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Down-regulation of Mpl marks the transition to lymphoid-primed multipotent
progenitors with gradual loss of granulocyte-monocyte potential
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Evidence for a novel route of adult hema-
topoietic stem-cell lineage commitment
through Lin~Sca-1*Kit*FIt3" (LSKFIt3")
lymphoid-primed multipotent progeni-
tors (LMPPs) with granulocyte/monocyte
(GM) and lymphoid but little or no
megakaryocyte/erythroid (MKE) potential
was recently challenged, as LSKFIt3"i
cells were reported to possess MKE poten-
tial. Herein, residual (1%-2%) MKE poten-
tial segregated almost entirely with
LSKFIt3" cells expressing the thrombo-

poietin  receptor (Mpl), whereas
LSKFIt3"Mpl- LMPPs lacked significant
MKE potential in vitro and in vivo, but
sustained combined GM and lymphoid
potentials, and coexpressed GM and lym-
phoid but not MKE transcriptional lineage
programs. Gradually increased transcrip-
tional lymphoid priming in single LMPPs
from Rag1%FP mice was shown to occur in
the presence of maintained GM lineage
priming, but gradually reduced GM lin-
eage potential. These functional and mo-

lecular findings reinforce the existence of
GM/lymphoid-restricted progenitors with
dramatically down-regulated probability
for committing toward MkKE fates, and
support that lineage restriction occurs
through gradual rather than abrupt
changes in specific lineage potentials.
(Blood. 2008;111:3424-3434)
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Introduction

Whereas considerable knowledge has been gained with regard to
the identity and roles of extrinsic and intrinsic regulators of blood
lineage development, much less is known about the molecular
mechanisms regulating lineage commitment of hematopoietic stem
cells (HSCs)."? Unraveling the involved molecular determinants
and mechanisms of lineage restriction will be facilitated by, and
most likely depend on, a more complete understanding of the
cellular pathways of the lineage restriction process from pluripo-
tent HSCs to lineage-restricted progenitor cells.

It remains unclear and debated>* exactly how the lineage
commitment process from pluripotent HSCs to lineage-restricted
progenitors occurs in adult bone marrow (BM), and even unequivo-
cal evidence for one such pathway would not exclude the existence
of alternative routes for HSC lineage commitment. In the prevail-
ing model of HSC lineage commitment,'-> HSCs (long-term and
short-term) and multipotent progenitors (MPPs) distinguish them-
selves from each other, only through gradual loss of self-renewal
potential while sustaining the same degree of pluripotentiality, with
the first lineage commitment event resulting in a strict separation of
myelopoiesis and lymphopoiesis. This model for HSC lineage
commitment was supported by the identification of common
myeloid and common lymphoid progenitors (CMPs and CLPs,
respectively).>® However, the degree to which the identified CMPs
and CLPs represent obligatory or even main intermediates for
myeloid and lymphoid development in adult hematopoiesis re-
mains to be established.

Although conclusively established for long-term HSCs (LT-
HSCs),”?® the existence of short-term HSCs (ST-HSCs) and MPPs in the
BM Lin~Sca-1"Kit" (LSK) stem and primitive progenitor cell compart-
ment, with sustained pluripotentiality has yet to be demonstrated at the
single cell level.3 Rather, more recent studies have uncovered consider-
able heterogeneity in the LSK MPP compartment. Through the use of
different but overlapping markers such as FMS-like tyrosine kinase 3
(F1t3),1 vascular cell adhesion molecule-1 (Vcam-1),'213 and an
Ikaros-reporter,'* the existence of lymphoid-primed MPPs (LMPPs)
with combined granulocyte/monocyte (GM) and lymphoid potentials,
but little or no megakaryocyte (Mk)/erythroid (E) potentials has been
proposed.>10121415 Further, molecular analysis of putative LMPPs show
down-regulated transcriptional priming of genes specific for the
MKE lineage, and up-regulation of lymphoid-specific genes, not yet
expressed in HSCs. 1510

The identification of a putative LMPP, representing the
earliest lineage-restricted lympho-myeloid progenitor identified
in adult hematopoiesis, has provided a potential avenue toward
uncovering alternative HSC lineage commitment pathways.>317
However, the existence of the LMPP remains contentious,>318-20
largely reflecting functional heterogeneity of phenotypically
defined candidate LMPPs.%!0-12-14 While the evidence for a large
fraction of LSKFIt3" BM cells sustaining (at the single cell
level) combined and robust GM and lymphoid potentials are
compelling,®1%-1415 the experimental evidence for LMPPs hav-
ing lost MKE potential has been questioned.'® In the original
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studies,®!1 1% to 3%, at most, of FACS-purified LSKFIt3" BM
cells were found to produce Mk and E progeny in various in
vitro and in vivo clonal assays. While it was argued that one
possible reason for the low MKE potential observed could be
impurities of HSCs and/or MPPs in the sorted LSKFI1t3" cells,!°
Forsberg et al'® demonstrated through double and triple FACS
sorting that highly purified cells with a LSKFI1t3" phenotype do
possess in vivo Mk and E potential. However, as most of the in
vivo studies required transplantation of large numbers of
LSKFIt3M cells in nonclonal assays, the frequency of LSKFIt3M
cells with MKE potential was not established, and could
therefore, in agreement with previous in vitro clonal stud-
ies,!%12.14 be compatible with only a small fraction of LSKFIt3M
cells having sustained MKE potential. If so, a large fraction of
LSKFIt3M cells would in fact represent LMPPs with combined
GM and lymphoid but no MKE potential. However, an alterna-
tive and fundamentally different interpretation, even if only a
small fraction of LSKFIt3" cells would read out with MKE
potential in various assays, would be that most if not all
LSKFIt3M cells possess reduced but significant MKE potential
but that the assays used are inefficient at uncovering it. In this
scenario, LSKFIt3hi cells, although being transcriptionally
lymphoid-GM and not MKE primed,'> would in fact as conven-
tional MPPs remain truly multipotent, and consequently as
reinforced by Forsberg et al,!8 the strict separation of myelopoi-
esis and lymphopoiesis through generation of CMPs and CLPs
might still represent the first lineage commitment or restriction
point of HSCs and MPPs. The only feasible approach to
distinguish between these 2 fundamentally different explana-
tions for the reproducible readout of MKE potential from a small
fraction of LSKFIt3" cells would be to either develop more
efficient clonal assays, which would promote MKE potential of
most LSKFIt3" cells (to demonstrate that LSKFIt3" cells are in
fact truly multipotent), or to identify one or several additional
markers, which would allow further separation of a fraction of
LSKFIt3M cells without significant in vitro or in vivo clonal
MEKE potential (to prove beyond reasonable doubt the existence
of GM-lymphoid-restricted LMPPs).

