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General introduction

1 Introduction

The adult bone marrow {BM} contains a minute population of progenitor
cells which have the capacity to differentiate into mature T lymphocytes. Unfike
the progenitor cells of the other hematopoietic lineages which mainly differen-
tiate in the BM, the progenitor cells destined to become mature T ceils must
leave the BM and migrate to the thymus to complete their differentiation under
the influence of the thymic microenvircnments. The nature of the progenitor
cells from BM that seed the thymus is still a matter of debate. Ultimately, T
cells are derived from multipotent hematopoietic stem celis {HSC), as are all
other cells of the hematopoietic system. To characterize the pre-thymic stages
of T cell development, it is important to establish the lineage relationships
between muitipotent HSC and the progenitor cells that actually home to and
colonize the thymus, As yet, there is no concrete evidence for the existence in
the BM of progenitor celis that are exclusively committed to the T cell lineage
(i.e. pro-thymocytes). Therefore, the site and developmental stage at which
comimitment to the T cell lineage occurs, as well as the molecular mechanisms
that govern this process, remain to be determined. One approach to unravel the
pre-thymic stages of T cell development is to identify the cell surface phenotype
of the BM cells with thymus-repopulating ability {TRA)}. As yet, no cell surface
markers are available that are uniquely expressed by thymus-repopulating
progenitor cells. This study aimed at identifying new cell surface antigens that
permit the identification and isolation of different subsets of thymus-repopula-
ting BM cells, among which maybe progenitor cells that are committed to
differentiate solely along the T cell lineage. This chapter reviews the current
understanding on muitipotent HSC and thymus-repopulating progenitor cells in
mouse BM. In sections 2 and 3 attention is paid to the functional heterogeneity
of the HSC compartment. This heterogeneity has become increasingly clear with
the recent advances in HCS purification procedures and the concomitant
development of new stem cell assays, |dentification of functionally distinct
hematopoietic stem and progenitor cell subsets is pivotal for the delineation of
successive stages of hematopoietic development. Sections 4 and b focus on the
identification and characterization of thymus-repopulating progenitor cells in the
BM of the mouse. Some aspects of thymus colonization are addressed and
assays are discussed that assess the capacity of purified hematopoietic stem
and progenitor cell subsets to differentiate along the T cell lineage. In section
6 the cell surface antigens which so far have been employed for the isolation
of hematopoietic stem and progenitor cells are reviewed. Section 7 considers
the currently available data regarding the pre-thymic stages of T cell develop-
ment and discusses the evidence that allude to the existence of lineage-
restricted and T cell lineage-committed progenitor cells. The chapter is
concluded with an introduction to the experimental work.
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Chapter 1

2 Hematopoietic stem cells

All mature blood cells have a limited life span. Vital functions, such as gas
transport, hemocstasis, and immunity, are extremely dependent on the
continuous production of new hematopoistic cells, Life-long maintenance of the
hematopoietic system is guaranteed by a small population of multipotent HSC
which, in the adult animal, are mainly located in the BM [1-3]. The estimated
frequency of the most primitive HSC is 1 per 10*-10% BM cells [1,4]. Such
primitive HSC are characterized by an extensive self-renewal capacity as well
as the capacity to generate the mature progeny of all hematopoietic cell
lineages over extended periods of time {i.e. multi-lineage long-term repopulating
ability (LTRA)}.

The first indication for the existence of multipotent HSC came from ex-
periments in which BM cells from healthy mice were grafted into lethally
irradiated mice and assessed for their radioprotective ability (RPA) [5]. Evidence
for a common HSC for all hematopoietic cell lineages was initially derived from
studies in patients with chronic myelogenous leukemia {61, In these patients the
Philadelphia chromosome could be detected in every cell lineage of the
hematopoietic system, suggesting that the cells belonging to these lineages
were derived from a single letikemic stem cell. The existence in normal adult BM
of multipotent HSC was established unequivocally by analyzing the clonal
progeny of transplanted mouse BM cells carrying either unique radiation-induced
chromosomat abnormalities [7,8] or unique retroviral integration sites [2-13).

3 Functional characterization of hematopoietic stem cells

The study of the earliest stages of hematopoiesis has been seriously
hampered by the very low frequency of H5C in normal BM and the lack of
markers that permit a direct identification of these cells. With the recent
advances in HSC purification procedures and the concomitant development of
new assays to assess the developmental potential of isolated BM celi popula-
tions, it has become evident that the HSC compartment is extremely heteroge-
neous. it is now generally acknowledged that the most primitive cells within this
compariment give rise 1o mature blood cells via a hierarchically concatenated
series of progenitor cell stages which are characterized by decreasing seH-
renewal capacity and proliferation potential, increasing restriction of develop-
mental potential, and increasing frequency and turnover rate [14-22] {Figure 1},
Identification of functionally different classes of hematopaoietic stem and
progenitor cells is crucial for a better understanding of stem cell maturation and
lineage commitment. In the following paragraphs attention will be paid to
various stem cell assays that are used for the functional characterization of
hematopoietic stem and progenitor subsets,
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Flgure 1. Schematic representation of hematopoietic development. LTRC: long-term repoputiating cell
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Chapter 1
3.1 /nn vivo stem cell assays

The first in vive assay for the quantitation of mouse HSC was described by
Ti# and McCulloeh in 1261 [B]. In this assay, hematopoietic cells are tested for
their ability to generate macroscopic spleen colonies after intravenous {i.v.}
transfer into lethally irradiated recipient mice. By injecting BM cells carrying
unigue radiation-induced chromosomal markers, it has been demonstrated that
each spleen colony originates from a single cell, i.e. the CFU-S (colony-forming
unit in the spleen} [23,24].

Since 1963 it has become increasingly clear that CFU-S are heterogeneous
with respect to self-renewal ability, proliferative capacity, differentiation
potential, cell cycle status, and cell surface phenotype, Cells isclated from
spleen colonies present at 12-14 days (CFU-5 d12-14) after transfer of BM cells
have a much greater ability to generate new spieen colonies (i.e. self-renewal
ability} in secondary {ethally irradiated recipient mice compared to cells isolated
from spleen colonies present at 7-9 days (CFU-5 d7-9) after BM cell transplan-
tation [25]. Furthermore, early-appearing spleen colonies mainly consist of one
predominant hematopoietic lineage {usually erythroid), whereas most of the
late-appearing colonies are multilineal {containing erythroid and myeloid lineage
celis) [26].

Until the discovery that almost all CFU-S d7-9 have a transient nature
[27,28] it was generally believed that CFU-S d12-14 merely represented a
further developmental stage of the spleen colonies detected at earlier time
points. However, CFU-S d12-14 appear to be relatively more resistant to the
cytotoxic effects of cell cycle-active drugs such as b-fluorouracil (5-FU) and
hydroxyurea than CFU-S d7-9, indicating that CFU-S d12-14 are more primitive
than CFU-S d7-9 [17-19,29,30]. Moreover, using b-FU it was demonstrated
that CFU-8 d12-14 are not the most primitive HSC, since a subpopulation of BM
cells was detected which were even more resistant to the cytotoxic effects of
this agent. These b-FU-resistant HSC repopulated primarily the irradiated
marrow cavity with new CFU-S d12 rather than colonizing the spleen, leading
to the assumption that cells with marrow-repopulating ability {MRA} are the
precursor cells of CFU-S {i.e. pre-CFU-8) [18,19,30].

The existence of functionally different stem celi subsets in normal, unper-
turbed BM has been confirmed using cell separation procedures based on
combinations of physical and phenotypic parameters, which include cell size,
buoyant density, light scatter, lectin binding, membrane potential, uptake of
fluorescent supravital dyes, and cell surface antigen expression |31},

By staining BM cell suspensions with fluorescent supravital dyes followed
by fluorescent-activated cell sorting (FACS), it has heen demonstrated that the
kinetics and metabolic differences between BM cells can be exploited to isolate
distinct hematopoietic stem and progenitor cell subsets [32,33). For example,
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General introduction

the DNA-binding dye Hoechst 33342 stains quiescent CFU-S d12 and in vitro
clonable progenitors less brightly than CFU-S d8 {33], while CFU-S d8 are
brightly stained by the calcium-binding antibiotic tetracycline (32). BM cells with
MRA li.e. pre-CFU-S activity) can be physically separated from the majority of
the CFU-S d12-13 on the basis of differences in their level of retention of the
fluorochrome rhodamine 123 (Rh123) by mitochondrial membranes [21,34-36].
Pre-CFU-S differ from the majority of CFU-S d12 in that they retain very low
levels of Rh123. These Rh1239 cells are extremely capable of generating new
CFU-S d12 and cells that rescue mice from irradiation-inflicted death [21,37].
CFU-S d12, on the other hand, exhibit a heterogeneocus affinity for Rh123,
some of them retaining the same amounts of Rh123 as the more mature CFU-S
d8 [34,38]. Differences in Rh123 retention have been shown to correlate with
functional heterogeneity in that CFU-S d12 with a low affinity for Rh123 show
a higher RPA and MRA than CFU-S d12 with a high affinity for this supravital
dye [34,38]. Likewise, the affinity for the lectin wheat germ agglutinin {(WGA)
conjugated to fluorescein isothiocyanate (FITC) has been used as a parameter
for discriminating between distinct stem cell subsets [37,39,40]. By combining
counterflow centrifugal elutriation (CCE), a procedure that separates cells on the
basis of size and density, with plastic adherence and labeling with WGA-FITC,
Ploemacher and Brons [39] showed that CFU-S d12, on average, differ from
CFU-S d7 by a higher affinity for WGA and a higher perpendicular light scatter
{PLS). By preparing BM cell suspensions greatly differing in the relative
contributions of CFU-S d7 and CFU-S d12, they demonsirated that the
proportion of CFU-S d12 but not CFU-S d7 correlated with RPA [39]. BM
fractions with a low affinity for WGA, on the other hand, were enriched for pre-
CFU-S as well as the progenitor cells of RPA cells, but were found to contain
significantly less CFU-8 d12 and RPA cells than BM cells with a high affinity for
WGA [37,40L

Taken together, these studies conclusively confirm that CFU-S d12 are
indeed not the most primitive celis in the HSC hierarchy. As pre-CFU-S do not
form spleen colonies in primary lethally irradiated recipient mice, the CFU-S
assay cannot be used for the guantification of multipotent HSC. The same
conciusion holds true for the RPA assay, which measures the ahility of cells to
prevent recipient mice from irradiation-inflicted death over a period of 30 days.
Only the more advanced cells of the stem cell compartment, such as CEU-S
d12, are capable of generating sufficient numbers of mature cells to rescue
lethally irradiated recipients in this relatively short period of time.

At present, the only way of identifying the most primitive cells in the HSC
compartment is based on the functional quality that distinguishes these celis
from all other hematopoietic cells, namely their muiti-lineage LTRA. It is
however still uncertain how long it takes before the progeny of long-term
repopulating cells {LTRC) can be detected. Studies with retrovirally marked BM
cells have indicated that reconstitution by LTRC can take two to five months
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[2,3,12]. Athough most of the cells with short-term repopulating ability (STRA)
cannot function for more than three months, in some instances their progeny
can be detected up to five months following transplantation [2,3]. Therefore,
the evaluation of the functional activity of LTRC (i.e. the LTRA assay} must
span at least six months,

Using CCE, Jones and co-workers [41] showed that a fraction of large cells,
enriched for less primitive progenitor celis, only gave rise to an early and
transient reconstitution, whereas a fraction of small, dense, lymphoid-like cells,
which was virtually depleted of less primitive cells, gave a delayed, but
sustained reconstitution of all hematopoietic lineages. This {atter fraction was
therefore enriched for primitive mukltipotent HSC (i.e. LTRC)}. This study clearly
demonstrated that primitive HSC with LTRA are physically separable from less
primitive short-term repopulating cells {STRC), which include CFU-S, in vitro
colony-forming cells (see section 3.2.1), and RPA cells. As the slowly
proliferating LTRC are unable to contribute to an early engraftment, which is
necessary to rescue the lethally irradiated recipient mice from initiai aplasia,
they must be transplanted together with a source of STRC, The findings of
Jones and co-workers [41] have been confirmed by a recent study of van der
Loo et al. [42], who showed that the majority of CFU-S d12 are STRC that can
be separated from LTRC on the basis of differences in WGA affinity or Rh123
retention, Other studies have also supported the notion that reconstitution of
hematopoiesis in lethally frradiated mice occurs in two successive phases, of
which only the second one is responsible for long-term reconstitution

[2,3,22,43-45].

To identify and quantify LTRC, in vive assays have been developed in
which the survival of the lethally irradiated recipient is independent of the cel
population under investigation. These so-called competitive repopulation assays
are based upon the ability of histocompatible, but genetically distinguishable
"test” cells to compete with either "unmanipulated” BM cells of the irradiated
host [46,47], or BM cells of recipient mice whose LTRA have been compro-
mised by two previous cycles of serial transplantation and regeneration [48,49],
Both normal and compromised BM cells serve to provide the necessary short-
term support for the marrow-ablated recipient mice. LTRC can aiso be quantified
in vivo by curing genetically mutant mice, such as mutant W mice or o-
thalassemic mice, from their anemia with limiting numbers of wild-type BM cells
i4,42}. The hematopoistic cells of these genstically mutant mice are compro-
mised as a result of mutations in the ¢-kit gene {50,51] and the «-dlobin genes
[62], respectively, giving the normal transplanted BM celis a growth advantage
without the need of prior lethal irradiation,
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3.2 /n vitro stem cell assays

The in vive quantification of hematopoietic stem and progenitor cells in a
given suspension of BM cells is very cumbersome and requires many animals.
Over the years, several types of in vitro culture systems have been developed
for the quantification of immature hematopoietic celis. They can be divided into
two groups, i.e. stroma-independent assays (section 3.2.1) and stroma-
dependent assays {section 3.2.2).

