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Figure 2. The phenotype of CD41“' LSKs, and their myelo-erythroid differentiation potential in vitro. (A): Expression of CD41 and other
surface markers in HSC and CD41" population in the LSK fraction, and CMP, GMP, and MEP populations in the Lin~Sca-1"c-kKit" (LSTK)
fraction. CD41" cells are almost exclusively found within the LSK fraction. The cD41M LSKs expressed FcyRII/lll'° and CD34" whose phe-
notype is similar to that of the original CMP, but expressed Sca-1 at a low level. (B): Morphology of cells derived from HSCs, cD4a1"
LSKs, and LMPPs 12 days after the initiation of culture (May-Giemsa staining, X400). HSCs and cD41" LSKs gave rise to both GM- and
MegE-lineage cells, including granulocytes (G), monocytes (M), erythroblasts (E), and megakaryocytes (Meg). Bars = 10 um. (C): Results
of clonogenic myelo-erythroid colony assays of purified stem/progenitor cells. cD41M LSKs showed differentiation potential into GM-
and MegeE-lineage with high plating efficiency. One hundred and twenty cells per population were analyzed in each experiment. Data
shown are representative of three independent experiments. Abbreviations: BM, bone marrow; CMP, common myeloid progenitor; HSC,
hematopoietic stem cell; LMPP, lymphoid-primed multipotent progenitor; LSK, Lineage ™ Sca-1"c-Kit™.

specific surface molecule (six replicates for HSC and four repli-
cates for all other populations) (Fig. 1B).

REsuULTS

Identification of Cell Surface Markers Specifically
Expressed on GATA-1" LSKs

We have found that in mice harboring transgenic GFP driven
by a GATA-1 promoter, a fraction of LSKs expressing GFP has
potent CMP activity [10]. In order to prospectively purify the
GATA-1-GFP™ LSK fraction (Fig. 1A) in wild-type mice, we tried
to identify a surface marker specific for this population. GATA-
1-GFP™ LSKs were contained within the CD34™Flt3™ LSK frac-
tion (Fig. 1A). In addition to GATA-1-GFP" and GATA-1-GFP~
populations within the CD34 FIt3~ LSK fraction, CD34 Flt3~
LSKs (HSCs) [4], CD34*FIt3™ LSKs (LMPPs) [8], and the original
CMPs [5] were purified. These populations were subjected to
a cDNA microarray analysis to find a GATA-1-GFP™ LSKs-

www.StemCells.com

In the hierarchical clustering analysis (Supporting Informa-
tion Fig. S1), GATA-1-GFP™ LSKs displayed a gene expression pat-
tern close to that of the original CMPs, while showing the most
distinctive difference from that of LMPPs. We sought for genes
highly expressed in GATA-1-GFP™ LSKs but not in GATA-1-GFP~
LSKs, LMPPs, or HSCs. Figure 1B shows representative genes
with such expression patterns. Then, the expression of these can-
didate cell surface proteins was analyzed by a flow cytometer to
test whether their expression levels correlated with GFP levels in
the LSK fraction. Among the 18 proteins tested, only CD41
(Itga2b) was exclusively expressed in GATA-1" LSKs at a high
level (Fig. 1C) with exceeding sensitivity, specificity, and positive
predictive value (Supporting Information Table S1).
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Figure 3. Lineage potential of CD41"" LSKs in competitive reconstitution assays. (A): Chronological analysis of GM progeny after trans-
plantation of purified stem/progenitor populations. Five hundreds cells of each population (Ly5.1) were intrafemorally transplanted with
250 Ly5.2 LSKs into lethally irradiated congenic Ly5.2 mice. The peak of GM progeny was delayed in cD41M LsKs (red, on day 20) as
compared to those in CMPs (green, on day 7) or LMPPs (blue, on day 10). (B): The absolute numbers of GM progeny on days 7, 10,
and 20 in the blood. cD41M LSKs displayed the strongest myeloid potential on day 20. (C): Lymphoid potential of stem/progenitor cell
populations. CD41"" LSKs did not differentiate into B or T cells. (D): The absolute numbers of proerythroblasts (CD71"/Ter1197) and
erythroblasts (CD717/Ter1197) in the spleen on days 8, 12, and 16 after transplantation. (E, F): Platelet production from stem/progeni-
tor populations. Each population was purified from CAG-EGFP mice, and donor-derived GFP™ platelets were counted on days 12 and 20.
Bars indicate mean = SD. All experiments shown are representative of two to three independent experiments (n =3 in each popula-
tion). *, p<.05 (Turkey HSD). N.D.: not detectable. Abbreviations: CMP, common myeloid progenitor; GFP, green fluorescent protein;
GM, granulocyte/monocyte; HSC, hematopoietic stem cell; LMPP, lymphoid-primed multipotent progenitor; LSK, Lineage ™ Sca-1*c-Kit™.