Another fundamental and related question is whether HSC
lineage restriction occurs in an abrupt manner as perhaps inter-
preted by strict branching points in most schemes for hematopoi-
esis,! or alternatively through a gradual loss of specific lineage
potentials. Previous studies showing changes in lineage potentials
correlated, for instance, to changes in recombination activating
gene 1 (Ragl) and Vcam-1 expression, providing findings compat-
ible with the last scenario,'>!3?! but as clonogenic studies were not
performed, it remains possible that the observed changes in lineage
potentials reflected altered ratios of a mixture of progenitors of
multiple lineages, rather than gradual changes in potentials for
multiple lineages within multipotent progenitor cells.

Herein we describe an approach that allowed us to purify a
fraction of LSKFIt3" LMPPs without significant in vitro or in
vivo clonal MKE activity. The strategy developed was based on
2 key findings common to our study and the Forsberg study.!®-11.18
First, that a small fraction (0.4%-1.2%) of LSKFI1t3" cells are
able to generate large MkE-enriched colonies in the spleen
(spleen colony-forming unit [CFU-S]??) 11 to 12 days after
transplantation, and second that a fraction of LSKFIt3" cells
express the thrombopoietin receptor Mpl (Mpl), strongly impli-
cated as a key regulator of the MKE lineages.?* We found that the
in vivo CFU-S as well as in vitro clonal Mk and E activity
segregate almost entirely with LSKFI3MMplI" BM cells, al-
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though also most LSKFIt3MMplh cells (> 98%) lacked detect-
able MKE potential and therefore fulfill the criteria of GM-
lymphoid-restricted LMPPs. LSKFI1t3MMpl~ LMPPs also sustain
combined GM-lymphoid potential but without any significant
MKE potential. Furthermore, using reporter mice expressing
green fluorescent protein (GFP) under control of the promoter
for the lymphoid Ragl gene,?* we demonstrate that gradually
increased transcriptional lymphoid priming in LMPPs occurs in
the presence of sustained transcriptional GM priming, but
gradually reduced GM lineage potential.

Methods

FACS purification of LSK subpopulations

BM cells were harvested from 8- to 12-week-old C57BL/6 or heterozygous
Rag1/GFP (Rag16"P) knock-in reporter mice.?* Fetal liver (FL) cells were
obtained from time-matched pregnancies.'® Kit-enriched cells were stained
with lineage antibodies followed by antibodies against Sca-1, Kit, Flt3, and
Mpl. LSKFIt3"Mpl~ and LSKFI3"Mpl" populations as well as
LSKFIt3"Rag16*~, LSKFIt3"Rag1CFPl, LSKFIt3"RaglCFPint  and
LSKFIt3"Rag16FPhi cells were FACS purified on a BD FACSAria (BD
Biosciences, San Jose, CA), resulting in high purities for all populations.
LSKFIt3~ or LSKCD347FIt3~ cells were sorted as previously de-
scribed!®!! and used as positive controls for in vitro assays and CFU-S
assay, respectively. For detailed information, see Document S1 (available
on the Blood website; see the Supplemental Materials link at the top of the
online article).

CFU-S assay

All mouse experiments were approved by the ethical committee at Lund
University. Fifty LSKCD34*FIt3~ (highly enriched in CFU-S'!) or
250 LSKFI1t3"Mpl~ or LSKFIt3"Mpl" cells were transplanted into lethally
irradiated (900 cGy) recipients. Eleven days after transplantation, spleens
were harvested and cells from macroscopic colonies picked for cytospin
preparations and morphologic analysis. The number and the size of
macroscopic colonies from each spleen were scored after fixation in
Tellesniczky fixative, as previously described.!""?? See Document S1 for
further details.

In vitro evaluation of MkE, GM, and lymphoid potentials

For evaluation of Mk potential, cells were sorted into X-vivo 15
(BioWhittaker) supplemented with cytokines (detailed information
about cytokines can be found in Document S1). Cells were subsequently
seeded at 50 cells/well in 96-well (flat-bottomed) plates and evaluated
morphologically by May-Griinwald Giemsa (MGG)-stained cytospin
preparations (multiple cytospins from each well to evaluate all cells
generated; Document S1), after 4, 6, or 10 days of culture. The
frequency of cells having Mk potential was calculated as follows:
l _ 10((10g(frequency of negative weI]c\)/S(i).

For evaluation of erythroid potential, 30 to 50 LSKCD34"FIt3~,
LSKFI1t3"Mpl" or LSKFI1t3"Mpl~ cells were seeded in 1 mL methylcellu-
lose (GF M3434; StemCell Technologies, Vancouver, BC) containing
cytokines (Document S1). To establish an optimal time-point for read-out of
each cell population investigated, cells were cultured for 4, 6, 8, 10, or
12 days, at which time erythroid potential was evaluated using
2,7-diaminofluorene staining (DAF; Sigma-Aldrich, St Louis, MO).!5:%
DAF-positive cells were identified as cells with intracellular blue granules
and LSKFIt3"Mpl ~-derived pure GM clones (generated in methylcellulose
[M3134; StemCell Technologies] supplemented with cytokines, but not
hEPO or hTHPO) were used as a negative control to confirm the specificity
of DAF staining.

To evaluate the individual GM, T, and B lineage potentials of the
different LSKFIt3" subpopulations, single cells were seeded by an auto-
mated cell deposition unit (ACDU) coupled to a BD FACSAria (providing
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single cells in > 99% of the wells, and no wells with more than 1 cell) or
occasionally manually at 1 cell per well (Document S1).

For evaluation of GM potential, single cells were sorted into 60-well
Terasaki plates, with each well containing 20 pL X-vivo 15 with cytokines
(Document S1). Wells were scored, with an inverted microscope, for clonal
growth after 8 or 10 days of culture. Frequencies of clones containing G
and/or M cells were scored by morphologic evaluation of MGG-stained
cytospins (Document S1).