3.2.1 Stroma-independent assays

Nearly all stroma-independent assays are based on "semi-solid" cultures in
which the culture medium is made highly viscous by the inclusion of agar,
plasma clot or methylceilulose. As a consequence, the progeny of individual
hematopoietic cells are detected as colonies {CFU in culture, CFU-C) which can
be enumerated and analyzed morphotogically [63]. The cells giving rise to these
colonies are called colony-forming cells {(CFC}. Colony formation is strictly
dependent on one or multiple growth factors and/or cytokines added to the
culture medium, The majority of these CFU-C assays allow the quantification
of relatively mature, committed progenitor celis after an incubation period of 7-
14 days {63}. Such assays, however, do not assess more primitive multipotent
HSC such as MRA cells or LTRC.

Cnly a few stroma-independent assays detect more primitive celis of the
hematopoietic system. Nahakata and Ogawa {64} have described an in vitro
assay (the Ogawa blast assay)} in which small coloniss are formed containing
undifferentiated blast cells after an extended incubation time of 16 days. In the
Ogawa blast assay, blast cell colony formation appears to be supported by the
actions of IL-6, G-CSF, IL-11, stem cell factor {(SCF), and IL-12 in synergy with
IL-3 [65]. These blast colonies have the capacity, upon replating, to form many
secondary multi-lineage colonies and new blast colonies, suggesting extensive
self-renewal activity within the primary colony. The progenitor celis giving rise
to these blast colonies are relatively resistant to /n vivo treatment with 5-FU,
indicating that they are not actively cycling in vivo [b6],

Another /n vitro assay detects progenitor celfls that are able to form
macroscopic colonies containing at least 50,000 cells in 12-14 days [b7]. Like
the blast CFC, these high proliferative potential CFC (HPP-CFC} are relatively
resistant to b-FU treatment /7 vivo [57,68] and require mulitiple growth factors
for survival and colony growth [69]. HPP-CFC are heterogeneous with respect
to their growth factor requirements, and proliferative and differentiative
capacity [59,60]. Recent studies have indicated that functionally distinct
subpopulations of HPP-CFC can be isolated on the basis of differences in 6-FU
sensitivity [60], Rh123 retention {36}, and cell size and/or density [61]. These
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subpopulations of HPP-CFC can be hierarchically ordered according to their
growth factor requirements and proliferative and differentiative capacity [581.
HPP-CFC responsive to ll.-1q, C8F-1, IL-3, and/or SCF are probably closely
related, if not identical to CFC in the Ogawa blast assay. Both types of /n vitro
clonable progenitor cells are among the most primitive hematopoietic cells yet
identified in vitro, having many functional characteristics of primitive HSC, such
as pre-CFU-S activity and MRA [69].

3.2.2 Stroma-dependent assays

The other group of /n vitro clonal assays is based on the Dexter-type
stroma-dependent long-term BM culture {LTBMC) in which hematopoiesis can
be maintained for several months in close association with a complex, plastic-
adherent layer of BM-derived stromal cells {62]. These stromal celis support the
growth and maintenance of HSC and progenitor cells via direct cell-cell contact,
involving extracellutar matrix components and adhesion molecules, and the
production of multiple cytokines (63,64]. The endogenous hematopoietic
activity of LTBMC can be eradicated by high doses of v irradiation, without
affecting the capacity of the stromal layers to support hematopoiesis when
overlaid with fresh BM cells [65-67].

Ploemacher and co-workers [68-70] have developed a limiting dilution type
LTBMC which permits /n vitro frequency analysis of both primitive and more
mature HSC. BM cells at limiting dilutions are seeded onto pre-established,
irradiated stromal layers in microtiter wells and the presence of microscopically
visible hematopoietic clones or "cobblestone areas" {CA} beneath the stroma
in each well is scored at several time points after inoculation. By testing cell
suspensions enriched for distinct stem cell subsets simultaneously /n vive and
in the cobblestone area-forming cell {CAFC) assay, it was demonstrated that the
CAFC frequency at day 28 {CAFC-28} correlates with MRA, while the CAFC
frequency at day 10 (CAFC-10} correspands with CFU-S d12 [40,62]. In
addition, these studies revealed that CA formation around day 35 highly
correlates with the presence of LTRC in BM cell suspensions [40]. Recently, it
was shown that the heterogeneous BM-derived stromal layer can be replaced
efficiently by a clonal BM stromal cell line {GBI/6}, reducing both the number of
mice and the time required 1o establish the feeder layers for the CAFC assay
(71].

It should be noted that, although primitive hematopoletic cells with jn vivo
multi-lineage reconstituting ability are maintained in Dexter-type LTBMC [72-
741, only mature cells of the myeloid lineage are produced {756}. Erythropoiesis
can be induced by adding erythropoietin to the cultures [76] or transferring
cDNA of this growth factor into BM stromal cells {77], By modifying the culture
conditions of the Dexter-type LTBMC, Whitlock and Witte [78] developed a
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stroma-dependent assay permitting long-term B lymphopoiesis (the so-called
Whitlock-Witte culture)}, Stromal cell lines have been cloned which support B
lymphopoiesis as good as complex BM-derived stromal layers [79,80], and
which can be used as inductive stroma in limiting dilution Whitlock-Witte
cultures to quantify precursor B cells [81,82].

4 Thymus-repopulating hematopoietic progenitor cells

Whereas the BM provides the suitable microenvironmental niches for the
development of myeloid celis as well as B cells, it is not capable of supporting
the entire differentiation program of the T cell lineage. Instead, the inductive
microenvironments for the generation of mature, immunocompetent T cells are
provided by the thymus gland [83-89], To complete their differentiation
pathway, progenitor cells destined to become T lymphocytes must ieave the BM
and migrate to the thymus, which therefore functions as a primary lymphoid
organ.

4.1 Thymus seeding in adult life

The existence of hematopoietic progenitor cells with thymus-repopulating
ability {TRA) in the BM of adult mice has been firmly established by injecting
intravenously chromosomally or antigenically distinguishable BM cells into
irradiated racipients {90-96]1. Thymus reconstitution in radiation BM chimeras
exhibits a biphasic pattern in which an early but transient wave of thymocyto-
poiesis, initiated from radioresistant intrathymic precursor cells, is succeeded
by a second but permanent wave, originating from the injected BM cells {96-
1031, Besides the presence of thymus-repopulating cells in BM, hematopoistic
progenitor cells with TRA have also been detected in the spleen [95,104,105]
and the thymus [104-106], although the frequency of thymus-repopulating cells
in these argans is much lower.

The entry of BM caells is not confined to the irradiated thymus, as thymus
chimerism has alse been observed in mice that received BM cells after
irradiation of only the lower part of their body [107-1081], or after irradiation of
the whole body except the thymus [110]. In these part-body radiation BM
chimeras the degree of thymus chimerism, though only evident several weeks
after BM transpiantation, correlates well with the degree of chimerism in BM
[111], suggesting that thymocytopoiesis is maintained by extrinsic progenitor
cells. In contrast, the level of thymus chimerism in non-irradiated mice injected
with high doses of BM cells is extremely low (i.e. 1-3%) [111-113], Higher
levels of thymus chimerism, though far less than the expected 50%, have been
detected in non-irradiated, antigenically distinguishable mice joined by parabiosis
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[114-116]. Together with the data obtained with non-irradiated, BM-injected
mice these results have been interpreted to indicate that thymocytopeiesis in
normal {i.e. non-irradiated) animals is largely independent of the inflow of blood-
borne progenitor cefls. However, Donskoy and Goldschneider [117] recently
provided evidence demonstrating that host- and donor-derived thymus-
repopulating progenitor cells are not randomly distributed in the blood of the
parabiotic partners and that the degree of thymus chimerism is in fact in
equilibrium with the donor- and host-derived progenitor cells in blood. Further-
more, only a transient reconstitution of the thymus is observed after transfer
of high numbers of thymocytes into irradiated recipient mice (106,113,118-
120}, indicating that the thymus itself does not accommodate a pool of self-
replicating progenitor cells. Taken together, these data suggest that intrathymic
T cell differentiation in adult life is maintained by extrinsically derived progenitor
cells which, under normal circumstances, seed the thymus continuously at a
very low rate [113].

4,2 Thymus colonization during ontogeny

By joining chromosomally distinguishabie chick embryos in parabiosis it has
been demonstrated that T cell development during embryogenesis depends upon
the colonization of the thymic rudiments by blood-borne pregenitor cells [121].
The extrinsic origin of fetal thymus-repopulating progenitor cells has been es-
tablished unequivocally by the construction of chick-quail chimeras in which
cells derived from quail tissue can be distinguished from chick cells by the
presence of one large central mass of heterochromatic DNA in their interphase
nuclei [122,123}. By grafting thymic primordia of different developmental
stages into the somatopleura of the other species it was shown that the
embryonic and early postnatal avian thymus is colonized by at least three
successive waves of thymus-repopulating cells, separated from each other by
"refractory" intervals during which almost no precursor cell influx occurs

[124,1256].

In the mouse the first hematopoietic progenitor cells have been shown to
enter the embryonic thymus between day 10 and 11 of gestation [126,127].
Thymus-repopulating progenitor cells have been detected in the yolk sac and
the aorta-gonad-mesonephros region betwsen day 8 and 11 of gestation,
whereas the first thymus-repopulating progenitor cells in fetal liver have been
found around day 14-15 post coitum [128-131]. As yet, no conclusive data
exist demonstrating that the mouse fetal thymic rudiments are colonized in a
eyclic fashion, However, by grafting fetal thymus lobes under the kidney
capsule of adult mice it has been shown that adult-type progenitor cells rapidiy
differentiated into mature thymocytes upon entry into thymic rudiments isclated
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from 10 to 13 day-old embryos, whereas progenitor cells invading 13 to 156
day-old fetal thymic grafts only started to differentiate after a lag period of 11
to 13 days [132,133]. The progeny of these slow-starting progenitor cells
eventually completely replaced that of the first cohort of rapidly differentiating
progenitor cells. These data indirectly suggest that the mouse fetal thymus is
colonized by {at least} two successive waves of progenitor cells which, under
the influence of the developing fetal thymic microenvironments and with
different kinetics, give rise to twe different cohorts of thymocytes.

5 Functional characterization of thymus-repopulating progenitor
cells

Apart from the low frequency in BM and the absence of distinguishing mor-
phologic and phenotypic features, the identification of thymus-repopulating
progenitor cells has been hindered by a fack of clonal assays. The three-
dimensional relationship between the various cell types of the thymic microen-
vironment appears to be extremely important for the generation of mature
thymocytes, as /n vitro cultures utilizing monolayers of either heterogeneous
thymic stromal cells or thymus-derived stromal cell lines are largely incapable
of supporting the entire pathway of T cell differentiation. As yet, thymus-
repopulating progenitor cells can only be identified by their ability to recon-
stitute either the thymus of an irradiated mouse (in vive thymus reconstitution}
or fetal thymus organ cultures depleted of endogenous lymphoid cells by
treatment with deoxyguanosine {dGuo) {in vitro thymus reconstitution),

5.1 In vivo thymus reconstitution assays

The capacity of progenitor T cells to migrate to and repopulate the thymus
of irradiated recipient mice upon i.v. transfer has been used extensively as an
in vivo assay for the detection and quantification of these cells [94-
96,105,110,113,134-138]. With the availability of mouse strains that express
different allelic forms of the Thy-1 antigen on the cell surface of thymocytes
and peripheral T lymphocytes {i.e. Thy-1 congenic mice}, it has become
relatively easy to distinguish between donor- and host-derived cells by using
monoclonal antibodies (mAD) that recognize only one form of the Thy-1 antigen.

Only a few thymus-repopulating progenitor cells are required to reconstitute
the thymus of an irradiated mouse [(94-96,136,137]. In thymus lobes of
irradiated mice reconstituted with graded numbers of Thy-1 congenic BM cells,
distinct clones of donor-derived thymocytes can be discerned immunchis-
tochemically for more than six months after i.v. injection, confirming the clonal
nature of thymus reconstitution {136,137]. Hence, by transferring cells under
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fimiting dilution conditions into irradiated mice, the frequency of thymus-
repopulating celis can be estimated using Poisson statistics. By employing an
in vivo competitive limiting dilution approach, in which fimiting numbers of
congenic BM cells are mixed with a competing dose of syngeneic BM cells,
Spangrude and Weissman [137] estimated the frequency of thymus-repopula-
ting cells in unseparated BM to be 1/3.3x10%. This frequency, however, is
probably an underestimation, as the efficiency of thymus homing of intrave-
nously injected thymus-repopulating cells is not known.

Thymus-repopulating progenitor cells can also be identified by injecting a
source of these cells directly into the thymus of sublethally irradiated mice {in
vivo intrathymic (i.t.) reconstitution assay) [106,113,139]. The i.t. reconstitu-
tion assay does not depend upon the ability of the transferred cells to home to
the thymus, it therefore allows the detection of all stem and progenitor celis
that have the capacity to differentiate into thymocytes under the influence of
the thymic microenvironment, including those which, under norma! circumstan-
ces, would not migrate to the thymus [139]. As a consequence, the i.t.
reconstitution assay is much more sensitive than the i.v, assay. Since BM
colonization does not occur after i.t. injection of progenitor cells {139,140] {or
at least not in the vast majority of reconstituted animals [113]), all denor-
derived thymocytes descend from the i.t, transferred cells.

Using the i.t. reconstitution assay, it has been shown that injection of more
than 200 thymus-repopulating progenitor cells does not result in a higher
number of donor-derived thymocytes [139,141]. This observation suggests that
the thymus contains only a finite number of microenvironmental sites or niches
in which thymus-repopulating progenitor ceils can lodge and differentiate into
thymocytes, stressing the importance of measuring the TRA of any cell popula-
tion under limiting dilution conditions.

Although frequency estimates determined by means of the i.t. reconstitu-
tion assay are not influenced by the seeding efficiency of thymus-repopulating
progenitor cells, studies with radiolabeled BM cells have revealed that only
about ane-third of the infected BM cells can be found within the thymus one
hour after i.t, transfer {105). As it is not clear whether these cells are
selectively retained by the thymic microenvironment or merely represent one-
third of all transferred cells, the accurate frequency of BM-derived thymus-
repoepulating progenitor cells stili remains to be established.