Figure 2A shows the distribution of CD41 in early hemato- that of CD34~ long-term HSCs (~0.005%). The detailed sur-
poiesis. CD41 was expressed in CD34% LSKs, and CMPs and face phenotype of purified CD41"™ LSKs is shown in Figure 2A.
GMPs, but not MEPs or CLPs. However, a high level expres- Similar to the original CMPs [5], CD41" LSKs are FeyRIl/
sion of CD41 was found only in 3%-5% of CD34™ LSKs and '°cp34™. Interestingly, the expression level of Sca-1 in
the original CMPs. The CD34™ CD41M LSK constitutes ~0.01%  CD41" LSKs is low, as compared to the high level of Sca-1 in
of nucleated cells in the BM, whose frequency is higher than HSCs. Thus, CD41 is upregulated at the transition between
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Figure 4. Direct comparison between progeny numbers from €D41" LSKs and those from either CMPs or LMPPs. (A): The scheme of
this experiment. Five hundreds of CD41™ LSKs (Ly5.2) and the same number of either CMPs or LMPPs (Ly5.1) are coinjected into lethally
irradiated Ly5.1/Ly5.2 recipient mice. (B): Sequential analysis of blood GM progeny from CD41" LSK cell versus the original CMP, or
CD41" LSK cell versus LMPP experiments. CD41" LSKs showed more potent and prolonged production of GM progeny than the original
CMP or LMPP did. (C): Sequential analysis of blood CD19™ B cell and CD3™ T cell progeny in the same experiment. Note that cpa1h
LSKs were incapable of production of lymphocytes. Bars indicate mean + SD of two to three independent experiments (n= 3 in each
population) *, p <.05 (Student’s t test). Abbreviations: CMP, common myeloid progenitor; GM, granulocyte/monocyte; LMPP, lymphoid-

primed multipotent progenitor; LSK, Lineage™Sca-1%c-Kit™.

the LSK HSC and the Lin~Sca-1"cKit*™ (LSTK) original CMP
stages, in accordance with the initial upregulation of GATA-1
in early hematopoiesis. According to previous reports regard-
ing subpopulations of LSK classified by SLAM family receptor
expression patterns [21, 22], the cD41" LsK population consti-
tutes a fraction of the CD150% C€D48%™ ™ hematopoietic
progenitor-2 (HPC-2) population. Although the majority
(~80%) of HPC-2 is CD244*, the cD41™ LSK fraction corre-
sponds to ~20% of HPC-2 that do not express CD244 (Sup-
porting Information Fig. S1B).

www.StemCells.com

€D41" LSKs Can Differentiate into GM and MegE
Lineages but Not into Lymphoid Cells In Vitro

We evaluated in vitro differentiation capability of CD41" LSKs
(Fig. 2B, 2C). €D41" LSKs and HSCs gave rise to both GM and
Megkt cells, whereas LMPPs differentiated only into GM cells
as reported -(Fig. 2B). Single-cell myelo-erythroid colony assay
also showed that CD41" LSKs generated colonies of MegE or
GM lineages, as well as colonies containing both MegE and
GM cells (CFU-Mix), whose frequencies were almost equal to
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Figure 5. Lineal relationships among HSC, cD41M LSK, LMPP, the original CMP, GMP, and MEP. (A): Short-term culture of CD34™ LSK
HSCs. HSCs gave rise to both CD41™ LSKs and LMPPs. (B): Short-term culture of.CD41h' LSKs. CD41™ LSKs gave rise to cells of CMP,
GMP, and MEP phenotype. (C): Short-term culture of LMPPs. In contrast to cD41" LSKs, LMPPs gave rise mainly to GMPs. Representa-
tive fluorescence-activated cell sorting dot plots of three independent experiments are shown. Abbreviations: CMP, common myeloid
progenitor; GMP, granulocyte-macrophage progenitor; LMPP, lymphoid-primed multipotent progenitor; LSK, Lineage Sca-1*c-Kit*; MEP,

megakaryocyte-erythrocyte progenitor.

those of HSCs (Fig. 2C). In contrast, LMPPs always gave rise
only to GM-related colonies.

To test the T and B lymphoid potential, 1,000 cells of puri-
fied each population were cultured on OP9-DL1 or OP9 stro-
mal cell monolayer, respectively, for 21 days (Supporting
Information Fig. $2). LMPPs and CD417"° SKs showed robust
T and B lymphoid potential, but CD41" LSKs did not. These in
vitro experiments strongly suggest that CD41M LSKs have
been committed to the myelo-erythroid lineage, and have lost
lymphoid potential.

cD41" LSKs Display Potent and Prolonged GM and
MegE Reconstitution as Compared to the Original
CMPs or LMPPs

We then evaluated in vivo differentiation potential of cD41™
LSKs. Five hundred cells of each population were purified from

©AlphaMed Press 2014

donor (Ly5.1) mice, and were transplanted into lethally irradi-
ated recipient (Ly5.2) mice with 250 Ly5.2 LSKs for rescue.
After transplantation, percentages of donor-derived Ly5.1" cells
in the blood were serially evaluated. As shown in Figure 3A,
€D41™ LSKs displayed prolonged GM (Gr-1%) cell reconstitution
with its peak at days 20-24. In contrast, GM progeny from the
original CMPs reached its peak on day 7, and disappeared by
day 10. The peak of GM progeny from LMPPs was day 10, but
they rapidly disappeared by day 20. We next evaluated the
absolute number of GM progeny (Fig. 3B}, since the chimerism
could be affected by the number of Ly5.2" cells, mainly
derived from the rescue cells. The peaks of GM progeny num-
ber from the original CMPs, LMPPs and cD41" LSKs were 1
cells per microliter (day 7), 27 cells per microliter (day 10), and
169 cells per microliter (day 20), respectively, indicating that
cD41™ LsKs possess the most potent and prolonged myeloid
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Jute numbers of CD41™ LSKs and LMPPs in the setting of bactenal infection are shown. After the CelLP procedure, the cpa1h Lsk popu-
lation expanded quickly and dramatically. (C): Changes in CD41" LSK and LMPP populatrons in CML model mice generated by retroviral
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change in the LMPP population. Representative fluorescence-activated cell sorting analysis {A, C) and summarized data of three to four

independent experiments (B) are shown. Bars indicate mean =+ SD. ¥,

p < .05 (Dunnett’s test; O hour value was set as a control). Abbre-

viations: CML, chronic myelogenous leukemia; CMP, common myeI0|d progenitor; GMP, granulocyte macrophage progenitor; LMPP,

lymphoid-primed multipotent progenitor; LSK, Lineage™ Sca-1*c-Kit™;

potential among these progenitors. cD41" LSKs, however, were
not able to produce B or T cells after transplantation, whereas
LMPPs rapidly differentiated into B and T cells (Fig. 3C).