T- and B-cell potential was evaluated by sorting single cells onto approxi-
mately 80% confluent monolayers of OP9-DL1 and OP9 stromal cells respec-
tively, as previously described.'>?* Clones were identified and picked at 3 to
4 weeks (depending on clonal size), and subsequently analyzed by FACS for the
presence of T cell- and B cell-committed progeny.

In vivo multilineage reconstitution assay

Competitive reconstitution assays using congenic CD45.1 and CD45.2
mice were performed as previously described.!!!> See Document S1 for
details about antibodies used for analyses. Briefly, 2000 LSKFIt3"Rag 16—,
LSKFIt3"Rag1¢° and LSKFIt3"RaglCPinvhi cells were sorted and
transplanted together with 200 000 unfractionated support BM cells, into
lethally irradiated (900 cGy) recipients, after which peripheral blood was
withdrawn and analyzed at 3, 6, 9, and 12 weeks posttransplantation to
study the total donor and donor-derived lineage reconstitution levels.

Gene-expression analysis of single cells by multiplex RT-PCR

Multiplex single-cell reverse transcription—polymerase chain reaction (RT-
PCR) analysis was performed as previously described.!?%!327 See Document
S1 for details, including primers.

Results

The CFU-S activity within LSKFIt3" BM cells resides within the
Mplhi and not Mpl— subfraction

Although, in general, a low Mk and E potential was revealed in
different clonal assays, both we and others noted in previous
studies that a small fraction (0.4%-1.2%) of LSKFIt3" BM cells
possessed potent CFU-S activity,''!® comparable to the low
frequency of LSKFIt3" cells also producing cells of the Mk and
E lineages in vitro.'%!2 To investigate whether LSKFIt3 cells with
CFU-S potential could be separated from LSKFIt3" LMPPs
without such activity, we analyzed previous Affymetrix array
results.’> Whereas we had shown that most investigated genes
affiliated with the Mk and E lineages are no longer expressed in
LSKFIt3" cells, we did find that Mpl was still expressed in a
fraction of LSKFI1t3" cells, although at reduced levels and frequen-
cies when compared with LSKCD34 Flt3~ and LSKCD34*FIt3~
cells.!®15 Of further note, the fraction of BM LSKFIt3" cells
expressing Mpl coexpressed genes of the GM lineage but predomi-
nantly not of the lymphoid lineage, in contrast to LSKFIt3" cells
negative for Mpl, which frequently coexpressed lymphoid and GM
genes.!> Thus, we hypothesized that at least a fraction of
LSKFIt3"Mpl™* cells might include an intermediate progenitor with
sustained but restricted MKE potential in the pathway from
pluripotent MPPs to LSKFIt3"Mpl~ LMPPs, with little or no
CFU-S or MKE potential. Thus, we investigated by FACS the
coexpression of FlIt3 and Mpl on LSK cells (Figure 1A). In
agreement with previous gene-expression analyses, >3 all LSKFIt3~
HSCs expressed Mpl at uniform high levels, whereas a large
fraction of LSKFIt3* cells expressed Mpl with a gradual reduction
in mean intensity with increasing Flt3 expression. Most notably,
37% = 10% (mean * standard error of the mean [SEM] of
8 experiments) of cells within the LSKFIt3" LMPP population
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(25% highest Flt3-expressing LSK cells),'®!> lacked detectable
Mpl expression (Figure 1A). We next purified LSKFIt3"Mpl~ and
LSKFIt3"Mpl" (approximately 12% of LSKFIt3" LMPPs) BM
cells (Figure 1A).

As we had previously found that the total LSKFIt3" popula-
tion contains some CFU-S day 11 (CFU-S d11) but no CFU-S
day 8 (CFU-S d8) activity,'! we next compared the CFU-S d11
activity of purified LSKFIt3"Mpl~ and LSKFIt3"Mplh BM
cells, using LSKCD34*FIt3~ cells enriched for ST-HSC and
CFU-S activity,'! as a positive control (Figure 1B,C). As
previously described,!! LSKCD34"FIt3~ cells were highly
enriched in CFU-S dl11 (1/21 cells). LSKFIt3MMplh cells
contained less although significant CFU-S d11 activity (1/93
cells), whereas LSKFIt3"Mpl~ cells contained virtually no
CFU-S dlI1 (1/2833 cells), as illustrated by only a total of
3 spleen colonies being generated in as much as 34 mice
transplanted with 250 cells each. Furthermore, while the major-
ity of CFU-S d11 colonies derived from LSKCD34*FIt3~ and
LSKFIt3"MMplh cells were larger than 1 mm (Figure 1B,C), the
few LSKFIt3"Mpl~-derived colonies were small (= 1 mm).
While morphologic evaluation of spleen colony cells derived
from LSKFIt3"MplM cells (and LSKCD34 FIt3~ cells), as
expected, contained largely immature cells of the erythroid
(nucleated) and megakaryocyte lineages (Figure 1C), cells from
the small LSKFIt3"Mpl~ colonies did not, and were indistin-
guishable from cells obtained from the spleens of nontrans-
planted mice (Figure 1C). These experiments conclusively
demonstrate that the limited CFU-S activity previously ascribed
to LSKFIt3M cells'h!8 is a property restricted to LSKFIt3M cells
expressing Mpl, although most LSKFIt3MMplhi cells (98%-99%)
lack such activity.

The limited in vitro erythroid and megakaryocyte potential of
LSKFIt3"i BM cells resides within the Mpl" and not the Mpl~-
subfraction

In previous studies, we and others!®!2 demonstrated through clonal
in vitro assays that a very small fraction (1%-2%) of LMPPs or
LSKFIt3" cells read out with Mk and/or E progeny. Thus, we next
tested whether the expression of Mpl would allow separation of the
limited in vitro Mk and E potentials of LSKFIt3" cells, as
demonstrated for CFU-S (Figure 1).

In agreement with previous studies,'® LSKFIt3~ cells, known to
have potent MKE potential,'” generated megakaryocytes at high
frequencies (Figure 2A, left panel). As expected, both
LSKFIt3"MpI" and LSKFIt3"Mpl~ cells generated megakaryo-
cytes at much reduced frequencies, but whereas LSKFIt3MMplh
cells had a significant Mk potential (1/100 cells), virtually no
(1/2350 cells) LSKFIt3"Mpl~ cells possessed such potential in
vitro (Figure 2A), although the cells were carefully investigated at
multiple time points (Figure 2B).