5.1.1 Thymus seeding after irradiation and BM transplantation
It has been difficult to ascertain at what time after irradiation and BM
transplantation BM-derived thymus-repopulating progenitor cefls start to enter

the thymus, since the detection of donor-derived cells expressing high levels of
the Thy-1 antigen is preceded by a period of 10 to 12 days in which no BM-
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derived thymocytes can be detected [95,96,101,107,113,139]. By labeling BM
cells either with a fluorochrome or a supravital dye it has been shown that
0.1% of the injected BM celis enters the thymus of an irradiated mouse as early
as three hours after iv. transfer [104,142,143]. Although about one-third
express T cell markers shortly upon their arrival in the thymus (104,142], it is
not clear whether the thymus is indeed reconstituted by descendants of this
minute population of early thymus-homing cells. To determine the time of entry
of thymus-repopulating progenitor cells into the thymus, Mulder and co-workers
[(144] re-irradiated thymus glands at various times after total body irradiation
and BM cell transfer and subsequently analyzed the kinetics of appearance of
donor-derived thymocytes. Thymus reconstitution by donor-derived celis was
delayed if re-irradiation of the thymus was performed 48 hours or later after
initial irradiation and BM transplantation, whereas thymus reconstitution was
not affected if the thymus was re-irradiated either 1 hour or 24 hours after BM
cell transfer. These results suggest that thymus-repopulating progenitor cells do
not seed into the thymus directly upon BM transplantation, but instead enter the
thymus at the second day after i.v. transfer of BM cells. However, although
statistically significant, the differences in the kinetics of appearance of donor-
derived thymocytes in this particular study [144] were only small. A more
sensitive approach to study the time of entry of thymus-repopulating progenitor
cells into the thymus of irradiated mice was used by Spangrude and Weissman
[137}. These invaestigators combined the competitive limiting dilution assay, in
which thymus reconstitution by congenic progenitor cells is an "alt or nothing"
event {see section 5.1}, with a pulse-chase experiment. The chase, i.e. an
excess of syngeneic BM cells, was given either simultaneously with a mixture
of a limiting number of congenic BM cells and a competing dose of syngeneic
BM celis, or four hours later. Thymus reconstitution was analyzed six weeks
after BM cell transfer. Only when given at the same time as the congenic BM
cells could a chase of syngeneic BM cells prevent thymus reconstitution by
congenic BM cells, indicating that thymus-repopulating progenitor cells seed into
the irradiated thymus within at least four hours after i.v. transfer (137]. In
contrast, thymus reconstitution by congenic BM cells could not be prevented
by an excess of lymph node cells, which lack the capacity to home to the
thymus [104], suggesting that BM-derived thymus-repopulating progenitor cells
utilize a specific homing mechanism to recognize and enter the thymus,

The lag period of 10 to 12 days which precedes the appearance of donor-
derived thymocytes after irradiation and BM transplantation does not seem to
result from BM colonization prior to thymus seeding, as a similar delay in the
appearance of donor-derived thymocytes is seen after direct transfer of BM cells
into the thymus of sublethally irradiated mice [113,139,14b]. By using more
sensitive methods for the detection of donor-derived cells in the thymus {see
below), it has recently been shown that BM-derived progeny can be detected
as early as 6-7 days after either i.v. or i.t. transfer of BM cells [141,146].
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Together with the fact that only a small number of BM-derived thymus-
repopulating progenitor cells participate in thymus reconstitution [94-
96,136,137,139,141], these findings strongly suggest that the observed lag
period is largely attributable to detection limits. Interastingly, the delay in the
appearance of donor-derived thymocytes is an intrinsic feature of thymus-
repopulating progenitor cells from BM, as it is not observed after transfer of
thymus-derived progenitor cells [103,106,113,118-120,1451].

As discussed above, a high level of Thy-1 antigen expression is only
observed on thymocytes and peripheral T cells. Therefore, Thy-1 congenic mice
cannot be used to evaluate the percentage of donor-derived non-T cells after
irradiation and BM transplantation. The availability of Ly-B congenic mouse
strains has made it possible to study thymocytopoiesis before the expression
of high levels of Thy-1, as well as the generation of donor-derived B ceils and
myeloid cells, since the Ly-5 antigen {CD4b; common leukocyte antigen) is
constitutively expressed by all nucleated hematopoietic cells [147]. The
proportion of donor-derived T cells, B cells and myeloid celis is determined by
staining cell suspensions aiso with a T cell marker, B cell marker and myeloid
markers, respectively.

Analysis of thymus lobes injected directly with a BM cell suspensicn
enriched for stem and progenitor cells unexpectedly revealed that the vast
majority of donor-derived cells which are found in the thymus 6-10 days after
i.t. transfer belonged to the myeloid lineage [1411. The number of danor-derived
myeioid cells remained relatively constant {~5x1 05 cells/thymus lobe between
six to 18 days after transfer) and appeared to be independent of the number of
cells transferred {141]. Donor-derived B cells were only occasionally observed.
Donor-derived non-T cells were also found after i.t. injection of only five purified
cells. This minimizes the possibility that contaminating BM-derived stromal celis
could have played a role in the induction of differentiation along the myeloid or
B cell fineage in these reconstituted thymus lobes. Comparable results were
obtained after i.t, transfer of unseparated BM cells, although donor-derived B
cells were found in the thymus more frequently than after i.t. transfer of the
enriched population of BM cells [148]. in addition to demonstrating that donor-
derived thymocytes can be detected as early as 6-7 days after transfer of BM
cells, these studies show that the irradiated thymic microenvironment does not
exclusively support T cell development,

5.2 In vitro thymus reconstitution assay
Jenkinson and co-workers [149] have developed an in vitro organ cuiture

system in which fetal thymus lobes isolated on day 14 of gestation are depleted
of endogenous iymphoid cells by a cuiture period in the presence of deoxy-
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guanosine {dGuo). These crgan-cultured alymphoid lobes retain the capacity to
attract thymus-repopulating progenitor cells, as well as the ability to induce
subsequent T cell development and thus provide an /in vitro approach to study
the TRA of isolated cell populations. Reconstitution of dGuo-treated fetal
thymus lobes is achieved sither by allowing them to make contact with thymus-
repopulating progenitor cells in hanging drop cultures [150-154] or by
transferring cell suspensions containing these progenitor cells directly into the
fetal thymus lobes using a microinjector [165-157]. Reconstitution by donor-
derived cells is evaluated after culturing the fetal thymus lobes for 2-3 weeks
in dGuo-free medium.

The advantage of the /n vitro thymus reconstitution assay over the j/n vivo
assays is that on average more than 10 fetal thymus lobes can be obtained
from one pregnant mouse, making limiting dilution analyses more feasible. In
addition, the sensitivity of the jin vitro system is much higher than the in vivo
assay, since the cells that proliferate in the dGuo-treated fetal thymus lobes are
almost exclusively of donor origin. Using this /n vitro approach it has been
demonstrated unequivocally that a single thymic precursor cell can give rise to
phenotypically distinct populations of thymocytes (150] which have undergone
multiple T cell receptor (TcR} gene rearrangements under the influence of the
thymic microenvironment [151].

6 Cell surface characteristics of hematopoietic stem and progeni-
tor cells

As discussed in the previous sections, intrathymic T cell differantiation
throughout life is maintained by BM-derived progenitor cells which under normal
conditions seed the thymus continuously at a low rate {113,1171. However, the
nature of the progenitor cells that migrate from the BM to the thymus is stili not
eiucidated and it remains to be determined whether the thymus is seeded by 1}
multipotent H5C, 2) progenitor cells with a lymphoid lineage-restricted develop-
mental potential, or 3) precursor cells that are committed to differentiate solely
along the T cell lineage {i.e. pro-thymocytes).

One approach to study the pre-thymic stage{s} of T cell development in BM
is to identify and isolate different classes of thymus-repopulating cells on the
basis of their cell surface characteristics and to establish the lineage relation-
ships between these cell populations by carefully analyzing their developmental
potential /n vivo and in vitro. As yet there are no cell surface markers available
that are uniquely expressed by either multipotent HSC {which by definition are
capable of differentiating into T celis) or less primitive thymus-repopulating
progenitor cells, The currently available protocols for the isolation of hematopo-
istic stem and progenitor cells therefore combine multiple cell surface charac-
teristics in order to obtain BM cell populations that are highly enriched in
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hematopoietic stem and/or progenitor cell activity. In general two approaches
are employed simultaneously, i.e. (1} negative selection, in which unwanted
cells (e.g. mature hematopoietic cells} are depleted from BM cell suspensions
using mAb against cell surface antigens that are not expressed by the cells of
interest, and {2} positive selection, which mainly relies on the avallability of
mAb against cell surface antigens that are differentially expressed during stem
cell maturation. Whereas negative selection can be done using either FACS or
magnet-activated cell sorting (MACS), positively selection Is largely done by
FACS. .

In the following paragraphs a summary s given of the cell surface antigens
which so far have been used for the identification and characterization of
hematopoietic stem and progenitor cells, including those with TRA.,

6.1 Thy-1, Sca-1 and "lineage-specific” cell surface antigens

One of the first cell surface antigens identified on hematopoietic stem and
progenitor cells is Thy-1, a phosphatidylinositol-linked glycoprotein encoded by
a member of the immunoglobulin gene superfamily [158,159]. Whereas this
antigen is highly expressed on murine thymocytes and T lymphocytes {160], a
low level of expression {defined as Thy-1'°) has been demonstrated on CFU-S
[161-163], the jn vitro clonable HPP-CFC [58,164], thymus-repopulating
progenitor cells [138,161], precursor B cells [81], and multipotent HSC
[81,164-167].

Weissman and co-workers have shown that in mouse BM most of the
hematopoietic progenitor activity is found in a subpopulation of BM celis that
express about ten-fold less Thy-1 molecules on their cell surface than mature
T cells and which lack the expression of cell surface markers characteristic for
mature and maturing stages of the B cell lineage (i.e. B220), T cell lineage {i.e.
CD4 and CD8), and myeioid lineages (i.e. Gr-1 and Mac-1)} (hereafter referred
to as lineage (Lin) markers) [81,138,165,166], This Thy-1"Lin™ subset {com-
prising ~0.2% of total BM cells) could be further fractionated using a mAb
directed against Ly-6A/E {Sca-1), a glycoprotein encoded by a member of the
Ly-86 muitigene family {168-170]. Like Thy-1, Sca-1 is anchored to the cell
membrane through a phosphatidylinositol linkage [171]. /n vive transfer studies
have revealed that primitive HSC, i.e. multi-lineage LTRC, as well as cells with
the capacity to repopulate secondary lethally irradiated mice, are exclusively
found among Thy-1°Lin~ cells that express high levels of Sca-1 antigen
{167,172,173]. This Thy—1’°Lin_Sca-1 * population, which represents about
0.05% of whole BM, was also shown to be extremely enriched for the less
mature CFU-S d12 and cells with RPA [167,170], as well as for celis capable
of homing to and repopulating the thymus of irradiated mice [174]. It remains
to be determined, however, whather the thymus-repopulating activity displayed
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by this Thy-1"°Lin~Sca-17" population is solely attributable to multipotent HSC
or to the presence of lineage-restricted, or even T cell lineage-committed proge-
nitor cells in this BM subset. Finally, almost all cells capable of generating iate-
appearing colonlies in Dexter-type LTBMC are present in the Thy-1°Lin~Sca-1*
population of BM cells [175].

tnitially, three other Thy-1]0 subsets, characterized by the expression of
high tevels of either Mac-1 or B220 or both, were reported to contain rapidly
proliferating, lineage-restricted progenitor cells that gave rise to either myeloid
cells (Thy-1°Mac-1+B2207), B cells {Thy-1"°Mac-1-B220%), or both myeloid
and lymphoid cells (Thy-1°Mac-1+B2207%) [176-178]. Based upon these
putative lineage-restricted Thy-‘i"’ progenitor subsets, a model for stem cell
development was proposed in which the most primitive multipotent HSC
{Thy-1 ol in—Sca-1*) differentiate into multipotent progenitor cells (Thy-1'°Mac-
11tB220%) capable of short-term reconstitution only, which subsequently give
rise to rapidly proliferating lineage-committed (Thy—1’°Mac-1 +*B220” and Thy-
1°Mac-1"82207) progenitor cells [176-178). However, by employing more
rigorous cell sorting procedures, Morrison et a/. {179] recently demonstrated
that the restricted developmental activities ascribed to these Thy-1!° subsets
were largely due to the presence of contaminating multipotent stem and
progenitor cells, leaving no evidence for the above mentioned model of stem
cell differentiation.

Whereas high levels of Lin antigens are apparently not expressed by
hematopoietic progenitor cells, low levels of at least some Lin markers have
been demonstrated on these celis. Low levels of Mac-1 antigen have been
detected on muitipotent progenitor cells with STRA {179}, Likewise, low CD4
levels have been found on various functionally defined classes of immature
hematopoietic cells, including /n vitro clonable myeloid precursor cells, CFU-S,
RPA cells, and thymus-repopulating celis [180,181]. However, not all progenitor
cells express low levels of CD4; most of the early B cell precursors which
respond to stroma in Whitlock-Witte cultures have been found among CD4 ™~ BM
cells [182].

Using CCE in combination with Lin marker expression, Orlic and co-workers
£183] showed that in normal BM the majority of LTRC, which are the most
primitive cells in the HSC compartment, do not express detectable levels of CD4
antigen. Howevaer, it should be noted that the detection of low levels of CD4,
or any other cell surface antigen, greatly depends upon the experimental
conditions that are used. For example, Wineman et &/, [182] showed that CD4
can be detected on LTRC provided that high concentrations of anti-CD4 mAb
are used. In this context it is noteworthy that LTRC isolated from BM of b-FU-
injected mice have been shown to express the CD4 and Mac-1 antigens as well
as other Lin markers [184,185], suggesting that the expression of these cell
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surface antigens, and maybe also that of other cell surface markers, become
upregulated upon exposure of HSC to 5-FU [188].