Figure 3D shows the absolute number of erythroid prog-
eny in the spleen. It has been shown that CD71%/Ter119™
and CD71%/Ter119% cells are proerythroblasts and more
mature erythroblasts, respectively [23-25]. On day 8, the orig-
inal CMPs showed the strongest erythroid potential, and
€D41" LSKs produced only ~2- and ~10-fold less numbers of
proerythroblasts and late erythroblasts than those from the
original CMPs, respectively. On day 12, however, CD41" LSKs
produced >20-fold numbers of these erythroid progeny as
compared to the original CMPs. Mice injected with HSCs

www.StemCells.com

; MEP, megakaryocyte-erythrocyte progenitor.

exhibited the strongest erythroid potential among LSK subpo-
pulations on day 16. In contrast, LMPPs produced only a small
number of erythroid cells on day 12 and day 16.

To evaluate platelet progeny, we used CAG-EGFP mice
as a donor whose platelets are visible by GFP expression.
As shown in Figure 3E, cp4a1™ LSKs displayed strong and
prolonged platelet production peaked at day 20, whereas
the peak of platelet progeny was on day 12 in the original
CMPs. cD41" LSKs produced >50- and >1,000-fold higher
numbers of platelets on day 12 and day 20, respectively, as
compared to the original CMPs (Fig. 3F). Interestingly,
LMPPs possessed considerable platelet potential (Fig.
3E, 3F) [26].

©AlphaMed Press 2014
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Figure 7. Molecular signatures at the commitment step of the myelo-erythroid versus the myelo-lymphoid pathway. (A): The expres-
sion of lineage-related genes in stem/progenitor populations. cD41" LSKs as well as the original CMPs coexpress both GM- and Megk-
related genes (blue and red), but not lymphoid-related genes (green), presumably reflecting their priming state to differentiate into
these lineages. (B): The hierarchical clustering analysis of 159 genes predominantly expressed in HSCs. The expression patterns in cDa1"
LSKs were close to those in HSCs, whereas the original CMPs have lost the expression of these HSC-specific genes (Supporting Informa-
tion Table S2). (C): Quantification of PU.1 and GATA-1 mRNA at the single-cell level in stem/progenitor populations. Each cell is plotted
on scatter diagrams as a dot with its mRNA level. The promiscuous expression of PU.1 and GATA-1 initiates at cD41™ LSKs but not
cD417/"° LSKs, and the original CMP further upregulates both PU.1 and GATA-1 (Supporting Information Table S3). (D): The revised
model of the hematopoietic development with initial bifurcation into CD41™ myelo-erythroid CMP and myelo-lymphoid LMPP. Abbrevia-
tions: CMP, common myeloid progenitor; GM, granulocyte/monocyte; GMP, granulocyte -macrophage progenitor; HSC, hematopoietic
stem cell; LMPP, lymphoid-primed multipotent progenitor; LSK, LineageSca-17 c-Kit*; MEP, megakaryocyte-erythrocyte progenitor.

Thus, cp41™ LSKs possess stronger and more prolonged
myelo-erythroid differentiation activity than the original CMPs,
but lack lymphoid differentiation, suggesting that they are the
early CMPs residing upstream of the original CMPs [5].

same condition, minimizing possible bias that could be
involved in independent experiments.

As shown in Figure 4B, the number of GM progeny from
CD41" LSKs again peaked at days 18-20, whereas those of origi-
nal CMPs and LMPPs peaked at days 4 and day 10, respectively.
Strikingly, the absolute numbers of GM progeny of cD41M LSKs
were about 15- and 6-fold higher than those of CMPs and
LMPPs at their own peaks, respectively. In contrast, T- and B-cell

Head-to-Head Comparison of Reconstitution Capability
Shows an Exceedingly Strong Myeloid Potential of
CD41" LSKs

To test differences in reconstitution potential of these progen-
itor populations more rigorously, we transplanted 500
Ly5.2 CD41" LSKs and the same number of either Ly5.1 CMPs
or LMPPs into Ly5.1/5.2 hosts, with 250 Ly5.1/5.2 LSKs for
rescue (Fig. 4A). This system enabled us to compare the
reconstitution potential of two types of donor cells under the

©AlphaMed Press 2014

progeny were only produced from LMPPs, but not from cp41M
LSKs (Fig. 4C). Thus, this head-to-head comparison experiment
shows that the CD41" LSK population possesses much more
potent and sustained GM producing activity than the original
CMP or LMPP does. These data suggest that the CD41" LSK
stage constitutes the major pathway for GM cell development.
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€D41" LSK Is the Precursor for the Original CMP