Our previous studies using liquid-based, single-cell cultures to
evaluate E potential of LSKFIt3" cells revealed minimal potential
for this lineage.!®!> Thus, we here compared the E potential of
LSKFIt3"Mplh and LSKFIt3"Mpl~ cells using a conventional
methylcellulose clonal assay, efficiently promoting growth and
differentiation of erythroid progenitors (“Methods”). Whereas 1 of
135 plated LSKFIt3"Mpl" cells produced E progeny, only 1 of
1400 LSKFIt3"Mpl~ cells did so after 12 days of culture (Figure
2C right panel). Furthermore, in a more extensive kinetic analysis,
LSKFIt3"Mpl~ cells, although showing a very high cloning
efficiency, failed to produce erythroid progeny regardless of being
assessed at 4, 6, 8, or 10 days of culture (Figure 2D). Thus, as for
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Figure 1. CFU-S activity within LSKFIt3" cells resides in the Mpl", not in the Mpl-, subpopulation. (A) Coexpression pattern of Mpl and FIt3 on Kit-enriched,
lineage-negative (Lin~), Sca-1* and Kit* (LSK) BM cells. Gates denote the sorting strategies used to purify LSKFIt3"Mpl~ (FIt3"Mpl~), LSKFIt3"MpI"' (FIt3"Mpl"), and

LSKFIt3~ cells. Percentages indicate mean quadrant frequencies within LSK cells

from 8 experiments. Right panels show typical purity analysis for LSKFIt3"Mpl~ and

LSKFIt3"Mpl" cells. (B) Number and size distribution of day 11 CFU-S in mice that underwent transplantation with 50 LSKCD34*FIt3~ (CD34*FIt3~) cells (n = 20), 250

LSKFIt3"MplMi cells (n = 37), or 250 LSKFIt3"Mpl- cells (n = 34), respectively. Mean

plus or minus the standard error of the mean (SEM) values from 3 experiments. (C) Left

and middle panels show photographs and cell morphology (original magnification, X500) of typical CFU-S colonies in spleens of mice that underwent transplantation with
LSKCD34*FIt3~ and LSKFIt3"Mpl" cells, respectively. Right panels show spleens and morphology of cells picked from CFU-S from mice that underwent transplantation with
LSKFIt3"Mpl- cells. To the left, a typical spleen transplanted with 250 LSKFIt3"Mpl~ cells and no CFU-S (31 of 34 mice), and to the right, one of the few cases (3 of 34 mice) in
which a small CFU-S was observed in mice that underwent transplantation with LSKFIt3"Mpl~ cells. Below, typical cell morphology of cells picked from a spleen without CFU-S

(left), and from a small colony (right) derived from LSKFIt3"Mpl- cells.

the in vivo clonal CFU-S activity, and with similar frequencies,
expression of Mpl allows separation of LSKFIt3" BM cells into
a Mpl" subpopulation with a very restricted but reproducible in
vitro Mk and E potential, and a Mpl~ fraction virtually devoid of
such activities.

LSKFIt3% LMPPs have previously been demonstrated to have
combined GM and lymphoid potential.'® Having demonstrated that the
Mpl~ fraction of LSKFIt3" cells virtually lack in vivo CFU-S and in
vitro Mk and E potentials, it was important to verify that LSKFIt3"Mpl~

cells still possessed combined GM and lymphoid potential. As previ-
ously demonstrated for the total LMPP population,>'? both
LSKFIt3"Mpl" and LSKFI3"Mpl~ single cells generated large num-
bers of granulocytes as well as monocytes/macrophages (combined
G and M potential) at high frequencies in vitro (83% and 85%
respectively; Figure 2E). However, under these GM conditions,
LSKFIt3"Mplhi cells were shown to have a significantly higher prolifera-
tive potential (Figure 2E), compatible with LSKFIt3"Mpl~ cells being
downstream progeny of LSKFIG3"Mpl" cells.
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Figure 2. The low megakaryocyte and erythroid potentials of LMPPs are highly enriched in LMPPs coexpressing cell-surface Mpl. (A) In vitro megakaryocyte (Mk)
potential of BM LSKFIt3~, LSKFIt3"Mpl" (FIt3"Mpl"), and LSKFIt3"Mpl~ (FIt3"Mpl-) cells, as described in “Methods” after 10 days of culture. Mean plus or minus SEM values
from 7 experiments. Cell morphology pictures from typical cultures of LSKFIt3"Mpl" cells and LSKFIt3"Mpl~ cells, respectively. (B) Mk potential of LSKFIt3"Mplhi and
LSKFIt3"Mpl~ BM cells, after 4 and 6 days of culture. Mean plus or minus SEM values from 2 experiments. (C) In vitro erythroid potential of BM LSKFIt3~, LSKFIt3"Mpl", and
LSKFIt3"Mpl~ cells, as established by DAF staining of methylcellulose cultures after 12 days of culture, as described in “Methods.” Mean plus or minus SEM values from 4
experiments. (D) Total cloning frequencies (left) and erythroid potential (right) of LSKFIt3"Mpl" and LSKFIt3"Mpl - cells evaluated after 4, 6, 8, and 10 days of methylcellulose
culture. Mean plus or minus SEM values from 3 experiments. (E) Left panel shows results from clonal assays of single-cell deposited LSKFIt3"Mpl" and LSKFIt3"Mpl~ cells
cultured in cytokines promoting GM development (“Methods”). Open bars show cloning frequencies as established after 10 days of culture, and black bars show frequency of
high proliferative clones (covering > 50% of the well). Mean plus or minus SEM values from 3 experiments. Middle panel shows relative distribution between clones with
monocyte (M) or combined granulocyte-monocyte (GM) contents, derived from single LSKFIt3"MplI" and LSKFIt3"Mpl~ cells as established by morphologic evaluation of
MGG-stained cytospin preparations (right panels). Mean plus or minus SEM values from 2 experiments. (F) T-cell potential of single-cell deposited LSKFIt3" (FIt3") and
LSKFIt3"Mpl~ BM cells grown for 3 to 4 weeks on OP9-DL1, as evaluated by FACS, and defined as NK1.1-Thy1.2MCD25" and/or NK1.1~-CD4*CD8* and negative for the
viability dye propidium iodide (P1) as previously described.!%'> Mean plus or minus SEM values from 2 experiments (n = 24 per group and experiment). Right panel shows
representative FACS profiles of analyzed clone derived from a single cell. The T-cell identity of NK1.1-Thy1.2"MCD25" clones was as previously shown'® and also confirmed by
nested PCR analysis demonstrating expression of CD3 antigen, epsilon polypeptide (Cd3e), and pre—T-cell antigen receptor alpha (Pifcra) (data not shown).