The most immature progenitor cells within the thymus probably represent
the direct descendants of BM-derived thymus-homing and -populating progenitor
cells. To be able to establish the developmentai lineage relationship, it is
therefore crucial to identify the cell surface phenotype of these most primitive
intrathymic progenitor cells. By using /7 vivo thymus reconstitution assays it has
been shown that the earliest precursor cells so far identified in the aduit thymus
are characterized by low levels of Thy-1 and CD4, and high levels of Sca-1
[187,188]. Other T cell differentiation antigens, including CD2, CD3, or CD8,
have not been detected on these intrathymic precursor cells, which represent
~0.05% of all thymocytes, nor have been any of the other Lin markers. Thus,
the earliest identifiable intrathymic precursor ceils (referred to as cpalo
intrathymic precursor cells in the following paragraphs) resemble BM-derived
HSC with regard to the expression of Thy-1, Sca-1, and Lin antigens.

6.2 Sca-2 antigen

Approximately one third of the Thy-1 o cells in BM are characterized by the
expression of the Sca-2 antigen {174]. By transferring Thy-1°Sca-2* BM cells
intravenously into irradiated mice it has been shown that this BM subset, like
the subpopulation of Thy-1°Lin~Sca-1* BM cells {which do not express the
Sca-2 antigen), contains thymus-repopulating progenitor cells. The thymus-
repopuiating activity could be depleted by selecting against Sca-1 antigen
expression, indicating that Thy- 1'°8¢a-2* thymus- repopulatmg progenitor cells
also express the Sca-1 antigen. As about 80% of the Thy-1 logca-2+ BM cells
express the B cell Lin marker B220, but no detectable levels of any other Lin
antigen, it has been suggested that (at least the majority of) these BM cells are
at a later stage of differentiation than Thy-1 OLin—Sca-1* BM cells [174]. It
remains however to be established whether TRA is indeed confined to the major
Lint fraction of Thy-1°Sca-2% cells. Evidence suggesting that the Sca-2
antigen is indeed expressed at a later stage of hematopoietic development
comes from a study in which Thy-1 loLin—Sca-1* BM cells were injected directly
into the thymus of irradiated mice [141}]. The first change in cell surface
phenotype that could be detected was the acquisition of the Sca-2 antigen ap-
proximately one week after i.t. transfer. In contrast, phenotypic changes
characteristic of later stages of the T cell maturation pathway were observed

at later time points [141].

Within the thymus, Sca-2 antigen expression is confined to large cycling
thymic blast cells in the cortex, whereas in peripheral tissues Sca-2 is expressed
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predominantly by non-T cells [189). More than 80% of the €D4Y intrathymic
precursor cells are characterized by the expression of Sca-2 antigen [188].
Using the i.t. reconstitution assay, it has been demonstrated that TRA in the
CD4!° intrathymic precursor population is confined to the Sca-2* subset [188].
Interestingly, Sca-2 antigen expression is the only phenotypic difference
between the intrathymic cp4le precursor population and the BM-derived Thy-
19U~ "°Sca-1* subset containing multipotent hematopoietic stem and

progenitor cells,

Recently, the gene encoding the Sca-2 antigen has been cloned [190]. Sca-
2 is a cysteine-rich cell surface glycoprotein of 82 amino acids anchored in the
cel membrane by a glycosyl-phosphatidylinositol moiety. Like the Sca-1
antigen, the Sca-2 antigen belongs to the Ly-6 muitigene family, a group of cell
surface molecules differenttally expressed in several hematopoietic lineages.
Members of this family have been implicated to play a roie in signal transduction
and cell activation.

6.3 Fall-3 antigen

By immunizing rats with Lin~/® BM cells, a new mAb, Fall-3, has been
raised which divides the "E‘hy-1'°Lin*”° population into a Fall-3% and a Fall-3~
subset [82}. Functional characterization of these subpopuiations has demonstra-
ted that almost all LTRC and RPA cells are confined to the Fall-3% subset
(comprising about 30% of total BM cells), whereas most of the early B cell
precursors that respond to stromal cells in Whitlock-Witte cultures are found in
the Fall-3~ subset, CFU-8 d12 and IL-3-responding CFU-C, on the other hand,
appeared to be present in both subsets of Thy-1°Lin~/° ¢ells [82]. Two-color
immunofluorescence analysis has established that only 1-2% of all BM cells
express Fall-3 and Sca-1 simultaneously, suggesting that the Fall-3 defines a
novel marker on hematopoietic stem cells and progenitor cells,

6.4 MHC class | cell surface antigens

The differential expressicn of cell surface antigens encoded by the major
histocompatibility complex (MHC} class | loci has also been used for the
isolation of hematopoietic stem and progenitor cells, usually in combination with
other parameters [48,185,191-196].

Primitive hematopoietic cells with competitive LTRA have been identified
among BM cells expressing a relatively high density of H-2K? molecules
[48,185]. CFU-5 d9-12 were reported to express higher levels of H-2Kk
antigens than CFU-S dB and thymus-repopulating BM celis [192-194]. Very high
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levels of H-2K? molecules were also detected on CD4' intrathymic precursor
cells [187]1. It has been shown that CFU-S d12 are separable from the more
mature CFU-S d8 on the basis of a higher density of QGa-m2 molecules on their
cell surface [195], while differential expression of Qa-m7 cell surface antigens
has been exploited to separate HPP-CFC from more restricted /n vifro clonable
progenitor cells {196).

6.5 CD44 antigen

Trowbridge and co-workers {197] showed that a polymorphic cell surface
glycoprotein of 95 kD, termed Pgp-1 or CD44, is expressed by CFU-S and
thymus-repopulating progenitor cells. Subsequent studies have established that
these classes of progenitor cells are characterized by the expression of inter-
mediate leveis of CD44 antigen [174, 198]. In contrast, more committed /in
vitro CFC are found among BM cells expressing relatively higher levels of CD44

[198]

Whereas CD44 is found on nearly all BM cells, only a small proportion of
the cells within the thymus (5-10%]) is characterized by the expression of CD44
[197]. Thymus reconstltuteon axperiments have revealed that this intrathymic
population of CD44M-expressing cells contains the majority of the thymus-
homing progenitor cells which can transiently repopulate the thymus of
irradiated mice [199,200]. This population of CD44" cells is enriched for cells
that have not yet undergone TcR B-chain gene rearrangement [201], affirming
their immaturity. In addition, cbh4le intrathymic precursor cells have been shown
to express high levels of CD44 [187]. Treatment of intrathymic CD44M cells
with anti-CD44 mAb inhibits their ability to reconstitute the thymus upon i.v.
transfer {189}, However, it does not interfere with their ability to reconstitute
the thymus following their injection directly into the irradiated thymus [202],
suggesting that CD44 is involved in thymus homing rather than in the
subsequent early stages of intrathymic T cell development. In contrast, addition
of anti-CD44 mAb to Dexter-type LTBMC or Whitlock-Witte cultures completely
abolishes the production of myeloid cells and B lineage cells, respectively [203],
implying that CD44 is involved in the development of at least the myeloid
lineage and the B cell lineage. It remains to be established, however, whether
this treatment inhibits the formation of thymus-homing BM cells in these
cultures.

Although CD44 is encoded by a single gene, alternative splicing of its
multiple exons and cell type-specific posttranslational modifications generate a
diverse family of molecules [204]. One of the ligands for CD44 is hyaluronic
acid, which is a common component of extracellular matrices and extracellular
fluids {2056], However, a recent study has demonstrated that CD44 molecules
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expressed by intrathymic cpalo precursor cells are not capable of binding to
hyaluronate {202], suggesting that early intrathymic precursor cells probably
utilize another ligand.

6.6 c-kit receptor

The proto-oncogene c-kit, encoding a transmembrane tyrosine kinase
receptor [206], has been mapped to the mouse doeminant white spotting {W)
jocus [B0,61]. Mutations within this gene severely affect hematopoiesis,
gametogenaesis, and melancgenesis. Transplantation studies have demonstrated
that the hematopoietic abnormalities of W mutant mice, which die perinatally
of severe anemia, result from intrinsic defects of the primitive HSC [207]. The
gene encoding the ligand for the c-k/t receptor has been localized within the
mouse Steel {Sl} locus [208-210]. Mice carrying mutations at the Si locus have
aberrant microenvironments for the development of hematopoietic celis, germ
cells and melanocytes, resulting in a phenotype similar to that of W mutant
mice [207,211]. In combination with other hematopoietic growth factors, the
ligand for c-kit (known as steel factor {SLF}, stem cell factor {SCF), mast cell
growth factor (MGF}, and kit ligand (KL}) has been shown to stimulate the
proliferation of primitive progenitor cells in vitro [212-219]. Similar effects have
been reported after in vivo administration of SLF either or not in combination
with other factors [220-222], although it has been shown more recently that
in vive SLF treatment results in a redistribution of progenitor cells rather than
in their expansion {223]. Nevertheless, together these studies suggest that
c-kit/SLF interactions play an important role in hematopoiesis.

Between five to 10% of the celis in BM are characterized by the expression
of c-kit [(224-227]). About one third of these cells express high levels of c-kif
[2241. c-kit-expressing BM cells are enriched for a variety of hematopoietic stem
and progenitor cells, including nearly all in vitro clonable progenitor cells, CFU-S,
pre-CFU-S, thymus-repopulating progenitor cells, and primitive multi-lineage
LTRC [183,224-229], By utilizing a CCE procedure that ailows an aimost
complete separation of LTRC from more mature, STRC such as CFU-5 d12 [41],
Orlic and co-workers {183] have clearly demonstrated that primitive multi-
lineage LTRC express high levels of the c-kit.

/n vivo injection of a noncytotoxic anti-c-kit mAb {ACK?2) resulis in a
depletion of most of the /n vitro clonable progenitor cells and an inhibition of /n
vivo CFU-S activity [224,225]. Morphologic examination of BM cells isolated
from ACK2-treated mice revealed a complete absence of myeloid and erythroid
cells, indicating that the c-k/t receptor is of functional significance for at least
in vivo myelopoiesis and erythropoiesis [224,230]. In contrast to the suppres-
sive effects on the myseloid and erythroid lineages, in vivo treatment with the
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same anti-c-4/t antibody actually results in a stimulation of B cell development,
a phenomenon which may be explained by a diminished interlineage compstition
for stromal growth factors or microenvironmental niches {224,230]. Phenotypic
characterization of precursor B cell populations has shown that pro-B calls, but
not pre-B cells, express relatively low levels of ¢-kit [230), implying that c-k/t-
mediated signats are not crucial for B lymphopoiesis in vivo, Addition of ACK2
to cocultures of cloned stromal cell fines and BM cells does not affect the in
vitro maintenance and proliferation of BM cells capable of iong-term multi-
lineage reconstitution, indicating that interactions other than c-4/t and its ligand
play an important role in the survival and proliferation of primitive HSC
[231,232}, Recently, it has been shown that ACK2 inhibits the adhesion of
mainly early in vitro colony-forming cells to a stromal celi line, demonstrating
that the c-kit receptor is also involved in the adhesion of at least part of the
hematopoietic progenitor cells to stromal cells [233].

In the thymus, ¢c-kit expression has been demonstrated on the earliest chalo
precursor cells as well as subsets of CD37CD4~CD8™ (triple negative (TN)}
thymocytes [234-237]. The highest level of c-it expression s found on cpaglo
precursor cells and the feast mature (CD44 T CD25™ and CD44*CD25 %) stages
of TN thymocytes, after which the c-kit expression is down-regulated. Addition
of ACK2 to dGuo-treated fetal thymic lobes inhibits thymus reconstitution by
fetal liver {FL}-derived hematopoietic progenitor celis and completely abrogates
the repopulation starting from adult CD44*CD26~ TN thymocytes, indicating
that interactions between ¢-kit and its ligand are pivotal for early intrathymic T
cell development {235}, Slightly different results have been reported by
Matsuzaki and colleagues [157] who showed that /n vitro treatment with ACK2
completely abolished thymus reconstitution by directly injected adult BM-derived
Thy—1'°Lin_”°c-k.r't+ cells, whereas T cell differentiation starting from aduit
thymus-derived Thy-1"°Lin~"°c-kit* cells was less dependent on c-kit-mediated
signals., However, this apparent discrepancy may be due to the use of a five-
fold lower concentration of blocking mAb by Matsuzak! and co-workers [157].

6.7 AA4.1 antigen

The mAb AA4.1 has been used successfully for the isolation of hematopo-
ietic stem and progenitor cells from FL [238]. The cell surface antigen
recognized by AA4.1 is expressed by 0.5-1.0% of the FL cells at d14 of
gestation. Both STRC and LTRC are confined to this AA4.1% subpopulation of
FL cells [238,239]. Further characterization of AA4.1% FL cells has established
that almost all FL-derived L.TRC express low levels of at least one Lin marker,
while many less primitive hematopoietic celis, such as in vitro CFC and CFU-S,
are defined by the expression of high levels of Lin antigens [238,240]. In
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addition to the expression of sither low or high ievels of Lin markers, FL-derived
AA4,1% HSC and progenitor cells have been shown to express Sca-1 {240].

