CD49f expression. (A) Cell surface expression of
adhesion molecules (CD49b, CD49d, CD49e, CD49f, CD44, and CD184) measured as the ratio of mean
fluorescence intensity (MFI) between HSC-enriched (Thy1+) and -depleted (Thy1−) populations. (B) Mean
engraftment levels of cells fractionated by Thy1 and CD49f expression in NSG mice (n = 4 experiments).
Cell doses and number of mice are shown in table S1. (C) Long-term repopulating cell frequency in
Thy1 and CD49f subsets measured by LDA. (D) Kinetic analysis of peripheral blood engraftment
(measured as percent of CD45+ cells) by cells fractionated on Thy1 and CD49f after transplantation into
NSG mice (100 to 200 cells per recipient). The legend is consistent with (C). (E and F) Short-term
engraftment by cells fractionated on Thy1 and CD49f at 2 (E) and 4 (F) weeks after transplant. The
human graft consisted of GlyA+ erythroid (white bars) and CD45+ myelolymphoid cells (black bars). All
data are presented as means T SEM. *P < 0.05; **P < 0.001. BM, non-injected bones.
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injected femur (fig. S11) and displayed twofold
enrichment for HSCs as compared to Thy1+ alone
(table S1).
We next questioned whether the addition of
Rho to Thy1+CD49f + would permit robust engraftment of single human HSCs. We flow-sorted
single Thy1+ RholoCD49f + cells and transplanted
them into NSG recipients (Fig. 4A). In our first
experiment, 5 of 18 recipients (28%, Fig. 4B)
transplanted with single cells displayed multilineage chimerism 20 weeks after transplant (Fig.
4C and fig. S12). Serial transfer was successful
in two of four secondary recipients despite the
fact that only 20% of total marrow was used
for transplantation (fig. S13), indicating that
individual Thy1+ RholoCD49f + cells extensively
self-renew. In a second experiment, we observed
a lower frequency (14%) of single-cell transfer,
perhaps reflecting the genetic heterogeneity of
CB donors (Fig. 4B). Human cell engraftment at
marrow sites distant from the injected femur indicated that single Thy1+RholoCD49f + cells could
give rise to systemic grafts (Fig. 4, D to E), fulfilling a key criterion of HSCs. Based on historical data showing xenotransplantation inefficiency
(18), we are probably underestimating HSC frequency. Engraftment of single Lin−CD34+CD38−
CD45RA− Thy1+ RholoCD49f + cells provides
evidence that human HSCs express CD49f.
In this study, we purified human HSCs at
single-cell resolution, separated HSCs from MPPs,
and identified CD34+ Thy1− HSCs. The ability to
investigate two highly enriched and related multipotent cell populations that differ in their capacity
for self-renewal opens the way for studies to elu-

Fig. 4. Engraftment of single human HSCs. (A) Experimental design
used to sort and transplant single
P10 (Thy1+RholoCD49f+) cells into
NSG mice. (1) Single-cell fluorescenceactivated cell sorting deposition and
microscopic visualization to verify
the presence of a single cell. (2) Uptake into syringe. (3) Verification of
cell aspiration. (4) Transplant into
NSG mice. (B) Cloning efficiency, (C)
B-lymphoid (CD19+) and myeloid
(CD33+) lineage distribution, and
(D) mean levels of human chimerism in the injected femur and noninjected bones of single human
Thy1+RholoCD49f+ HSCs from two
independent CB samples engrafting
NSG mice. (E) Flow cytometric analysis
of three representative mice engrafted
with single Thy1+RholoCD49f+ cells.
Auto, auto-fluorescence.

cidate developmental programs specific to human
HSCs. Because the cell number required for chromatin immunoprecipitation coupled with highthroughput sequencing (ChIP-seq) and DNA
methylation profiling is constantly decreasing
(19–21), it will be critical to subject HSCs and
MPPs to these technologies. Such analyses will
aid in identifying gene regulatory networks that
govern human HSC function and in turn facilitate
manipulating and expanding human HSCs ex vivo
to overcome barriers to successful transplantation.
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although Thy1−CD49f + HSCs displayed an intermediate pattern to Thy1+CD49f + HSCs and MPPs
(fig. S10B), consistent with the lower frequency
of HSCs within this population. In contrast, the
Thy1−CD49f − MPPs clustered independently
from both CD49f + HSC subsets (fig. S10A). Seventy differentially expressed genes segregated
Thy1−CD49f − MPP versus HSC subsets (fig.
S10B and table S5), consistent with previous
murine studies (14). Stem and committed progenitor cells (15) differed more dramatically (500
to 3000 genes), underscoring the close relationship between immature cell types. These
findings support our functional delineation of
Thy1+CD49f + and Thy1−CD49f + HSCs as distinct from Thy1−CD49f − MPPs and identify gene
expression changes associated with the earliest
steps of human HSC differentiation.
Although sorting based on CD49f enables the
highest reported purity of human HSCs, this test
still falls short of the most definitive assessment
of HSC potential: single-cell transplantation. A
single long-term mouse HSC provides lifelong
blood production (16). Because only 9.5% of
Thy1+CD49f + cells were HSCs by LDA, additional strategies were needed to efficiently assess
single human HSCs. High efflux of the mitochondrial dye rhodamine-123 (Rho) could enrich for
HSCs within the Lin−CD34+CD38− fraction (17).
To test whether Rho efflux marked HSCs in
conjunction with Thy1, we transplanted limiting
numbers of Thy1+ cells sorted based on high
(Thy1+ Rholo; Fig. 1, P6) and low (Thy1+ Rhohi;
Fig. 1, P7) Rho efflux. Recipients of Thy1+ Rholo
cells exhibited 40-fold higher chimerism in the
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