20z aunr 60 uo 3senb Aq Jpd'yZ#£00802008UZ/9SYESY L/YTYE/L/L L L/HPd-Bl0oIE/POOIQ/ABU  SUOlElgNdysSE//:dRy WOl papeojumo]



BLOOD, 1 APRIL 2008 - VOLUME 111, NUMBER 7

To establish that LSKFIt3"Mpl~ BM cells also sustained
lymphoid potential, we compared the T-cell potential of single
LSKFIt3"Mpl~ cells with that of total LSKFIt3" cells, using the
OP9-DL1 stromal cell line,'%?¢ resulting in as much as 75% of
single LSKFI1t3"Mpl~ cells generating committed T-cell prog-
eny under these conditions (Figure 2F). Thus, adult
LSKFIt3"Mpl~ BM cells represent multipotent progenitors with
sustained GM and lymphoid but not in vivo CFU-S or in vitro
Mk and E potentials.

Combined GM and lymphoid but not MKE transcriptional
priming is a property of LSKFIt3"Mpl- rather than
LSKFIt3hMpl"i cells

Previous studies have also presented molecular evidence for the
existence of LMPPs, through identification of LSKFIt3" cells!®-!1>
(or closely related populations'>!#) with combined GM and lym-
phoid but down-regulated or lost MKE transcriptional priming at
the single-cell level. As only a fraction of LSKFIt3" cells were
lymphoid primed,'> one would predict, based on the functional data
presented (Figure 2), that LSKFIG3"Mpl~ cells would show
enhanced lymphoid but sustained GM priming when compared
with LSKFIt3"Mpl" cells. We explored this prediction through
multiplex PCR analysis'>?’ of single LSKFIt3"Mplhi and
LSKFIt3"Mpl~ adult BM cells, using LSKFI1t3~-enriched HSCs as
a control population shown to be not yet lymphoid primed."> As
previously described,!’ primers for 2 to 3 genes specific for GM
(colony stimulating factor 3 receptor [Csf3r, gene for G-CSF
receptor]| and myeloperoxidase [Mpo]) and lymphoid (interleukin 7
receptor [1/7r], sterile IgH transcript and Rag/) lineages were used.
As predicted, both LSKFIt3"Mpl" and LSKFIt3"Mpl~ cells were
highly GM primed (88% and 92% of single cells, respectively)
(Figure 3A). Whereas only a small fraction of LSKFIt3hMplhi
single cells expressed lymphoid genes (5%), as much as 21% of
LSKFIt3"Mpl~ BM cells were lymphoid primed, and almost all of
these also coexpressed GM genes (Figure 3A).

We recently demonstrated that LSKFIt3h cells in the fetal
liver, as in adult BM, have combined GM and lymphoid
potentials but down-regulated MKE potential.!> Furthermore, a
similar pattern of multilineage transcriptional priming could be
observed in fetal LSKFIt3" cells with the distinction that a
larger fraction of LSKFIt3" cells from the fetal liver were
transcriptionally primed compared with LSKFIt3" adult BM
cells.’ Thus, we also compared the multilineage transcriptional
priming of LSKFIt3"Mpl~ and LSKFIt3"Mpl" fetal liver (E14.5-
E15.5) cells. The expression pattern of Mpl in relationship to
FIt3 was comparable to that in adult BM, allowing purification
of equivalent LSKFIt3"Mplhi and LSKFIt3"Mpl~ populations
(Figure 3B). As with adult BM, the Mk potential was limited in
both populations, but whereas 2% of LSKFIt3MMpl" cells
generated Mk progeny, only 0.09% of LSKFI1t3"Mpl~ fetal liver
cells produced Mk (Figure 3C). Multiplex single-cell RT-PCR
analysis demonstrated, in line with the findings in adult BM, that
only a small fraction (10%) of LSKFIt3MMplh cells were
lymphoid primed, in contrast to as much as 82% of
LSKFIt3MMpl~ cells, of which the great majority were also GM
primed (Figure 3D). This finding further supports that lymphoid
transcriptional priming is a property primarily of LSKFI1t3"Mpl -
cells. Of further interest, although the MKE priming (GATA
binding protein 1 [Gatal], erythropoietin receptor [Epor], and
Von Willebrand factor homolog [VWF]) was, as expected, low in
both populations, a small fraction of LSKFIt3"Mpl" but virtu-
ally no LSKFIt3"Mpl~ fetal liver cells had combined GM and
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MKE priming without lymphoid priming. This outcome is
similar to what is observed more frequently in LSKFIt3~
HSC-enriched cells with sustained MKE potential, whereas a
small fraction of LSKFI1t3"Mpl~ cells were uniquely primed for
MEKE, GM, and lymphoid genes (Figure 3D). Collectively, these
experiments provide compelling evidence for LSKFIt3MMpl~
cells representing pure LMPPs with sustained GM and lymphoid
but down-regulated MKE potentials, with a corresponding
down-regulated MKE transcriptional lineage priming and up-
regulated lymphoid priming.