In adult mice, the highest frequency of AA4.17 galls is found in BM [241].
About half of AA4.1"T BM cells express either cytoplasmic or surface igM
molecules, indicating their commitment to the B cell lineage [241]. In contrast
to FL-derived LTRC, which are all characterized by the expression of the AA4.1
antigen, LTRC in adult BM have been found among AA4.17% as well as AA4.1™
cells [183], making the AA4.1 antigen a less ideal marker for the isolation of
HSC from normal adult BM. It should be noted, however, that the majority of
LTRC in BM of mice treated four days earlier with 5-FLlJ, express medium to high
levels of AA4.1 [185]. As most of the HSC in 5-FU-treated mice are actively
cycling [242], which is also a feature of embryonic HSC, it has been suggested
that AA4.1 antigen expression is restricted to HSC in cell cycle,

6.8 JORO 37-5, JORO 75, and JORO 30-8 antigens

Palacios and co-workers [243,244) have describad three mAb (JORO 37-5,
JORO 75, and JORO 30-8 ) that recognize cell surface antigens expressed by
BM- and fetal thymus-derived "pro-T" cell lines but not by celi lines representing
more mature stages of the T cell lineage or other hematopoietic cell fineages.
In BM of young adult mice, JORO ™ cells are only detectable after depletion of
the vast majority of the cells tsing cytotoxic mAb against B220, HSA, {a {(MHC
class 11}, and GM1.2 {which recognizes granulocytes). When injected intrave-
nously into sublethally irradiated severe combined immunodeficient (SCID} mice
both JORO 37-56% and JORO 751 BM cells give rise to mature T cells but not
B cells, In contrast, JORO 30-8% BM cells are able to differentiate into T cells
as well as B cells [244]. Phenotypic characterization of JORO' BM cells
revealed that these cells express CD44 and low levels of Thy-1. They do not
express detectable levels of CD3, CD4, CD8, B220, F4/80 or MHC class |
antigens [244]. As only the donor-derived lymphoid cells of the reconstituted
SCID mice were analyzed, it remains to be determined whether freshly isolated
JORO* BM cells are capable of differentiating along the myeloid lineage,

Recently, Palacios and Samaridis [245] established nontransformed cell
lines from purified JORO 30-8 * BM cells by culturing these cells in the presence
of IL-3, IL-4, and IL.-6. Phenotypic analysis showed that these cell lines express
Thy-1, CD44, MHC class |, c-kit, 8220, Mac-1, and JORO 30-8 antigens, but
not other cell surface markers, such as CD3, CD4, CD8, JORO 37-5 or JORO
76, In BM of young adult mice cells with an identical phenotype could be
identified, constituting less than 0.2% of the mononucleated cells. Upon
transfer into sublethally irradiated SCID mice, the cell lines were able to
differentiate into T cells, B celis, and myeloid cells. However, they did not have
the capacity to protect iethally irradiated mice from radiation-inflicted death nor
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were they capable of giving rise to CFU-S d8 spleen colonies. In addition, these
cell lines were not ahle to generate erythroid colonies in vitro. It was concluded
that the cell lines generated from JORO 30-8% BM cells represent an inter-
mediate stage of development between multipotent HSC and lineage-restricted
progenitor cells, such as those identified by JORO 37-5 and JORO 75.
However, it should be emphasized that additional experiments are reqguired to
determine whether 1) BM celis characterized by the expression of JORO 37-b
and JORO 75 are indeed exclusively committed io the T cell lineage, and, if so
whether 2) JORO 37-5 and JOROQO 75 detect all progenitor cells committed to
the T cell lineage.

Within the thymus of normal adult mice very few JORO™ cells are detec-
table [244]. Nearly all JORO™ cells are found in the subcapsular area and outer
cortex but not in the medulla, Immunohistochemical analysis of thymus lobes
of mice that were sublethally irradiated two days earlier, revealed the presence
of significant numbers of JORO " cells, of which the majority localized in the
subcapsular area and outer cortex, Four to six days after irradiation, JORO*
cells tended to localize in the mid and deep cortex. At later time points, post-ir-
radiation JORO ™ cells were no longer detectable. These resuits suggest that
JORO* cells enter the thymus two days after irradiation. However, it cannot
be ruled out that the post-irradiation JORO ™ cells are the progeny of resident
radiation-resistant JORO ' thymocytes.

During ontogeny JORO 37-5"% cells are confined to the liver and thymus
[248], The first JORO 37-6% cells are found at day 9 of gestation in the liver
primordium. The highest percentage of JORO 37-5% Fl. cells (l.e. 3-6%) is
found at day 14-15 of gestation, after which the percentage of JORO 37-5*
ceils declines to ~ 1% in the newborn. The developmental potential of these
JORO 37-5% FL cells remains to be studied. In the developing thymus the first
JORO 37-57 cells are detected at day 10 of gestation, correlating well with the
time at which hematopeietic cells start to colonize the thymic rudiment
[t21,126,127]. At day 14 of gestation about 90% of fetal thymocytes express
the JORO 37-5 antigen. This percentage declines to less than 1% at birth.

in summary, although the data look very promising, further studies are
required to determine whether JORO™ FL cells and JORO™* thymocytes are
committed to differentiate along the T celf lineage.

6.2 CD34 antigen

The cell surface glycoprotein CD34 (MW 105-120 kDj is currently one of
the most important markers for the identification and isolation of hematopoistic
stem and progenitor cells from human BM [247-254]. A human CD34 cDNA
clone has been successfully used for the isolation of the murine homologue of
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the CD34 gene {25b]. Transcription studiss have identified two mRNA splice
variants encoding for a full length {100 kD} and a truncated {90 kD) form of the
CD34 protein, respectively [256,257]. Detectable levels of murine CD34 mRNA
expression have been observed in hematopoletic tissues and a number of
hematopoietic progenitor cell lines. In addition, high levels of C>34 transcripts
have been found in several embryonic fibroblast cell lines and in tissues of non-
hematopoietic origin, such as brain. As vascular endothslial cells have been
shown to express the C334 antigen [258-260], the CD34 mRNA expression
detected in these non-hematopoietic tissues may be due to vascular endothelial
cells. It has been shown that under the proper conditions the vascular form of
CD34 can act as a ligand for L-selectin [2569,260], raising the possibility that
vascular CD34 may function as an adhesion molecule for hematopoietic stem
and progenitor celis. The function of CD34 on hematopoietic stem and
progenitor cells, however, remains to be clarified.

Recently, polyclonal antibodies have been raised against the extracellular
(Ab 1202) and intracelular domain (Ab 1241) of murine CD34 {257]. Using
these antisera, it was demonstrated that CD34 is expressed on the cell surface
aither as a full length form or as a truncated form. Staining of unseparated
murine BM cells with Ab 1202 revealed a wide range of CD34 antigen
expression, comparable to what has been reported for CD34 on human BM cells
[2471. Selection of either the 15% or 3% highest CD34-expressing BM cells
resulted in the enrichment of in vitro CFC, CEU-S, RPA cells, as well as BM cells
capable of reconstituting all hematopoietic cell lineages for at least 60 days
{2571, indicating that the CD34 antigen may be useful for the identification and
isolation of murine hematopoietic stem and progenitor cell subsets. Further
characterization of CD34 antigen expression in mouse BM has to await the
development of mAb against murine CD34.

7 Lineage relationships, lineage restriction and commitment to
the T cell lineage

The nature of the progenitor cells from BM that home to and colonize the
thymus is still not elucidated. It is as yet not clear whether the earliest
identifiable precursor T cells within the thymus are the progeny of either 1}
multipotent HSC, 2) progenitor cells restricted to the lymphoid lineages, or 3)
progenitor cells that are committed to differentiate solely along the T call
lineage {i.e. pro-thymocytes) (Figure 2}. Evidence alluding to the latter two
possibilities has come from /n vivo studies in which the developmental potential
of genetically marked BM cells was assessed [3,8-11). In some reconstituted
mice, a unique (i.e. clonotypic) marker was only detected in the lymphaoid
lineages or even solely in the T cell lineage but not in any of the other
hematopoietic lineages. However, it cannot be excluded that genetically marked
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Figure 2. Hypothetical pathways of the development of T cells from multipotent HSC, MHSC:
multipotent hematopoletic stem cell; pro-lym: lymphoid-restricted progenitor cell; pro-T: T cell
linsage-committed progenitor cell {pro-thymocyte); T: mature T cell. Pathway A suggests that the
thymus is seeded by multipotent HSC, lrreversible commitmant to the T cell lineage occurs under
the influence of the thymic microenvironments. In pathway B, the thymus is populated by lymphoid-
restricted progenitor cells, which further develop along the T cell lineage within the thymic
microenvironments. In pathway C, T cell commitment occurs within the BM microenvironment prior
to thymus seeding [pro-thymocytes may be generated via a hypothetical lymphoid-restricted

progenitor cell].

multipotent HSC directly have migrated to the thymus, where they were driven
to differentiate along the T celi lineage under the inductive thymic microenviron-
ments. In addition, sequential analyses of hematopoietic tissues and peripheral
bleod from mice reconstituted with genetically marked BM cells have demon-
strated that in the first six months after BM transfer dramatic clonal fluctuations
can be observed, including shifts in the contribution of other cell lineages
[11,12,261]. Therefore, further research is required to clarify the nature of
thymus-repopulating progenitor cells. To that end it is crucial to establish the
lineage relationships between multipotent HSC and progenitor cells capable of
colonizing the thymus. Characterization of the successive stages of hematopoi-
etic development may permit the identification of the developmental stage at
which lineage restriction and/or definite commitment to the T cell lineage takes
place. in the next paragraphs, the currently available data on lineage relation-
ships, lineage restriction and T cell commitment will be discussed.

Boersma and Mulder and their co-workers have investigated the lineage

relationships between functicnally different hematopoietic stem and progenitor
cell subsets and the putative pro-thymocyie by comparing the growth kinetics
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of donor-derived thymocytes in irradiated mice reconstituted with BM cell
suspensions differing in the relative contributions of pre-CFU-S, CFU-S d12 and
CFU-S dB-9 [38,96,13b,192-194,262]. In their studies a delay in thymus
reconstitution relative to the reconstitution of the thymus by normal, un-
separated BM cells was interpreted to indicate that the cell suspension under
investigation was depleted of "early" thymus-repopulating progenitor cells,
which were considered to be committed to the T cell lineage. Thymus
regeneration was delayed with 2-4 days in mice reconstituted with BM cells
from B6-FU-treated mice, low density WGA*H-2kM BM cells [192], and
Rh123% BM cells [38]. Compared to normal BM, these BM cell suspensions
waere depleted of CFU-S d8 and enriched for CFU-S d12 or even pre-CFU-S {i.e.
BM from 5-FU-treated mice). A more pronounced delay of 8-10 days was
observed after transplantation of BM cells cultured in the presence of IL-3,
which are highly enriched for CFU-S d8 [192]. Thymus reconstitution was not
delayed in mice reconstituted with BM cells that either expressed relatively low
levels of H-2K antigens [192] or retainad high levels of Rh123 [38]. Both these
BM cell populations were relatively enriched for CFU-S d8. In addition, the
Rh123b79ht gAY cell population was relatively depleted of pre-CFU-S, but still
contained considerable numbers of CFU-S d12,

From these studies it was concluded that progenitor celis committed to the
T cell lineage differ from pre-CFU-S, CFU-S d12 and CFU-S d8-9. A model was
proposed in which pre-CFU-§ either directly or via CFU-S d12 give rise to pro-
thymocytes [194] (Figure 3). In this model it was hypothesized that CFU-S d8-
9, most likely the direct progeny of CFU-S d12, have iost the potential to
differentiate into progenitor celis capable of "early” thymus reconstitution,
Additional support for this model was obtained from studies that demonstrated
that CFU-S dB8 and CFU-S d12 differ from "early" thymus-repopulating
progenitor cells in their cell cycling status and their sensitivity to y-irradiation
[194,263]. It should however be mentioned that it cannot be exciuded that a
subset of CFU-S is capable of "early" thymus reconstitution, since both BM cell
suspensions that reconstituted the thymus without any delay still contained
considerable numbers of CFU-S. To investigate this possibility, additional experi-
ments are required using BM cell suspensicns that are either highly purified for
CFU-S {in particular CFU-5 d12)} or severely depleted of these cells.

Although the lineage relationships postulated in the above mentioned maodel
may be correct, explicit proof demonstrating that "early" thymus-repopulating
progenitor cells are indeed committed to the T cell lineage has not been
provided. it therefore still remains to be determined whether pro-thymocytes
exist in the BM of the mouse.

As already mentioned at the beginning of section 6, one approach to

unravel the pre-thymic stages of T cell development is to characterize different
classes of thymus-repopulating progenitor cells according to their cell surface
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Figure 3, Putative lineage relationships between various classes of functionally defined hamatopoie-
tic progenitor cells {(adapted from Mulder [194]), "Early” thymus-repopulating progenitor cells
reconstitute the thymus of an irradiated mouse with the same kinetics as unseparated normal 8M
cells, whereas pre-CFU-8 and CFU-S d12 exhibit a defayed thymus reconstitution. CFU-S d8-9 have
fost the ability to differentiate into T cells, it is as yat not elear {indicated by broken lines}) whether
pre-CFU-S directly give rise to "early" thymus-repopulating progenitor cells or via CFU-S d12,

characteristics. Howaever, using the currently availabie cell surface markers it
has not (yet) beent passible to identify and isolate either lymphoid-restricted or
T cell lineage-committed progenitor cells, So far, TRA has besn found to co-
segregate with a variety of other hematopoietic activities, including RPA, CFU-S
d12 activity, pre-CFU-S activity, multilineage LTRA, and in vitro colony-forming
activity 138,170,193,226,264,2651.