To test the lineal relationship between HSC, CD41™ LSK,
LMPP, and other myelo-erythroid progenitors, we cultured
these stem/progenitor populations for a short-term and
tracked their differentiation in vitro (Fig. 5). As shown in Fig-
ure 5A, during 6-8 days after initiation of culture, CD34™ LSK
HSCs differentiated into CD34% LSKs and progressively gave
rise to both CD41™ LSK and LMPP populations. Interestingly,
the expression of CD41 and Flt3 in the CD34™ LSK progeny
was mutually exclusive as observed in fresh BM. When we
cultured purified CD41M LSKs, they shut down Sca-1 expres-
sion, and differentiated into cells of the original CMP, GMP,
and MEP phenotypes in 3 days (Fig. 5B). In contrast, purified
LMPPs gave rise mainly to cells of the GMP phenotype (Fig.
5C). The purified secondary myeloid progenitors derived from
CD41™ LSKs had in vitro GM, MegE, and/or mixed colony-
forming activity in accordance with the original progenitor
definitions (Supporting Information Fig. S$3). These data
strongly suggest that HSC gives rise to both cD41" LSK and
LMPP in a mutually exclusive manner, and that the CD41" LSK
population is the precursor for the original CMP [5].

€D41" LSK Is the Critical Stage for Pathological
Myelopoiesis

We wished to test whether the CD41" LSK stage is physiologically
and pathologically critical for myelo-erythroid cell production in
vivo. Bacterial infection is one of the most effective stimuli for
granulocyte production. The cecal ligation and puncture (CeLP)
model is a well-established murine model of sepsis by purulent
peritonitis [15]. The kinetics of €D41" LSKs and myeloid progeni-
tors after the CelP procedure is shown in Figure 6A, 6B. Strikingly,
24 hours after the CelP procedure, the absolute number of
cD41" LSK dramatically expanded by eightfold in response to a
demand for myeloid cells. GMP frequency increased after 48
hours, preceded by temporal decrease presumably reflecting its
consumption. However, the absolute number of LMPP did not sig-
nificantly increased during severe infection. These differences
could be observed as the shift in the balance of CD41" LSK and
LMPP frequencies within the LSK population. These observations
suggested that the CD41™ LSK population should contribute
mainly to emergent granulocyte production.

We also tested whether the CD41"™ LSK stage is involved
in expansion of myelo-erythroid cells in myeloproliferative
neoplasm. To establish a murine CML model, we transduced a
retrovirus carrying BCR-ABL chimeric gene and a GFP reporter
[27] into purified LSKs, and transplanted these LSKs into
lethally irradiated congenic mice as we reported previously
[28]. As shown in Figure 6C, in mice which displayed malig-
nant myeloproliferation, donor cells expressing GFP showed
significant expansion of cD41"™ LSK but not LMPP population,
as compared to these populations of control cells. These data
strongly suggest that the cD41" LSK population is a critical
stage for malignant myeloproliferation.

The Priming of Early Myelo-Erythroid Versus Myelo-
Lymphoid Gene Expression Is Evident in CD41" LSKs
and LMPPs

We performed the cDNA microarray analysis of 5,000 cells
each of HSC, cpa1 LSK, the original CMP, and LMPP in
wild-type mice. Figure 7A shows the expression of representa-

www.StemCells.com

tive transcription factors related to GM, Megk, or lymphoid lin-
eages [9, 16]. Similar to the original CMPs, cD41™ LSKs
expressed both the GM- and MegE-related, but not lymphoid-
related transcription factors. In contrast, LMPPs coexpressed
GM- and lymphoid-related transcription factors, but not Megk-
related genes. Coexpression of the GM and MegE lineage-
related transcription factors in cp41™ LSK and original CMP
population has been interpreted to represent their “lineage pri-
ming” to maintain bipotency to these lineages [29-31].

We then extracted 159 genes predominantly expressed in
HSCs (Supporting Information Table S2) using a web-based
open platform, Gene Expression Commons [17], and analyzed
the expression patterns of these HSC-affiliated genes in each
population. The hierarchical clustering analysis revealed that
the expression pattern in cD41" LSKs and then in LMPPs
were close to the pattern in HSCs, whereas the original CMPs
have mostly downregulated the expression of these HSC-
specific genes (Fig. 7B). Thus, the molecular signature of
€D41" LSKs might be consistent with their myelo-erythroid
activity (Fig. 7A), and with their more immature biological
characteristics than those in the original CMP (Fig. 7B).

cD41" LSK Population Is the Earliest GATA-1/PU.1
Priming Stage to Achieve CMP Activity

To understand molecular event at the LMPP versus the CD41"
LSK branchpoint in terms of lineage-instructive competition
between PU.1 and GATA-1, we quantified mRNA levels of PU.1
and GATA-1 in stem/progenitor populations at the single-cell
level (Fig. 7C). The expression levels of PU.1 and GATA-1 in each
cell were designated as a relative value to the median of PU.1
and GATA-1 mRNA amount in single GMPs and MEPs, respec-
tively (Supporting Information Table S3). The conceptual scheme
of lineage priming is shown at left bottom of Figure 7C [7, 9].
The most primitive HSCs expressed very low levels of PU.1
(mean=SD: 2.6 X 107°%3.2 X 107°) but not detectable
GATA-1. Within the CD34% LSK progenitor fraction, cD41M LSKs
expressed a low level of GATA-1 (mean * SD: 0.29 = 0.29) but
the remaining cD417/" LSK and LMPP fraction did not, indicat-
ing that GATA-1 transcription initiates at the cpa1 LsK stage.
PU.1 was upregulated in CD41™ LSKs (mean = SD: 0.08 = 0.11)
as compared to HSCs, and ~50% of CD41" LSKs expressed both
PU.1 and GATA-1, resulting in promiscuous expression of PU.1
and GATA-1 at this stage. In contrast, CD41™ Flt3* LMPPs
expressed ~10-fold higher levels of PU.1 (mean=*SD:
0.90 + 0.85) than those in CD41™ LSKs, but did not express
detectable GATA-1. Thus, the upregulation of PU.1 in LSK popula-
tions might lead to the acquisition of LMPP activity, whereas
GATA-1 upregulation might be critical for multipotent cells to
acquire the CMP activity. The original CMPs further upregulated
GATA-1 (mean*SD: 0.50*0.59) and PU.1 (mean=SD;
0.62 = 0.78) whose levels were approximately two- and seven-
fold higher than those in €D41" LSKs, and most of these cells
expressed both GATA-1 and PU.1, supporting the fact that the
original CMPs are descendant of CD41™ LSKs toward further
MegE or GM lineage commitment. After commitment into
either GM or MegE lineage, GMPs expressed only PU.1
(mean = SD: 1.21 = 0.74), whereas MEPs reciprocally expressed
only GATA-1 (mean = SD: 1.07 £ 0.51), whose levels were fur-
ther upregulated up to approximately twofold higher than origi-
nal CMPs. Collectively, these results show that the levels and
patterns of GATA-1 and PU.1 expression faithfully reflect the