Gradual down-regulation of GM potential with increasing
lymphoid transcriptional priming in LSKFIt3"i LMPPs

Although LSKFIt3" cells appear to sustain GM potential after
down-regulation of MKE potential,®!*%14 it remains unclear
whether and how this GM potential is altered with increasing levels
of lymphoid transcriptional priming. To investigate this as well as
how GM transcriptional priming changes with increasing lymphoid
transcriptional priming, we made use of a reporter mouse express-
ing enhanced green fluorescent protein (GFP) under control of the
Ragl promoter.>* We first investigated the coexpression pattern of
Rag16FP and Flt3 within the BM LSK compartment, and observed
that Rag16F expression increased with increasing Flt3 expression
and all cells with bright GFP levels were observed within the Flt3hi
compartment (Figure 4A). To be able to investigate populations
with different levels of RaglS expression, LSKFIt3" cells were
separated by FACS into LSKFIt3"Rag1P~, LSKFIt3"Rag]Co,
LSKFIt3"Rag16FPint - and LSKFIt3"Rag1CFhi populations (Figure
4A). Single-cell RT-PCR analysis of Ragl expression in the
different subpopulations confirmed the gradual increase in Ragl
expression from LSKFIt3~ through LSKFIt3"Rag16FPhi cells (Fig-
ure 4B). Other investigated early lymphoid genes ({//7r and sterile
IgH transcript) also increased gradually from LSKFIt3~ to
LSKFIt3"Rag1CFPhi cells (Figure 4C).

We next investigated whether and how the GM potential of
LSKFIt3" cells would change with gradually increasing lymphoid
priming. LSKFIt3"MRag1SFP~ BM cells presented the highest my-
eloid cloning frequency (77%), and most of the GM clones
generated were very large (Figure 5A). Notably, not so much of the
GM cloning frequency but rather the GM clonal size was reduced
gradually when going from LSKFIt3"RaglCFP~ through
LSKFIt3"Rag16FPlo and LSKFIt3MRag16FPint to LSKFIt3hRag]GFPhi
cells (Figure 5A). A careful kinetic analysis did, however, reveal
that all populations (including LSKFIt3"Rag16FPhi cells) produced
cells of the G and M lineages (Figure SA). Furthermore, single-cell
analysis on OP9-DL1 and OP9 stromal cells showed that
LSKFIt3"MRag1CF~ and LSKFIt3"RaglCFFhi BM cells possessed
comparable T and B potentials (Figure 5B).

To evaluate whether the reduced GM clonal size reflected a
general loss of proliferative capacity with increasing Ragl expres-
sion or only a reduced propensity to produce cells of the GM
lineage, 2000 LSKFIt3"Ragl1CFP~ LSKFIt3"RaglCFFlo  or
LSKFIt3hRag1CFPinthi cells were transplanted into lethally irradi-
ated recipients in a competitive setting. Peripheral blood analysis at
3,6, 9, and 12 weeks after transplantation demonstrated robust and
comparable reconstitution by all 3 populations (Figure 5C), and
almost exclusively contribution to the B- and T-lymphoid lineages
(Figure 5D).

The in vitro GM lineage potential assays as well as the in vivo
transplantation assay suggested that the GM potential of LSKFI1t3M
cells is gradually reduced with increasing levels of lymphoid
transcriptional priming. Strikingly, whereas the frequency of
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Figure 3. Combined GM and lymphoid transcriptional priming in LSKFIt3"Mpl- BM cells. (A) Coexpression patterns of transcriptional lineage programs in single cells
from BM LSK subpopulations. Cells were scored as expressing GM and/or lymphoid (Ly) programs based on the expression of one or more lineage-associated genes: GM:
Csf3r and Mpo; lymphoid: Rag1, sterile IgH transcript, and //7r. Mean plus or minus SEM values from 2 experiments with 88 cells investigated in each experiment.
(B) Coexpression pattern of Mpl and FIt3 on Kit-enriched, lineage-negative (Lin~), Sca-1* and Kit* (LSK) fetal liver (day E14.5-E15.5) cells. Gates denote the sorting strategies
used to purify LSKFIt3"Mpl~ (FIt3"Mpl~), LSKFIt3"Mplhi (FIt3"Mpl"), and LSKFIt3~ cells. Percentages indicate mean quadrant frequencies within LSK cells from
4 experiments. Panels below show typical purity analysis for LSKFIt3"Mpl~ and LSKFIt3"Mpl" cells. (C) In vitro Mk potential of fetal liver LSKFIt3~, LSKFIt3"MplMi, and
LSKFIt3"Mpl~ cells, investigated as described in “Methods” after 8 days of culture. Mean plus or minus SEM values from 4 experiments. (D) Coexpression patterns of lineage
programs in single cells from fetal liver LSK subpopulations. Cells were scored as expressing MKE, GM, and/or lymphoid (Ly) programs based on the expression of one or more
lineage associated genes: MKE: Gatal, VWF, and Epor;, GM: Csf3r and Mpo; lymphoid: Rag1, sterile IgH transcript, and //7r. Mean plus or minus SEM values from
2 experiments, with 88 single cells of each cell population investigated in each experiment, except for LSKFIt3~ cells in which 88 cells were evaluated in total.

transcriptionally lymphoid-primed cells increased gradually from
LSKFIt3~ (0%) to LSKFIt3hRag1Phi (86%) cells, most cells from
LSKFIt3"Rag16FP~ (95%) to the LSKFIt3"Rag 16 (93%) popu-
lations remained GM primed, and in all populations almost all cells
that were lymphoid primed were simultaneously GM-primed

(Figure 6). Collectively, these data provide evidence, at the
single-cell level, that with increasing lymphoid transcriptional
priming, LMPPs remain GM transcriptionally primed (but not
MKE) while displaying a gradually reduced propensity to form
cells of the GM lineage.
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Figure 4. Increasing lymphoid transcriptional priming in LMPPs expressing Rag16FP. (A) Coexpression pattern of Rag1¢FP and Fit3 on Kit-enriched LSK BM cells. Gates
denote the sorting strategies used to purify LSKFIt3"Rag1GFP~ (Rag1GFP-), LSKFIt3"Rag1GFPlo (Rag1GFP0), LSKFIt3NRag1CGFPint (Rag1GFPint) | SKFIt3"Rag1GFPhi (Rag1GFPhi),
and LSKFIt3~ (FIt3™) cells. Percentages indicate mean frequencies of the sorted populations of total LSK cells from 4 experiments. Right panels show typical purity analysis.
(B) Expression pattern of Rag1 transcripts in single cells from sorted BM LSKFIt3~, LSKFIt3"Rag16FP -, LSKFIt3"Rag1GFPle, LSKFIt3"Rag1GFPint and LSKFIt3"Rag1GFPhi cells.
Mean plus or minus SEM values from 2 experiments with 88 single cells of each cell population investigated in each experiment, except for LSKFIt3~ cells, in which 88 cells
were evaluated in total. (C) Expression pattern of individual lymphoid genes (/I7r, sterile IgH transcript [IgH], and Rag?) in single cells from BM LSKFIt3"Rag1GFP-,
LSKFIt3"Rag1GFPle, | SKFIt3"Rag1GFPint and LSKFIt3"Rag1GFPhi cells. To the right is shown the frequency of cells in each population coexpressing 2 or 3 of the investigated
lymphoid genes (Multi-Ly). Mean plus or minus SEM values from 2 experiments with 88 single cells of each cell population investigated in each experiment, except for LSKFIt3~

cells, in which 88 cells were evaluated in total.