One of the hematopoietic stem and progenitor cell populations that have
been extensively studied Is the subset of Thy-1°Lin"/°Sca-1* BM cells {see
section 6,1}, Recently, it has become increasingly evident that this population
is by no means functionally homogeneous, as has been suggested earlier [170].
Analysis of lethally irradiated mice reconstituted with limiting numbers of
Thy-1°Lin~/°Sca-1* BM cells revealed the presence of both STRC and LTRC
in this phenotypically defined subset of BM cells [172,173]. This observation
has initiated the search for additional markers that may permit a further frac-
tionation of the Thy-1°Lin""Sca-1* BM cell population. Indeed, the
Thy-1‘°Lin*"t°Sca-1 * BM subset has been further fractionated on the basis of
the expression of the ¢-kit receptor [225,266,267]. However, this did not result
in a segregation of hematopoietic activities, as all stem and progenitor cells
were found among the cells that expressed the c-k/t receptor. Fractionation on
the basis of Rh123 retention, on the other hand, has demonstrated for the first
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time that the Thy—1]°Lin_l!°Sca-1 * population indeed contains functionally
heterogeneous cells {268], Pre-CFU-S and BM cells with a high proliferative
potential were found to be highly enriched in the Rh'1 23'° subset but not in the
Rh123" subset of Thy-1'°Lin =/°Sca-1+ BM cells, whereas RPA cells and CFU-S
d13 were present in both subsets, Using Lin~"°Sca-17 BM cells, which display
the same phenotypic and functional features as Thy-1°Lin—"°Sca-1* BM cells
[264], it was shown that most, if not all LTRC, are confined to the Rh1 23le
fraction [267,268]. In contrast, the Rh123Me%h byt not the Rh123' fraction
of Lin~°Sca-1* BM cells, appeared to contain in vitro CFC capable of
responding to IL-3 alone, suggesting that the progenitor cells in the Lin—"®sca-
1+Rh123Me9N gubset are relatively more mature than the progenitor celis in the
Lin~°Sca-1+*Rh123"° population, The Lin~/®Sca-1 *Rh123MedM ghgat also
contained a higher frequency of /n vitro CFC that could be stimulated by a wider
range of cytokine combinations. However, both populations of Lin egca-1 +
BM cells were equally capable of protecting lethally irradiated mice from radia-
tion-inflicted death and were similarly enriched for CFU-S d13.

The Thy-‘l'“Lin"""ScaJ * population has also been fractionated into
functionally different subsets on the basis of cell cycle status using Hoechst
33342 [269]. Thy-1"°Lin—°Sca-1+ cells in the $/G2/M phase of the cell cycle
{comprising ~20% of the total Thy-1°Lin~/®Sca-1+ population} appeared to
be less capable of radioprotection and long-term multilineage reconstitution than
Thy-1°Lin~/°Sca-1+ cells in the GO/G1 phase of the cell cycle. Finally, the
Thy-1"°Lin—°Sca-1 * subset has been separated according to the expression
of low levels of the Mac-1 and/or CD4 anti?ens [267]. Three BM subpopulations
could be identified: Mac-1~CD4~, Mac-1°CD4~, and Mac-1°CD4/'° BM cells.
Only the first subset, which constitutes 0.019% of total BM, was found to be
highly enriched for LTRC. Both Mac-1'° subsets, on the other hand, were
relatively enriched for STRC. RPA cells and CFU-8 were found in all three
subsets. None of the other Lin markers were expressed at a level that allowed
a further separation of the Thy-?"’Lin‘”“Sca-“l + population.

Taken together, the above-mentioned studies indicate that at least a part
of the stem and progenitor cell activities associated with the Thy—1‘°Lin_’"°Sca-
1% BM cell population is separable from other hematopoietic activities on the
basis of phenotypic differences. Further separation of the hematopoietic
activities on the basis of cell surface phenotype is however critically dependent
on the availability of additional markers,

Recently, two functionally different classes of thymus-repopulating progeni-
tor cells have been identified on the basis of cell surface characteristics and
differences in the level of Rh-123 retention [270]. Lin~Sca-1* c-kit* Rh123/°
BM celis, which are highly enriched for LTRC [268], appeared to be relatively
incapable of giving rise to significant levels of donor-derived thymocytes at
three weeks after i.v. transfer when compared with unseparated BM celis,
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suggesting that this population of BM cells is depleted of "early" thymus-
repopulating progenitor cells [270], Lin~Sca-1* c-kit* Rh123™ed/hi M cells, on
the other hand, were relatively more capable of repopulating the thymus at
three weeks after i.v. transfer, In contrast to Lin~Sca-1 T c-kitt Rh123'° BM
cells, this latter subset is depleted of LTRC but enriched for cells capable of
short-term multilineage reconstitution [268]. These data indicate that "early"
thymus-repopulating progenitor cells are separable from primitive LTRC, which
reconstitute the thymus with a delayed kinetics. The relatively poor "early” TRA
of Lin~Sca-1Tc-kitTRh123"° BM celis is most likely due to an inadequate
thymus seeding, as similar numbers of donor-derived thymocyies were found
at two and three weeks after i.t, transfer of either population of Lin—®sca-1*c-
kitt BM cells [270]. However, it should be mentioned that the rate of T cell
differentiation by intrathymically transferred Lin~/°Sca-1*c-kit* Rh123medhi
BM cells appeared to be faster than that of Lin~"°Sca-1*c-kit* Rh123'° BM
cells,

Figure 4 summarizes the phenotypic and functional characteristics of the
several, functionally defined classes of hematopoietic stem and progenitor celis
in mouse BM. The putative lineage relationships between the various types of
cells are shown. Further characterization of the pre-thymic stages of T csll
development depends on the availability of additional markers that permit a
further characterization of the "early" thymus-repopulating progenitor cells
which may include the putative T cell lineage-committed progenitor cells.

8 Introduction to the experimental work

As discussed in the previous sections, the identity of the BM cells that
actually home to and populate the thymus remains to be established. Further
characterization of the pre-thymic stages of T cell development on the basis of
cell surface characteristics requires the identification of new csll surface
antigens that contribute to the separation of "early” thymus-repopulating
progenitor cells from hematopoietic stem and progenitor cells exhibiting other
and broader hematopoietic activities. In this thesis, we set out to identify new
cell surface antigens which: 1) are differentially expressed by thymus-repopula-
ting progenitor cells in the BM of the mouse, 2) permit the separation of functio-
nally different classes of thymus-repopulating progenitor cells, and 3) contribute
to the understanding of the progenitor-progeny relationships of the pre-thymic
stages of T cell development. We have focused our attention to two recently
developed mAb, ER-MP12 and ER-MP20. Both mAb, which were originally
raised against macrophage precursor hybrid cell lines {272], have been shown
to recognize cell surface antigens on subsets of macrophage progenitor cells,
as well as other, not yet characterized progenitor cells in BM [273). Immunohis-

40



General introduction

) LTRA 5 STRA
CAFE-7
CRU-C-7-14 myelo-erythroid lineages
CAFC-35/28 CAFC-10  CFU-S d7-9
MRA HPP-CFC

OO0

LTRC pre-CFU-S  CFU-Sd1Z_

““““““““““““““ T Thymus
“““““ T
= ®4O-01
"garly" [intrathymic
thymus-repopulating progenttor call
progenitor cell

marker A B ¥ D E F

Thy-1 IowhJw fow fow ow low io v

Lin —/CD4 —flow ~flow —flow ~flow cD4

Sca-1 + + + + + +

Sca-2 - - +* ND +* +

c-kit + + + + + +

Fall-3 + + —or+ —or + ND D

H-2K + + + + + +

D44 + + + + + +

€034 N + + ND ND MD

Jore 37-5 np ND ND ND + +

Jorg 75  nD D ND ND + +

Rh123  low fow fow/high high high high

WGA low fow high  intermediate WD ND

Figure 4. Functional and phenotypic characteristics of several classes of functionally defined
hematopoletic stem and progenitor cells. Putative lineage relationships are shown. *At least part of
CFU-5 d12 and "eariy” thymus-repoptiating progenitor cells express the Sca-2 antigen. Cells lacking
Sca-2 antigen sxpression, however, were not evaluated [271]. ND: not determined.

tochemical analysis of fetal thymus sections revealed that the cell surface
markers recognized by ER-MP12 and ER-MP20 are also expressed by developing
fetal thymocytes. We therefore set out to study the expression of the ER-MP12
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and ER-MP20 antigens on BM celis with TRA.

In chapter 2 we show that, when ER-MP12 and ER-MP20 are used simul-
taneously in two-color flow cytometric analysis, six subpopulations of BM celis
can be identified on the basis of a differential expression of the ER-MP12 and
ER-MP20 antigens. FACS followed by i.t. transfer of these BM subsets into
sublethally irradiated recipient mice reveals that thymus-repopulating progenitor
cells are exclusively confined to two BM subsets (comprising 1-2% and ~30%
of total nucleated BM cells, respectively) that differentially express the ER-
MP12 antigen but that do not express the ER-MP20 antigen. Subsequent
limiting dilution experiments demeonstrate that the highest frequency of thymus-
repopulating cells is found in the minor subset of BM cells that express the
highest |level of ER-MP12 antigen.

In chapter 3 the thymus-homing and -repopulating ability of the six
phenotypically defined BM subpopulations is assessed upon i.v. transfer into
irradiated recipient mice. Our data demonstrate that progenitor cells with the
capacity to home to and repopulate the thymus within four weeks after i.v.
transfer are confined to the two ER-MP20™ BM subsets that express either high
or intermediate levels of the ER-MP12 antigen. However, ER-MP1 220~ BM
cells are relatively more capable of "early” thymus reconstitution (measured at
three weeks after i.v. transfer) than ER-MP12M%920~ BM cells. It is hypothe-
sized that this latter BM subset contains more primitive hematopoietic stem or
progenitor cells that need to undergo additional maturational events before
acquiring the caE_acity to home to the thymus, whereas progenitor celis present
in the ER-MP12™20~ BM subset already have acquired this capacity. Analysis
of peripheral blood leucocytes of reconstituted mice furthermore reveals that
both subsets contain muitipotent hematopoietic stem and/or progenitor cells
that are capable of giving rise to T and B lymphocytes, as well as myeloid cells.
Finally, we show that ER-MP12M20~ BM cells, in patticular, are phenotypically
heterogeneous with respect to the expression of Thy-1, Sca-1, CD44, ¢-4/t, and
the B cell differentiation antigen B220. This phenotypic heterogeneity provides
a basis for a further purification and characterization of the progenitor cells with
"early" TRA.

The experiments described in chapter 3 suggest that different classes of
multipotent hematopoietic stem and progenitor cells may be identified by a
differential expression of the ER-MP12 antigen. We therefore investigated the
sexpression of this marker on several hematopoietic stem and progenitor cell
subsets, including in vive LTRC and CFU-S d12, in vitro CAFC, and in vitro
clonable progenitor celis (CFC). In chapter 4 we show that most of the LTRC,
CAFC-28, and 76% of the CFU-S d12 can be detected in the ER-MP1 omedon—
subset, whereas the majority of the CAFC-6 and 256% of the CFU-S d12 are
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found among ER-MP1 2hi20= BM cells. In addition, 80-90% of the in vitro CFC
appear to express high fevels of the ER-MP12 antigen, of which 10 to 20% also
express the ER-MP20 antigen, These findings demonstrate that the ER-MP12
antigen is indeed differentially expressed within the hematopoietic stem and
progenitor cell compartment. They support the hypothesis that less primitive
progenitor cells, expressing high levels of ER-MP12 antigen, are responsible for
an "early” thymus repopulation, while more primitive hematopoietic stem and/or
progenitor cells, characterized by the expression of intermediate levels of
ER-MP12 antigen, need more time to acquire the capacity to home to and
repoputate the thymus, in which they probably progress through an develop-
mental stage at which ER-MP12 antigen expression becomes upregulated.

in chapter 5 we use dGuo-treated FTOC to evaluate the /n vitro thymus
reconstitution potential of the six BM subsets that are defined by a differential
expression of the ER-MP12 and ER-MP20 antigens, The results show that, in
agreement with the /n vivo thymus reconstitution studies, TRA is confined to
the ER-MP12M20~ and ER-MP12™420~ subsets of BM cells. However,
whereas in vive the majority of the thymocytes generated from ER-MP1 2higp—
BM cells express both CD4 and CD8, most of the thymocytes derived from ER-
MP12M20~ BM cells in vitro are still in the CD4~CD8 ™ stage. ER-MP12Med20~
BM cells, on the other hand, give in vitro rise to mainly CD4~ 8% thymocytes
and a five-fold higher percentage of mature (CD3%) thymocytes compared with
ER-MP1 2hf20_ BM cells. The in vitro thymus reconstitution studies suggest that
ER-MP12M20~ BM celis need more time to differentiate into mature thymocytes
than ER-MP12™ed20~ BM cells. However, the studies described in chapters 3
and 4 provide data arguing against this possibility. An alternative explanation
for the /in vitro experiments is presented which suggests that the dGuo-treated
FTOC lacks microenvironments required for a full maturation of ER-MP12M
thymus-repopulating progenitor cells.

In chapter 6 we demonstrate that on the basis of differential ER-MP12 and
ER-MP20 antigen expression three distinct M-CSF-responsive macrophage
precursor subsets can be identified in mouse BM. We provide evidence that
these phenotypically defined subsets represent successive stages along the
following maturation pathway: ER-MP12M20~ - ER-MP12%¥20% -
ER-MP12720M, Although the ER-MP12™®920~ BM subset gives rise to both
lympheid and myeloid cells upon i.v. transfer into irradiated recipient mice,
individual cells in this subset are not yet capable of differentiating into myeloid
cefls upon jn vitro stimulation with M-CSF alone. This latter finding is in good
agreement with the data presented in chapter 4, in that the ER-MP12™ed20—
BM subset is enriched for yet unrestricted, primitive hematopoietic stem and
progenitor cells. Together with the data presented in chapters 2, 3, and 4, we
propose that lineage restriction (i.e. loss of T cell lineage developmental
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potential} and commitment to the macrophage linsage coincides with the
upreguiation of ER-MP20 antigen expression.
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Abstract

We asearched for new cell surface markers that allow & pesitive Identification of thymus-
repopulaling cells in the bone marrow (BM} of the mouse. Recently we ralsed two rat monoclonal
anilbodles {(ER-MP 2 and ER-MP26) that recognize cell surface antlgens expressed by mouse
haematopoletic progenitor cells, among which are progenltor cells of the macrophage lineage.
Here we show that the ER-MP12 antigen, hut not the ER-MP20 antigen, 15 also expressed

by BM cells with thymus-repopulaling abillty, Using ER-MP12 and ER-MP20 in two-colour
Immunofluorascance analysls six subpopulations of BM cells can beo Identified. The thymus.
repepllating abillty of each BM subpopulation was assessed afler fluoréscence-activated celt
soriing and subsequent Intrathymic Injection into sublethally irradiated Thy-1 congenic reciplent
mice, Thymus-repopulating activity appeared to be exclusively conlined to two subsets of BM
cells expressing elther high or intermediate levels of the ER-MP12 antigen, but lacking ER-MP20
antlgen expression, These BM subsels comprised 1-2% and 30% of total nucleated BM colls
respeclively, The frequency of thymus-repopulating cells was maximal in the miner BM
subpopulation with the highest fevel of ER-MP12 antigen expreasion, We conclude that ER-MP{2
detects a hitherto unknown celf surface marker expressed by BM cells with thymus-repepulating

abllty.