©AlphaMed Press 2014

._26_.



986

The Earliest CMP in Mouse Hematopoiesis

lineage potential of hematopoietic stem/progenitor cells, and
from this view, the CD41™ LSK population should be the earliest
CMP that initiates priming of both GATA-1 and PU.1 transcrip-
tion factors in early hematopoiesis.

DiscussION

In this study, within the primitive CD34™ LSK progenitor popula-
tion, we identified the CD41" LSK population as the earliest
CMP that is prospectively isolatable with cell surface markers.
This population initially upregulates GATA-1 transcription factor
in early hematopoiesis. CD41™ LSK does not produce lymphoid
cells, but has robust and prolonged GM and MegE lineage-
restricted reconstitution potential, and the number of their
progeny enormously exceeds that of the original CMP that
resides outside of the LSK fraction. CD41™ LSKs can generate
the original, functional CMPs in vitro, downregulating both Sca-
1 and CD41. These data strongly suggest that CD41" LSK is the
precursor for the original CMP, and therefore should represent
the earliest, true CMP. Thus, together with LMPP, CD41" LSK
population constitutes a critical branchpoint for the myelo-
erythroid versus the myelo-lymphoid lineage commitment in
early hematopoiesis. Accordingly, the definition of CMP in our
original report [5] should be revised. The proposed new scheme
of hematopoietic development is shown in Figure 7D. Hereafter,
we call the CD41" LSK population as the CD41" CMP.

The competitive reconstitution analysis showed that
myelo-erythroid potential was profoundly concentrated in
cD41" CMPs (Fig. 3). The critical question is which LSK subpo-
pulation contributes mainly to production of GM cells in vivo,
the myelo-erythroid CD41" CMP or the myelo-lymphoid LMPP
population. In our hands, cp41™ cMPs produced sixfold
higher numbers of GM cells as compared to LMPPs in head-
to-head competitive reconstitution assays (Fig. 4B). Further-
more, only CD41™ CMPs expanded after the CelP procedure
or after the occurrence of malignant myeloproliferation (Fig.
6). Collectively, these results strongly suggest that cpa1h
CMPs are the major source for myelo-erythroid cells in both
physiological and pathological myelopoiesis.

CD41 (glycoprotein llb or integrin «llb) is a member of
integrin family protein, which forms a heterodimer with integ-
rin 3, CD61. It has been shown that CD41 is expressed dur-
ing early embryonic definitive hematopoiesis [32]. We found
that in mice within 16 weeks old, CD41 expression is upregu-
lated in CD34" LSK progenitor fraction, and reaches its high-
est level at the CD41™ CMP stage (Fig. 2A), synchronizing with
the GATA-1-GFP reporter activation (Fig. 1C). The expression
of CD41 could be controlled at least in part by GATA-1, since
several consensus sequences for GATA-1 binding exist in the
promoter region of mouse and human CD41 genome, and dis-
ruption of these binding sites reduced the transcription of
CD41 [33, 34]. A recent study has shown that in aged mice,
CDA41 is upregulated in a fraction of the CD34~ LSK HSC pop-
ulation, and this CD34-CD41" population possessed myeloid-
biased differentiation [35]. Our data also showed that aged
mice >20-week-old have a fraction of CD34~ LSKs expressing
CD41 (Supporting Information Fig. S4). They also demon-
strated that the frequency of CD41-positive cells in HSCs
increased with age and that CD41" HSCs upregulated master
transcription factors for myelo-erythroid lineage such as
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Gatal, Zfpml (FOG-1), Gfilb, KIfl as a reflection of their
myeloid-biased output [35]. The regulation of CD41 expression
is apparently affected by aging, and therefore, the cD41M
CMP should be used as a functionally homogeneous popula-
tion probably only in young adult mice.

Single-cell quantitative PCR analysis showed that the
expression of PU.1 starts at the most primitive HSCs, and all
the LSK populations express PU.1. However, only CD41" CMPs,
but not CD417/* LSKs, upregulate GATA-1 within LSKs (Fig. 7C).
Thus, we directly showed that the cD41" CMP is the first pop-
ulation that upregulates GATA-1 to promiscuously express
GATA-1 and PU.1. The original CMPs also coexpressed GATA-1
and PU.1, but their expression levels were approximately two-
to sevenfold higher than those in the CD41" CMPs (Fig. 7C
and Supporting Information Table S3). In contrast, LMPPs,
myelo-lymphoid progenitors, expressed PU.1 at a level similar
to that in original CMPs, but did not express detectable GATA-
1. Collectively, cD41" CMP and LMPP constitute the earliest
myelo-lymphoid versus myelo-erythroid lineage branchpoint
[10], and the expression patterns of GATA-1 and PU.1 in these
populations faithfully reflect their lineage potential.