Discussion

Recent studies demonstrating that a fraction of LSKFI1t3" BM cells
possesses MKE potential were interpreted as support for the
prevailing CMP-CLP model with “segregation of myeloid and
lymphoid lineage potentials from multipotent progenitors,” ques-
tioning the existence of LMPPs with sustained GM and lymphoid
but down-regulated MKE potential as an alternative lineage commit-
ment pathway from HSCs.!® However, in the only clonal
MKE analysis performed, only 0.4% of LSKFIt3" BM cells
revealed CFU-S d12 activity, in agreement with the reported low
frequency of LSKFIt3" cells with in vitro and in vivo clonal MKE
potential.!%-12.14 [n contrast, the evidence presented previously®!0-15
and herein establish that a large fraction of LSKFIt3" cells have
exclusively a combined GM and lymphoid lineage potential.
Although Forsberg et al failed to demonstrate that a large fraction
of LSKFIt3" BM cells have MKE potential as required of truly
pluripotent MPPs, the evidence for at least a small fraction of
LSKFIt3" BM cells sustaining MKE potential was convincing,
justifying re-evaluation of the proposed existence of LMPPs with
combined GM and lymphoid but not MKE potentials.??

In the present studies we hypothesized and provided evi-
dence for the residual MKE potential observed in in vitro as well
as in vivo clonal assays,!%!118 originating from a subpopulation
of LSKFIt3" cells sustaining expression of the Mpl, a critical
regulator of the MKE lineage.?® Specifically, whereas 1 of 93
LSKFIt3hMMplhi cells generated CFU-S d11, virtually no CFU-S
d11 cells (1/2833) were derived from LSKFIt3"Mpl~ cells.

Also, the reportedly rare in vitro clonal Mk and E activities of
LSKFIt3h cells almost entirely segregated with LSKFIt3MMplhi
cells and not with LSKF1t3"Mpl~ cells. At least 85% of single
LSKFIt3"Mpl~ cells sustained GM potential and 75% lymphoid
potential, translating into at least 60% of LSKFIt3MMpl~ cells
sustaining a combined GM and lymphoid potential. Multiplex
single-cell PCR analysis supported this conclusion, demonstrat-
ing that LSKFIt3MMpl~ cells, when compared with
LSKFIt3hMMplhi cells, are highly enriched in cells with combined
GM and lymphoid transcriptional priming.

What is the explanation for the extremely rare readout of Mk
and E potential of LSKFI1t3"Mpl~ BM cells in in vitro and in vivo
assays (maximum 1/1400 cells at any time point investigated), and
what, if any, implications does this observation have for the
integrity of the evidence for the existence of LMPPs? It is
important to note that the evidence for the existence of LMPPs, as
for any lineage-restricted progenitor cell,* relies primarily on the
integrity of negative (here MKE) data. Reflecting that lineage
commitment is a process of loss rather than gain of potential, the
possibility that the very low frequency of LSKFIt3MMpl~ cells with
detectable MKE potential might reflect rare contamination of
purified LSKFIt3"Mpl~ cells with phenotypically distinct cells
with MKE potential cannot be excluded, although LSKFIt3"Mpl~
cells were sorted to very high purity. However, the present and
recent molecular analysis of multilineage transcriptional priming in
single LSKFIt3" cells!> provide some clues for alternative interpre-
tations. Although based on limited data, we did uncover rare cells
in LSKFIt3MMpl~ fetal liver cells (which read out Mk potential
with a similarly low frequency as their adult BM counterparts) that
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Figure 5. Gradual down-regulation of GM potential in LMPPs but sustained lymphoid potential in vitro and in vivo. (A) Left panel shows clonality of single-cell deposited
BM LSKFIt3"Rag16FP-, LSKFIt3"Rag1GFPlo, LSKFIt3"Rag1GFFint and LSKFIt3"Rag1GFP cells cultured under GM conditions (“Methods”) for 8 days. Open bars show cloning
frequencies and closed bars show the frequency of high proliferative clones (covering > 50% of well). Mean plus or minus SEM values from 3 experiments. Right panel shows
results from morphologic evaluation of MGG-stained cytospin preparations of cells derived from LSKFIt3"Rag1GFP~, LSKFIt3"Rag1GFPle, | SKFIt3"Rag1GFPint and
LSKFIt3"Rag1GFPhi cultures (20 cells each) after 3, 5, and 7 days in culture (“Methods”). Each bar shows relative distribution between wells containing only blast and immature
myeloid cells (Bl/Imm), cells of both the granulocyte and monocyte lineages (GM), and cells of only the monocytic (M) lineage, as determined by morphologic evaluation of
MGG-stained cytospin slides. Wells with only granulocytes were not detected. Note that although the peak for GM generation varies between the populations, all produce G
and M cells. Mean plus or minus SEM values from 2 experiments, each performed with 6 replicate determinations (wells) per population. (B) T- and B-cell potential of single-cell
deposited LSKFIt3", LSKFIt3"Rag1GFP—, and LSKFIt3"Rag1GFPhi BM cells grown for 3 to 4 weeks on OP9-DL1 and OP9 respectively, as evaluated by FACS. T cells were
defined as NK1.1-Thy1.2nMCD25" and/or NK1.1-CD4*CD8* and B cells as B220*CD19*, both negative for the viability stain PI as previously described'®'5 or DAPI. Mean
plus or minus SEM values from 3 experiments (n = 16-48 per group and experiment). Right panels show representative FACS profiles of analyzed clone derived from a single
cell. To verify the T-cell potential by molecular methods, 7 NK1.1-Thy1hMCD25" clones were analyzed for expression of CD3 antigen, epsilon polypeptide (Cd3e), and pre—T-cell
antigen receptor alpha (Pfcra). All clones were found to be positive for both T-cell genes, whereas clones grown on OP9 were negative for the T-cell genes but, as expected,
positive for hypoxanthine guanine phosphoribosyl transferase (Hprf) and protein tyrosine phosphatase, receptor type C (Ptprc, gene for Cd45) (data not shown).
(C) Reconstitution of lethally irradiated recipients that underwent transplantation with 2000 sorted cells of the indicated cell populations sorted from Rag1FP mice, in
competition with 200 000 BM cells. Results show mean plus or minus the standard deviation (SD) of reconstitution levels (total blood cells) at 3, 6, 9, and 12 weeks after
transplantation from 2 experiments (n = 6-7). (D) Lineage analysis of mice that underwent transplantation with LSKFIt3"Rag1GFPinthi cells. Myeloid cell reconstitution was
below detection level (less than 0.02%) of total donor-derived cells at all time points after transplantation.