Intreduction

Qver the past few years studies focusing on intrathymic T celi
development have led to a better understanding of tha precursor -
progeny relalionships among thymocytes and the phenolypic
stage al which TCR gene rearrangements, selection and lineage
commitment occur {see, for reviews, 1-4). Considerable
progress has been made in the phenolypic idsntification of the
earliest T cell precursors within the thymus (5 - 11). in the adult
mouse this intrathymic pool of T cell precursars is maintained
by thymus-homing haematopoietic progenitor cels [(pro-
thymeeytes) which seed the thymus continuously at a low rate
(12). The majority of the progenitor celis of the T cell lineage reside
in 1he bona marrow (BM) (13- 16}, Analysis of the prelhymic
stages of T cell developmenl, however, has been hampered by

the low frequency of prothymocytes In the BM (approximately
1 per 3 x 10° BM cells, as detarmingd by iv. transter under
limiting dilutien conditions) (17), the absence of digtinguishing
morphelogical features of these cells, and the lack of mAb against
specific cell surface antigens allowing their direct identification,
As a consequence prothymocytes are still poorly defined,
Employing ditferent combinations of parameters, highly
enriched populations of hasmatepoietic stem cel's can be isclated
from mouse BM (reviewed in 18). Spangrude &l al. have shown
that BM cells with thymus-repapulating ability were enricted in
two phenotypically defined BM subpopulations (17,19}, Both
subpopulations express low levels of tha Thy-1 anligen and high
lavels of the Ly-8-A2 {Sca-1) molecule. One of thase sub-
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populations (0.05%% of total BM) doss nol express deleciable
levels of linsage-specific antigens (designated as LIN-), while
tha other subpopulation (0.1%¢ of total BM) expresses at least
one of the lineage-specific antigens (designated as LIN*). These
BM subpopulations however are not exclusively restricted ta T cetl
Ineage development, but are capable of shertterm reconstitution
of other hagmatopoietic cell lineagss as well (20 - 23). Mcreover,
LIN-Thy-1°Sca-t* 8M cells also have the capacity for fong-
term multilineage repopulation and self-renswal {21 - 23). Thus
further separation of these BM subpopulations using mAb against
other (unknown) surface markers may fead to the separation of
B cet's with prothymocyte activity from the other haematepoielic
aclivities displayed by these BM subpopulalions.

In this context we sel out to search for new cell surface markers
allowing a direct identificalion of BM cells with thymus-
repopulating abilty. In a paralie} study in cur laberatory in which
we studied the early sleps of macrophage differentiation we
recenlly isofated two mAb, ER-MP12 and ER-MP20. These mAD
recognize coff sudace antigens of 140kDa and 14 kDa
respaclively present on subpopulations of macrophage
progenitor cells in the BM of the mouse {24). However the
antigens detected by ER-MP12 and ER-MP20 ars not restricted
to progeniter cells of the macrophage lineagse, but are alse
axpressed by developing thymocytes early in ontogeny (W. A T.
Sliekar and W. van Ewijk, unpublished results). Here we show
that using the ER-MP12 and ER-MP20 mAb simuitanagusly six
subpopulalions of BM cefls can be identiied by two-colour
immunofluorescence analysis. As assessed by inlrathymic
injection of the subpoputations isolaled using a fluorescence-
aclivated cell sorter (FACS) thymus-repopulating cells appeared
to ba exclusively confined lo two subpoputations expressing the
ER-MP12 antigen but not the ER-MP20 antigen. Moreover, the
highest frequency of the thymus-repopulating celis was lound
in the BM subpopulation with the highest level of £R-MP12
antigen expression. We conclude that ER-MP12 detects a novel
cell surface antigen which can be used as a positive marker for
the isolation of thymus-repeputating cel's in the BM of the mouse.

Methods

Mice

The C57BL/G-Ly-5.1-Pep® (Thy-1.2, Ly-5.1) mice (breeding
palrs kindly provided by Dr I. L. Weissman, Stanford University,
CA) and the G57BL/Ka Bl-1 (Thy-1.1, Ly-5.2) mice were cesarean
derived, foster reared, bred, and maintained under clean
conventional conditions with free access to food and water al
the Animals Center and in the mouse faciities of the Dapartment
of Immunology. The drinking water was acidified to pH 2.8,

Monoclonal antibodies and fiuorescent reagenis
The production and initial charagterization of the rat mAb
EA-MP12 and ER-MP20 (both gG2a isolypes) have been
previously described (24). Briefly, spleen cells from a Lewis rat
immunized with macrophage precursor hybrid cells (25) wers
fused with Y3 mysloma cells. Resulting hybridomas were
scregned for secretion of mAb seleclively recognizing precursor
stages in various mode’s of macrophage maluration (24).
Other mAb used in the present study were: 30H12 {anti-
Thy-1.2) {26); H129.19 {(anti-CD4) (27); 53-6.72 (ant-CO8) (26).
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Phycaerythrin (PE) conjugated to GK1.5 (ant-CD4} (28) was
purchased from Becton-Dickinsen (Mountain View, CA),

mAb were purified either from ascites by sodium sulphate
precipitation or from hybridoma culture supernatanis by
precipitation with ammonium su!phate or affinity chrormatography
using an anti-rat !g x chaln mAb (29). Sedium and ammonium
sulphate precipitates were dissoived in PBS and desarted by
extensive dialysis against PBS. Partly purifed ER-MP12 and anti-
CD4 mADb were biotinylated using M-hydroxysuccinimidobiotin
(Sigma, St Louis, MO} while the mAb ER-MP20, 3GH12 and
53.6.72 were conjugated to FiTC (isomer |, Sigmaj by standard
procedures. In some experiments 5{6)-carboxyfluorescein-N-
hydroxysuccinimide ester (FLUOS: Beehringer, Mannhsim, Ger-
many) was coupled to 30H12 according lo the manufacturer's
procedure. PE conjugated o streptavigin and streptavidin-
TRICOLOR were cbtained from Caltag Laboratories (San
Francisco, CA).

Preparation of cell suspensions

Mica were killed by CO, exposure. All cell suspensions were
made in Dutton’s balanced salt salution (GIBCO, Breda, The
Metharlands) supplemented with 53% FCS (DBSS - FCS). For cell
sorting experiments 83 cel's were harvested from two or three
CB57BL/6-Ly-5.1-Pep®™ mice aged 4-10 weeks. Cell
suspentions ware prepared as described previcusly (30) wilh
stight moddcations. Briefly, femora and tibfae were ¢leaned of
muscles and tendons and ground in a morar using DBSS - FCS.
Single cell suspensions were oblained by aspiration through
a 22 gauge needls into a 2 ml syrings, followed by sieving the
cell suspansion fwice over nylen fiters {mesh size 100 and
30 um respeclively; Polymon PES, Kabel, Amsterdam, The
Netherlands), Thymus cell suspensions were prepared by
pressing thymic lobes gently through a nylon siave (mesh size
100 pm) in the presence of DRSS -FCS.

Immuneflucrescence slaining

For ghenotypic analysis afiquots of 0% celis were placed in
96-well microwell plates {round bollom; Nung, Denrnark),
spun down (250 g, 1min, 4°C) and resuspended in PBS
supplemented with 0.5% BSA and 20 mM NaN, (FBS-
B85A - NaM;) containing the optimal concentration of the
approepriata flucrescein-conjugated mAD or fluorescent reagent.
All incubations were carried out on ice for 30 min followed by
three washes with PBS-BSA-NaiN, at 4°C. In two-colour
staining procedures the ce''s were frst incubated with biotinylated
mAb, washed and subsequently incubated with FITC-conjugated
mAb and streptavidin-PE simuftaneously. CO4 and CO8 antigen
expression by donor-derived thymeeyles was analysed using
three-colour immunofiuorescence, To that order thymocytes were
first incubated with blotin-conjugated anti-COB, washed, and
subsequently incubated with FITC-conjugated anti-Thy-1.2,
PE-conjugated anti-CD4, and streptavidin-TRICOLOR simul-
tangcusly.

For cell sorting experiments 10% BM cel's were resuspended
in 2m! DBSS~FCS containing bictinylated ER-MP12. Afier
30 min on ice lhe cells were washed three times with large
volumes of DBSS - FCS and subsequently resuspended in 2 ml
DBSS - FCS containing both FITC-conjugated ER-MP20 and
streptavidin— PE. ARter an incubation of 30 min on ice the ce'ls
were washed three Emes and resuspended in PBS supplemented
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with 195 BSA and p-glucose (4.5 gfl; Merck, Amsterdam, The
Netheriands) o a final concentration of 3 x 10° cetsfml.

Flow cylometric analysis and flucrescenca-activated cell sorting

Cell surface fluorescence was analysed using a FACScan flow
cylometer (Becton-Dickingon). Erythrocytes and dead cells were
excluded from analysis by electronic gating on the basis of light
scatter characteristics.

Cell sgparation was performed using a FACS 440 (Becton-
Dickinson) at a sorting speed of 2500 - 3000 cellsis. Before cell
sorting lhe cells were fitered through a 30 pmmash nylon sleve.
Deaflected drops were cottected in FCS-coated conical poly-
propylene tubes (Falcon; Becton-Dickinson). After washing the
sorted cells ware resuspended in DBSS - FCS and viable cells
were counted using a Blrker haemocylometer, The purity of the
sorted BM subpopulations was assessed by FACS¢an analysis.

Intrathymic transfer assay .

The intrathymic injection assay for the detection of cells
wilh thymus-repopufating ability was originally developed by
Goldschraider et al, (31), Four- fo saven-week-old CBS7BL/Ka
BI-1 feciplent mice were sublethally iradialed (5Gy) at
appraximately 1.0 Gyfmin using two opposing YCs sources
(Gammacell 4G irradiator; Atomic Energy of Canada Lid, Ottawa,
Canada). Two hours after irradiation the mice were anaesthetized
with gther and the thymus was exposed surgically, Celis In a
voluma of 10 ptwere injected direclly into ons of Ihe thy mic lobes
using @ Hamiiton syringe with a 25 gauge needle. After injection

the incision was closed with surgical wound chips (Becton-

Oickinsen). Thymotyte suspensions wers prepared 20 - 21 days
after intrathymic transter and stained with FITC- or FLUOS-
conjugated 30H 2, recogrizing the Thy-1.2 molecula expressed
by doror-derived thymacyles. The percentage of Thy-1.2+
donor-derived thymocytes was determined by FACScan analysis.
Thymocyte suspensions with z 195 donor-cerived thymocytes
were scored as positive for donor type repopulation. In soma
cases the cells were also stained with PE-conjugated anti-CO4
and biotiny!ated anti-CO8 {using strapiavidin-TRICOLOA as
second stage reagent) in order lo analyse the distribution of
doner-defived thymooytes within the four major thymocyte
subsets.

Results

Twocolour ER-MPIZ2 and ER-MP20 immunolivorescence
analyss of BM cells

Two-cotour immunofluorescence was used to analyse
simullaneously the expression of tha ER-MP12 and ER-MP20
antigens by BM cels. To that end BM cefis were labelled
with biotinytated ER-MP12 and visualized by PE-conjugated
streplavidin and FITC-conjugated ER-MP20, By two-colour
analysis al leasl six subpopulations with dilierent phenotypes
could be distinguished in a BM cell suspansion {Fig. 1 and Table
1). Approximately one-third of the nucleated BM celis lacked the
sxpression of both cell surface markers (i.e. ER-MP12-20~ BM
calis), Cells lacking the ER-MP20 antigen but expressing the
EAR-MP12 antigen could ke divided into a major subpopulation
expressing intermediate lavels of tha ER-MP12 antigen (.e
ER-MP12+20-) and a minor subpopulation with & high level of

]

ER-MP12

A i

ER-MP20

Fig. 1. Twocolour fow cytometrc analysis of ER-MP12 and ER-MP20
antigen expression Dy otal BM cels. Boxes indicate the six phenotypically
disbnet subpopulations: (1) ER-MP12* *207; (2) ER-MP12*207: ()
ER-MP12*20*; {4} ER-MP12-20"; {5) ER-MPi2-20*; (6) ER.
MP12-20~ *. The average percentages of the subpoputations are hisled
in Tabla 1. Tne dol plot was gererated from 6300 events,

Table 1. Distribution of the different nucleated BM cell
subpopu'ations

Mean % ol

BM subpopulation
nucleated BM cells (£ 5EM)

ER-MP12720" 286 = 56
ER-MP12+20~ 30.7 = 49
ER-MP12* +20~ 21 = 04
ER-MP12-20? 268 = 68
ER-MP12-20** 48 = 1.7
ER-MP12+20* 92 % 3.1

C578U6-Ly-5.1-Pep® 8M cels were smultanecusly staned with
ER-MP12 and ER-MP20. Tre percentages of the different subpopulations
among the nucleated BM cells wers determined by FACScan analys's
The average percentages = SEM wera calculated from the resutts of
14 expenments,

ER-MP12 antigen expression {i.e. ER-MP12* *20-). Likewise.
ca'lls lacking the ER-MP 12 antigen but exprassing the ER-MP20
antigen could ba clearly divided into a major subpopulation with
an inlermsgiale ER-MP20 aniigen expression {i.e. ER-
IMP12-20+) and a minor subpopulation expressing high leve's
of the ER-MP20 antigen (i.e. ER-MP12-20+ *). Finally, cells ex-
pressing both surface markers simultaneously {i.e.
ER-MP12+20* cels) constituted a minor BM subpopitation,

Thymus-repopulating ability of the sorted BM subpopulations
In order to assess the thymus-repopulating abitity of the distinct
subpopulations C57BLi6-Ly-5.1-Pep? BM cells stained with
ER-MP12 and ER-MP20 simuitangously were seperated inte
these six subpoputalions by FACS. The sorted BM subsets were
analysed using a FACScan #low cytomeler, revealing that BM
cell fractions could be oblained with a purity of B0~ 99%,
depending on the subpopu'ation sorled. As an examp'e the
FACScan analyses of sorted ER-MP12**20- and ER.
MP12+20- BM cells are shown in Fig, 2.