However, LMPP is not absolutely restricted to myelo-
lymphoid lineages, because this population produced a con-
siderable amount of erythroid cells and platelets in vivo (Fig.
3D-3F) as previously reported [26]. In PU.1-GFP knockin
reporter mouse [11], a population expressing a high level of
GFP was found in 20% of LMPP, and this population was
more strictly restricted to GM and lymphoid lineages (granu-
locyte/monocyte/lymphoid-restricted progenitor: GMLP) [10].
It should be critical to identify another surface marker to iso-
late the GMLP in wild-type mice, as a paired population of
the CD41™ CMP, in future studies.

A recent study showed that CD34~ LSK fraction contains
cells with long-term, but myeloid and/or erythroid lineage-
restricted reconstitution potential, and their restricted lineage
potential is preserved even after secondary transplantation [36].
It is possible that these putative self-renewing myeloid-restricted
cells as well as multipotent HSCs could produce cD41" cMPs.
However, since this population is unable to be prospectively
purified, it is difficult to argue their lineal relationship at this
moment. This finding suggests that in long-term HSCs, lineage
restriction can occur without losing self-renewal potential. Since
our analysis shows that CD34~ LSKs never expressed GATA-1,
but expressed only a very low level of PU.1 at the single-cell
level (Fig. 7C), this early lineage-restriction might not depend
upon the interplay of these transcription factors, but presum-
ably by cell-intrinsic epigenetic mechanism.

We have successfully identified the earliest, isolatable CMP
population within the LSK population, and proposed to revise
the developmental map in early hematopoiesis (Fig. 7D).
Together with the LMPP, the CD41" CMP constitutes the
myelo-erythroid and myelo-lymphoid branchpoint in early
hematopoiesis. This population appears to be critical for physi-
ological and pathological myelopoiesis. The redefined, prospec-
tively isolatable CMP population in normal mouse BM should
be useful for the analysis to understand the developmental
mechanisms of normal and malignant hematopoiesis.

STEM CELLS

_27_



Miyawaki, Arinobu, Iwasaki et al.

987

ACKNOWLEDGMENTS

We thank all our lab member for valuable discussion, and Mar-
iko Nishihara for animal care. This work was supported in part
by a grant-in-aid from the Ministry of Education, Culture,
Sports, Science and Technology of Japan (to Y.A. and KA., a
grant-in-aid from the Ministry of Health, Labor and Welfare of
Japan (to K.A.), and the Uehara Memorial Foundation (to K.A.).

AUTHOR CONTRIBUTIONS

Y.A. and H.l.: data analysis and interpretation and manuscript

writing; K.K.: provision of study material or patients and data

analysis and interpretation; H.T.: collection and/or assembly of
data; T.I. and K.T.: provision of study material or patients; T.S.
and Y.K.: data analysis and interpretation; T.M.: administrative
support and data analysis and interpretation; K.A.: conception
and design, financial support, manuscript writing, and final

approval of manuscript.

K.M.: conception and design, collection and/or assembly of

data, data analysis and interpretation, and manuscript writing;

i |

1 lkuta K, Weissman IL. Evidence that hema-
topoietic stem cells express mouse c-kit but do
not depend on steel factor for their generation.
Proc Natl Acad Sci USA 1992;89:1502-1506.

2 Li CL, Johnson GR. Murine hematopoietic
stem and progenitor cells: I. Enrichment and bio-
logic characterization. Blood 1995;85:1472—-1479.

3 Spangrude GJ, Heimfeld S, Weissman IL.
Purification and characterization of mouse hema-
topoietic stem cells. Science 1988;241:58-62.

4 Osawa M, Hanada K, Hamada H et al.
Long-term lymphohematopoietic reconstitu-
tion by a single CD34-low/negative hemato-
poietic stem cell. Science 1996;273:242-245.

5 Akashi K, Traver D, Miyamoto T et al. A
clonogenic common myeloid progenitor that
gives rise to all myeloid lineages. Nature
2000;404:193-197.

6 Kondo M, Weissman IL, Akashi K. Identi-
fication of clonogenic common lymphoid pro-
genitors in mouse bone marrow. Cell 1997;
91:661-672.

7 Iwasaki H, Akashi K. Myeloid lineage
commitment from the hematopoietic stem
cell. Immunity 2007;26:726-740.

8 Adolfsson J, Mansson R, Buza-Vidas N
et al. Identification of FIt3+ lympho-myeloid
stem cells lacking erythro-megakaryocytic
potential. Cell 2005;121:295-306.

9 Graf T, Enver T. Forcing cells to change
lineages. Nature 2009;462:587-594.

10 Arinobu Y, Mizuno S-I, Chong Y et al.
Reciprocal activation of GATA-1 and PU.1
marks initial specification of hematopoietic
stem cells into myeloerythroid and myelolym-
phoid lineages. Cell Stem Cell 2007;1:416-427.
11 BackJ, Dierich A, Bronn C et al. PU.1 deter-
mines the self-renewal capacity of erythroid
progenitor cells. Blood 2004;103:3615-3623.
12 |wasaki H, Mizuno S-l, Mayfield R et al.
Identification of  eosinophil lineage-
committed progenitors in the murine bone
marrow. J Exp Med 2005;201:1891-1897.