20z aunr 60 uo 3senb Aq Jpd'yZ#£00802008UZ/9SYESY L/YTYE/L/L L L/HPd-Bl0oIE/POOIQ/ABU  SUOlElgNdysSE//:dRy WOl papeojumo]



BLOOD, 1 APRIL 2008 - VOLUME 111, NUMBER 7

DOWN-REGULATED MPL MARKS TRANSITION TO LMPPs 3433

o hi GFP- hi GFPI
LSKFIt3 LSKFIt3"Rag1 LSKFIt3"Rag1”
. , 100 -
100 100 _
£ 80 1 » 80 » 80 -
8 60 1 8 60 - g 604
Y— Y— — 40
S 4 S a0 1 B i
P = X
20 ﬂ 20 1 I—I l o
f—
g St T L. o ==L 111 . 0 1=
Unpr GM Ly GM Ly GMLy Unpr GM Ly GM Ly GMLy Unpr GM Ly GM Ly GMLy
Total Uni - Bi - Total Uni - Bi - Total Uni - Bi -
lineage lineage lineage lineage lineage lineage
hi GFPint hi GFPhi
LSKFIt3"Rag1™ LSKFIt3"Rag1™
100 - . 100 o
n 80 - o 807
8 60 - 8 601
Y— Y—
O 40 - O 40 1
o o
5 20 4 3~ 20
0 l=—1 x [
Unpr GM Ly GM Ly GMLy Unpr GM Ly GM Ly GMLy
Total Uni - Bi - Total Uni - Bi -

lineage lineage

lineage lineage

Figure 6. LSKFIt3" cells with increasing levels of transcriptional lymphoid priming continue to coexpress GM genes. Coexpression patterns of transcriptional lineage
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were MKE transcriptionally primed. However, these rare
LSKFIt3MMpl~ cells were virtually always also GM as well as
lymphoid primed, in contrast to LSKFIt3~ (HSC-enriched) cells, in
which we have never observed a single cell with such a pattern of
lineage priming." In fact, we did not see such a pattern in the rare
MKE-primed LSKFIt3MMplt fetal liver cells, which, like LSKFIt3~
cells, did not typically coexpress lymphoid genes. Thus, the rare
MKE-GM-lymphoid-primed LSKFIt3"Mpl~ cells and the very
rare but still rather consistent read-out of MKE potential, might
reflect that a very small fraction of lymphoid-primed LSKFI1t3"Mpl~
LMPPs might sustain a very low but significant probability of
committing toward the MKE lineage. In direct support of this, we
have found that even LSKFIt3"Rag1CFFinthi cells generate MKE
progeny at similarly low frequencies (S.L. and S.E.W.J., unpub-
lished observations, 2007). Regardless, the biologic and molecular
data presented here demonstrate that LSKFIt3"Mpl~ cells are
LMPPs with combined and robust GM and lymphoid transcrip-
tional priming and lineage potentials, but with at least a dramati-
cally down-regulated MKE lineage priming and potential to commit
and develop toward the MKE lineages.

While the purification of LSKFIt3"Mpl~ cells, representing
35% to 40% of total LMPPs, provided more definitive evidence
for the existence of GM-lymphoid-restricted adult and fetal
LMPPs, it is important to emphasize that the evidence remains
compelling for most LSKFI1t3MMpl* cells also being LMPPs. In
fact, regardless of the assays used, we could at most reveal a
MKE potential of 1% to 2% of LSKFIt3MMpl" cells, and we also
demonstrate that transcriptional priming for the MKE lineage is
largely down-regulated and lymphoid priming already initiated

at the LSKFIt3MMplh stage. Our findings are in complete
agreement with recent studies in which PU.1 reporter mice were
used to further separate LMPPs into PU.1" and PU.1' subsets.?
Similar to LSKFIt3"Mpl~ cells, PU.1* LMPPs (around 40% of
all LMPPs) lacked detectable MKE potential, but PU.1'© LMPPs
revealed minimal (around 2%) MKE potential, suggesting that
LSKFIt3" cells represent predominantly LMPPs in which a
minimal MKE potential is lost from Mpl" to Mpl~ and from
PU.1%" to PU.1" LMPPs. It is important to also emphasize that
most LSKFIt3* cells are not LMPPs, as these are restricted to
LSKFIt3M (25% of LSK cells expressing the highest FIt3 levels)
cells.®10:15 While we, based on our and other studies,?® would
argue that the LSKFIt3" phenotype defines the LMPP, it is
obvious that additional markers such as Mpl and Vcam-13 help
to further subfractionate LMPPs.

In further support of the loss of lineage potentials of MPPs
occurring in a gradual rather than abrupt manner, as might be
inferred by strict branching points in models for hematopoiesis,
LMPPs sorted from Ragl®f mice demonstrated that gradually
increased lymphoid transcriptional priming within single LSKFI13"
LMPPs occurs without significant effect on the GM lineage
priming, but nevertheless resulting in gradually reduced (but not
lost) GM potential.

In conclusion, LSKFIt3" LMPPs represent an early lineage
commitment stage in adult hematopoiesis with sustained GM and
lymphoid but down-regulated or absent MKE potential and lineage
priming. Molecular and biologic data support that the loss of MKE
and subsequent GM potential of MPPs occurs in a gradual manner,
possibly reflecting the interaction and opposing actions of graded
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doses of essential lineage-instructive transcription factors promot-
ing different lineage potentials and fate.>33!
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