13 Nerlov C, Querfurth E, Kulessa H et al.
GATA-1 interacts with the myeloid PU.1 tran-
scription factor and represses PU.1-depend-
ent transcription. Blood 2000;95:2543-2551.

14 Schmitt TM, Zdaniga-Pfliicker JC. Induc-
tion of T cell development from hematopoi-
etic progenitor cells by delta-like-1 in vitro.
Immunity 2002;17:749-756.

15 Maier S, Traeger T, Entleutner M et al.
Cecal ligation and puncture versus colon
ascendens stent peritonitis: Two distinct ani-
mal models for polymicrobial sepsis. Shock
2004;21:505-512.

16 Orkin SH, Zon LI. Hematopoiesis: An
evolving paradigm for stem cell biology. Cell
2008;132:631-644.

17 Seita J, Sahoo D, Rossi DJ et al. Gene
expression commons: An open platform for
absolute gene expression profiling. PLoS One
2012;7:e40321.

18 Beerman |, Bock C, Garrison BS et al.
Proliferation-dependent alterations of the
DNA methylation landscape underlie hemato-
poietic stem cell aging. Cell Stem Cell 2013;
12:413-425.

19 Artinger EL, Mishra BP, Zaffuto KM et al.
An MLL-dependent network sustains hemato-
poiesis. Proc Natl Acad Sci USA 2013;110:
12000-12005.

20 Desai TJ, Brownfield DG, Krasnow MA.
Alveolar progenitor and stem cells in lung
development, renewal and cancer. Nature
2014;507:190-194.

21 Kiel MJ, Yilmaz OH, Iwashita T et al. SLAM
family receptors distinguish hematopoietic stem
and progenitor cells and reveal endothelial niches
for stem cells. Cell 2005;121:1109-1121.

22 Oguro H, Ding L, Morrison SJ. SLAM
family markers resolve functionally distinct
subpopulations of hematopoietic stem cells
and multipotent progenitors. Cell Stem Cell
2013;13:102-116.

23 Socolovsky M, Nam H, Fleming MD et al.
Ineffective erythropoiesis in Stat5a(-/-)5b(-/-)

mice due to decreased survival of early eryth-

roblasts. Blood 2001;98:3261-3273.

24 Socolovsky M, Murrell M, Liu Y et al. Neg-
ative autoregulation by FAS mediates robust
fetal erythropoiesis. PLoS Biol 2007;5:e252.

25 Shearstone JR, Pop R, Bock C et al. Global
DNA demethylation during mouse erythropoie-
sis in vivo. Science 2011;334:799-802.

DISCLOSURE OF POTENTIAL CONFLICTS OF INTEREST

The authors indicate no potential conflicts of interest.

26 Forsberg EC, Serwold T, Kogan S et al. New
evidence supporting megakaryocyte-erythrocyte
potential of FIk2/FIt3+ multipotent hematopoi-
etic progenitors. Cell 2006;126:415-426.

27 Pear WS, Miller JP, Xu L et al. Efficient
and rapid induction of a chronic myeloge-
nous leukemia-like myeloproliferative disease
in mice receiving P210 bcr/abl-transduced
bone marrow. Blood 1998;92:3780-3792.

28 Huntly BJP, Shigematsu H, Deguchi K
et al. MOZ-TIF2, but not BCR-ABL, confers
properties of leukemic stem cells to commit-
ted murine hematopoietic progenitors. Can-
cer Cell 2004;6:587-596.

29 Hu M, Krause D, Greaves M et al. Multi-
lineage gene expression precedes commit-
ment in the hemopoietic system. Genes Dev
1997;11:774-785.

30 Miyamoto T, Iwasaki H, Reizis B et al.
Myeloid or lymphoid promiscuity as a critical
step in hematopoietic lineage commitment.
Dev Cell 2002;3:137-147.

31 Novershtern N, Subramanian A, Lawton
LN et al. Densely interconnected transcrip-
tional circuits control cell states in human
hematopoiesis. Cell 2011;144:296-309.

32 Emambokus NR, Frampton J. The glyco-
protein llb molecule is expressed on early
murine hematopoietic progenitors and regu-
lates their numbers in sites of hematopoiesis.
Immunity 2003;19:33-45.

33 Martin F, Prandini MH, Thevenon D et al.
The transcription factor GATA-1 regulates the
promoter activity of the platelet glycoprotein
IIb gene. J Biol Chem 1993;268:21606—-21612.
34 Sevinsky JR, Whalen AM, Ahn NG. Extracel-
lular signal-regulated kinase induces the mega-
karyocyte GPlIb/CD41 gene through MafB/
Kreisler. Mol Cell Biol 2004;24:4534—-4545,

35 Gekas C, Graf T. CD41 expression marks
myeloid-biased adult hematopoietic stem
cells and increases with age. Blood 2013;121:
4463-4472.

36 Yamamoto R, Morita Y, Ooehara J et al.
Clonal analysis unveils self-renewing lineage-
restricted progenitors generated directly
from hematopoietic stem cells. Cell 2013;
154:1112-1126.

4)) See www.StemCells.com for supporting information available online.

www.StemCells.com

_28_

©AlphaMed Press 2014




CellP’ress

Immunity

Dectin-2 Is a Direct Receptor for Mannose-Capped
Lipoarabinomannan of Mycobacteria

Akiko Yonekawa,-2 Shinobu Saijo,**° Yoshihiko Hoshino,> Yasunobu Miyake, Eri Ishikawa,' Maho Suzukawa,®
Hiromasa Inoue,” Masato Tanaka,® Mitsutoshi Yoneyama,® Masatsugu Oh-hora,* Koichi Akashi,? and Sho Yamasaki'-3*

1Division of Molecular Immunology, Medical Institute of Bioregulation

2Department of Medicine and Biosystemic Science, Graduate School of Medical Sciences

Kyushu University, Fukuoka 812-8582, Japan

3Division of Molecular Immunology, Medical Mycology Research Center, Chiba University, Chiba 260-8673, Japan

4PRESTO, Japan Science and Technology Agency (JST), Saitama 332-0012, Japan

5Leprosy Research Center, National Institute of Infectious Diseases, Tokyo 189-0002, Japan

8Center for Pulmonary Diseases, National Hospital Organization, Tokyo National Hospital, Tokyo 204-8585, Japan

"Department of Pulmonary Medicine, Graduate School of Medical and Dental Sciences, Kagoshima University, Kagoshima 890-8544, Japan
8Laboratory for Immune Regulation, School of Life Sciences, Tokyo University of Pharmacy and Life Sciences, Tokyo 192-0392, Japan

9Co-first author
*Correspondence: yamasaki@bioreg.kyushu-u.ac.jp
http://dx.doi.org/10.1016/j.immuni.2014.08.005

SUMMARY

Mycobacteria possess various immunomodulatory
molecules on the cell wall. Mannose-capped lipoara-
binomannan (Man-LAM), a major lipoglycan of Myco-
bacterium tuberculosis, has long been known to
have both inhibitory and stimulatory effects on host
immunity. However, the direct Man-LAM receptor
that explains its pleiotropic activities has not been
clearly identified. Here, we report that a C-type lectin
receptor Dectin-2 (gene symbol Clec4n) is a direct
receptor for Man-LAM. Man-LAM activated bone-
marrow-derived dendritic cells (BMDCs) to produce
pro- and anti-inflammatory cytokines, whereas it
was completely abrogated in Clec4n™ BMDCs.
Man-LAM promoted antigen-specific T cell re-
sponses through Dectin-2 on DCs. Furthermore,
Man-LAM induced experimental autoimmune en-
cephalitis (EAE) as an adjuvant in mice, whereas
Clec4n™" mice were resistant. Upon mycobacterial
infection, Clec4n™ mice showed augmented lung
pathology. These results demonstrate that Dectin-2
contributes to host immunity against mycobacterial
infection through the recognition of Man-LAM.

INTRODUCTION

Mycobacteria possess various cell wall components that influ-
ence host immune responses, such as trehalose-6,6'-dimyco-
late (TDM), mycolate, phosphatidyl-myo-inositol mannosides
(PIMs), lipomannnan (LM), and lipoarabinomannan (LAM). LAM
is a major lipoglycan and important virulence factor of mycobac-
teria (Mishra et al., 2011), enabling mycobacteria to infect host
organisms and survive within host cells. Ethambutol, an inhibitor
of LAM synthesis, is widely used as an antimycobacterial drug
(Belanger et al., 1996). LAM consists of four components: a man-
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nosyl-phosphatidyl-myo-inositol (MPI) anchor, a mannose back-
bone, an arabinan domain, and capping moieties. The capping
moieties located at the terminal extremity of the arabinan domain
differ among mycobacterial species, such as mannose-capped
LAM (Man-LAM), phosphoinositol-capped LAM (PI-LAM), and
noncapped LAM (Ara-LAM). Among them, Man-LAM has been
intensively studied because it exerts pleiotropic effects on host
immunity (Mishra et al., 2011).

Pathogenic species, including Mycobacterium tuberculosis,
possess Man-LAM, which has been shown to suppress host im-
mune system (Briken et al., 2004) and phagosome-lysosome
fusion (Fratti et al., 2003). Although various inhibitory mecha-
nisms have been proposed thus far, one of the key events is
the production of immunosuppressive cytokine interleukin-10
(IL-10). On the other hand, Man-LAM also potentiates immunos-
timulatory responses, such as nitric oxide release and secretion
of proinflammatory cytokines (Chan et al., 2001; Gringhuis et al.,
2009; Mazurek et al., 2012).

C-type lectin receptors (CLRs) have been recently identified as
pattern recognition receptors (PRRs) for a wide variety of patho-
gens. A member of CLRs, dendritic-cell (DC)-specific intercel-
lular adhesion molecule-3 grabbing nonintegrin (DC-SIGN, also
called CD209) and its putative murine homologs SIGN-related
1 (SIGNRH1, also called CD209b) and SIGNR3 (CD209d) are re-
ported to recognize Man-LAM and mediate its immunosuppres-
sive activities (Geijtenbeek et al., 2003; Schlesinger et al., 1994;
Tailleux et al., 2003). Macrophage mannose receptor (MMR, also
called CD206) is also a candidate for inhibitory receptor for LAM,
because it delivers a negative signal to attenuate DC activation
(Nigou et al., 2001). In addition to these reports regarding inhib-
itory functions, engagement of SIGNR3 by Man-LAM also in-
duces the secretion of IL-6 and tumor necrosis factor (TNF) in
macrophages transfected with SIGNR3 (Tanne et al., 2009).
Moreover, the scavenger receptor CD36 enhances the stimula-
tory activity of Man-LAM leading to TNF release in lipopolysac-
charide (LPS)-stimulated macrophage cell line (J6zefowski
et al., 2011). Although many proteins have been proposed as a
receptor for Man-LAM, none of these receptors fully explain its
divergent functions, both stimulatory and inhibitory effects,
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