Naxt the sorted BM subpopulations were transferred
intrathymically into sublethally irradiated C57BL/Ka BI-1 recipient
mice. As a control unseparated BM cells were transferred.
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ER-MP12

ik : 1, PP ARTETINN NVOTTION

ER-MP20 FSC

Flg. 2. Analysis of sorted ER-MP12**20" and ER-MP12*20~ BM
cel's, Fluorescence profile [{A) and (C)] and scatter profile [(B) and (D)]
ol ER-MP12*%+20~ and ER-MP12*20~ BM celis respectively, Dol plots
were generated from 5000 events.

Table 2, Inlrathymic-repopulating abitity of sorled 8M cell
subpopulations

Cell source Mumber of  Ratio (na. Mean 8% of
cells positve/no. Thy-1.2* celis
transferred  recipient mice)  (x SEM)

Total 8M cells 5000 316 416 = 187

ER-MP12*20~ 5000 21147 227 + 46
2300 11433 285 + 74
1250 0iz6

ER-MP12+ 20~ 5000 15/18 312 = 51
2500 812 273 £ 98
1250 17i22 326 x 59

625 67 400 + 99
78 28 19.1

ER-MP12t 20t 5000 212 10.0

ER-MPi2-20* 5000 tHs 53.6

ER-MPi12-20%*+ 5000 0115

EA-MP12-20~ 5000 orr

C578LKa BL-§ (Thy-1.1) recipienl mice were irradiated sublethaily
{5 Gy) and reconsbtuted intrathymically with doner cells of
C578L46.Ly-5.1-Pep™ (Thy-1.2) mice. Thymus reconstituton was
analysed 20 — 21 days ater invrathymic transfer, The average percentages
+ SEM of Thy-1.2* thymocytes in positive mice were calculated from
three to 21 mice. The lablais generated from the resuits of seven separate
experiments.

Thymus reconstitution by donor-derived cells was analysed
20 - 24 days after intrathymic transfer using the exprassion of
the Thy-1.2 allele as a marker lor donor-derived thymocyles.

The combined results of seven separale expenments are
summarized in Table 2, After injection of 5600 unseparated BM
calls denor-derived thymocytes were detected in a small
percentage of recipient mice, Virlually no prothymocytes were
detecled in the subpopuiations expressing the ER-MP20 antigen
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ror in the subpopulation lacking both cell surface markers (.e.
the ER-MP12-20- subpopulation). BM cells with thymus-
ropeputating ability were exclusively confined to the populations
oxpressing the ER-MP12 antigen. After titration of the cell dose
itappeared that the frequency of thymus-repopulating cells was
highest in the small subpopulation expressing high levels of the
ER:MP12 antigen {i.e. the ER-MP 12+ *20- subpopulation). In
six out of seven mice reconstituted with as few as 625
ER-MP12++20- 8M cells donor-derived cells accounted for
~40% of all thymocytes. Moreover, after transfer of only 78
ER-MP12*+20~ cells two out of eight mice showad donor-
derived thymocytes (35.4% and 2.6% respectively).

Light scatter charactaristics of ER-MP12++20- and
ER-MP12+20~ BM cells

Both ER-MP12 single positive subpopuiations displaying
thymus-repopulating activity are heterogenseous with respect lo
thelt #ight scatter characteristics [Fig. 2{B) and (D). The majority
of the ER-MP12*+20- BM calls are medium-sized blast-ike
calls [Fig. 2(A) and (B)). Conversely, ER-MP12+20- BM cells
are mainly sma'l-sized lymphoid-like ceils; cnly a minority of
medium-sized cells are found within this BM subpopulation
[Fig. 2(C) and (D}].

Phenctype of the denor-derived thymocytas

In order to invesligate the differentiation potential of the injected
BM cells In the host thymic micreenvironment we analysed the
CD4 and CD8 expression by the donor-derived thymocytes by
means of three-colour immunofiusrescence analysis. Thymocyte
sugpensions were stained with biotinylated anti-CD8 loflowed by
TRICOLOR-conjugated streptavidin, and subsequently with PE-
conjugated anti-CD4 and FITC-conjugated anti-Thy-1.2, After
gating for Thy-1.2* thymocyles the CO4 and CD8 expression
was analysed (Table 3). Thymocytes of nondrradiated and non-
reconstituled C578L/8-Ly-5.1-Pep™® mica served as a conlrol,
As shown in Table 3, ER-MP12° *20- and ER-MP12+20- BM
cells indeed differentiated into mature CD4*CD8- and
CD4-CD8* thymocyles under the influence of the thymus
microenvironment.

Discussion

In this study we set out to search for new cell surface markers
allowing a positive identification of thymus-repopulating cells in
the BM of the mouse. Recently we isolated two mAb, ER-MP12
and ER-MP20, which recognize cell surface antigens presenton
progenitor celis in the BM of the mouse (24). We gueslioned
whather BM celis with thymus-repopufating ability could be
identifisd amongst ER-MP12+ or ER-MP20+ BM cells.
Two-colour flow cytometric analysis of BM cells stained with
ER-MP12 and ER-MP20 revealed six phenctypicafly distinct
subpoputations. Fluorescence-aclivated cell sorting followed by
intrathymic injection of these B subsels into sublethally irradiated
Thy-1 congenic recipient mice shawed that T cell progenitor
aclivity was exclusively confined to two BM fractions expressing
the ER-MP12 antigen butfacking ER-MP20 antigen expression.
Moreaver, titration of the cell dose showed that the frequency
of thymus-repoputating cells was maximal in the minor BM sub-
poputation (1 — 2% of total nucleated BM cells) with the highest
teve! of ER-MP12 antigen expression, BM cefls with thymus-
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Table 3. Phenotype of donor-derived thymocyles 3 weeks after intrathymic injection of sorted BM cells

Cell source %CD4-C08™ 05C04+CO8*Y %CD4*CN8- %G04~ C08*
ER-MP12* *20° 1.5 86.8 8.0 a1
ER-MP12*20~ 9.6 3.9 9.8 20

C7BL/Ka Bi-1 (Thy-1.1) reciplent mice wera irradiated sublethally (5 Gy) and reconstituted inlrathymically with either ER-MP12* *20~ or
ER-MP12* 20~ C57BUB-Ly-5.1-Pep™ (Thy-1.2) BM cells, Aher 3 weeks donor-derived thymocyles were analysed for CD4 and CD8 expres-
sion. Total thymocytes of normal C57BLELy-5.1-Pep™® mice served as a contral for tha trip'e slaining. The thymocyte subset distribution
of these control mica was 2.9%%, 85.2%b, 10.7%%, and 1.19% respectively. The results of two independent experiments are shown.

repopuiating ability were absenl {rom the other
four BM subsets.

Both BM subpoputations containing thymus-repeputating cells
are heterogeneous with respect Lo their hght scatter characteristics.
ER-MP12++20- BM cells are mainly medium-sized bast-like
celis, while some small-sized lymphoid-ike cells are alse present.
Conversely, the majority of ER-MP12+20- BM cells are small
iymphold-like cells, while & minorily display a scatter profile
of medium-sized blastlike cells. It would be interesting o
determine whether the small-sized or the medium-sized BM cells
arg responsible for the thymus-repopulating activity of these
two BM subsets, In this context it is noteworthy that the
Thy-1LIN-Sca-1* BM cells, which contain T cell pregenitor
aclivity {together with other haematopoielic aclivilies), are
medium-sized lymphoid-ke cells (20). Therefore, lurther
separation of the ER-MP12++20~ and ER-MP12+20- BM
subsets on the basis of their light scalter characteristics may
result in BM cell fractions with higher frequencles of thymus-
repopulating cells,

ER-MP 12 may be useful for further unravaling phenolypically
tha functional heterogeneity displayed by highly enriched BM
populations. In this contexd it is notewarhy that Mdiler-Sigburg
recently showed that a novel mAb, Fall-3, could ba used
successhully lo separate primitive haematopoietic stem cefis
(Fall-3*) from B cell precursars (Fall-3-}, both contained within
the Thy-1°LIN- subset of BM ¢el's (32). The antigen recognized
by the mAb Fai-3 is, ke the ER-MP12 antigen, expressed by
about 30% of the BM cells. ER-MP12 however is different from
Fall-3, since the Fall-3 antigen (s exprassed only on a few cells
in the peripherat lymphoid crgans {32). Furthermore, Li and
Johngon (33) showed that Thy-14LIN-Sca-1* BM cells could
b further separated into two lunctionally different subsets on
the basis of rhodamine 123 retention. The rhodamine 123 dull
subset engrafted both myelsid and lymphold iingages while the
rhodamine 123 intermediate/bright subsst mainly repopulated
the lymphoid ineages (33), demonstrating that itis indeed feasible
to unravel the functional heterogeneity of highly enriched BM sub-
popuiations either physically or phenctypicafty.

Although the ER-MP20 antigen is not expressed by thymus-
repopulating cells it clearly conlributes to the purification of thesa
T cell progenitors by excluding at least 40%% of the nucleated
BM cefls. As suggested earlier (24), the EA-MP20 antigen is most
tkely identicalto the Ly-6C anligen (34), since both antigens are
14 kBa singlechain {glyco)proteins and are expressed by
granulceytes (inlermediate levels) and monocyles (high levels)
In the BM and by endothelial cells in small blood vessels. Like
Ly-6C, tha ER-MP20 antigen is inducible with IFN-y (34, P. J. M.
Leenen, personal communicaticn).

In the present study we show that under the influence cf tha
thymic microenvironment intrathymically injected ER-MP§2+ 20~
angd ER-MP12*20 8M cells are able lo dilferentiate into
the various thymocyle subsets. Howsver, by definilion,
prathymocytes must be able to *home' into the thymus, Using
the intrathymyic transfer assay no inforrmation ¢an be oblained
conceming the thymus-homing ability of the isclated 8M
subpopuiations (31). Therefore in order to prove conclusively that
prothymocyles are indeed identiied by ER-MP12 we injected
the sorted BM cell fraclions i.v. inlo irradiated cangenic mice.
The results of these experiments are presented and discussed
in the accompanying paper {35),

In summary, in this report wa show that mouse BM cells with
thymus-repopuiating ability are exclusively confined to two
BM subpopulations exprassing the ER-MP12 antigen but lacking
ER-MP20 antigen exprassion, The highest thymus-repopulating
activity was found in the BM subpepulation (1-2% of tota!
nuclealed BM cells) with the highaest leve! of ER-MP12 antigen
oxprassion.
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Abstract

In the accompanying paper we showed that six distinct subsets of bone marrow (BM) celis

can be Identliled using the mAb ER-MP12 and ER-MP20 in two-colour fmmunoflucrescence
analysls. Upon Intrathymic teansfer into sublethally irradlated mice thymus-repopulating ablilly
was restricted to ER-MP20~ BM cells expressing elther high or intermediale levels of the
ER-MP12 antigen {1 -2% and ~30% of BM nucleated celis respectively). The highest frequency
of thymus-repopulating cefls was found In the minor subset of ER-MP12**20- BM cells. In the
present atudy we demonslirate that upon Intravenous transler, lthymus-homing and -repopulating
BM cells are exclusively confined to the ER-MP12++20- and ER-MP12+20- subpopulations, the
highest frequency belng detected among ER-MP12++20- BM cells. Analysls of the perpheral
blood leucocytes of reconslituted mice showed that not only prothymocytes but also progenitor
cells of the B cell lineage as well as the myelold lineage were present within both subsals,
Three-colour flow cytometric analysls revealed that ER-MP12*+20- BM cells In parllcufar were
phenotypically heterogeneous wilh respect to the expresslon of the cell surface markers Thy-1,
Sca-1, CD44, B220 and ¢-kit. Taken together our data demonstrate that ER-MP12 posilively
Identifies BM cells with the abliity to home to and repopulate the thymus. The phenotyple
heterogeneity displayed by the ER-MP12**20- BM subset, contalning the highest frequency of
thymus-homing and -repopulating cells, provides a basls for jurther separation of prothymocyte
activity frem other haematopolelic activitles In the BM of the mouse,

Introduction

The thyrmus is the major site for T cell development. In this organ
complex and pootly undersiood sefection processes, likely
directed by an inlricate network of haterogeneous stromal cell
populatiens, shape the TCR specificity reperioire of the maluring
thymocytes (1 —6). The matute, selected thymocyles dascend
from a minwte popu'ation of intrathymic precursor cells {1,7.8)

which undergo extensiva prolderation and differentiation in the
subcapsular zone of the thymic cortex. In adult Ife this intrathymis
poot of T cell precursors is maintained by bone marrgw (BM)-
derivad progeniter calls {prothymocytes) {9 —11) which seed the
thymus continuousiy at a low rate {12},

8o far the characterization of prothymocytes is being hampered
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by a low frequency of these cells in the BM, the absence of
distinguishing morphological features and, above all, the paucity
of mAb delecting cell surface antigens spscific for T cell
progenitors. Hence the phenclype of thymus-repopulating celis
is st poorly characlerized. It is not clear as yet whether these
progenitor cells are either multipctent stem cefls, lymphold
lineage-restricted progenitor cells ar progenitor cells exclusively
committed to the T cell lineage.

In tho accompanying paper (13), we showed that six distinct
subpoputations of BM cells could be identified using tha recently
developed mAb ER-MP12 and ER-MP20 (14) in twa-colour
immunofluorescence analysis. As assessed by /ntrathymic
fransfer thymus-repopitating abifity appeared o be restricted to
ER-MP12**20~ and ER-MP12*20- 8M cef's. The highest
fraquency ol thymus-repopulating cells was found in the
subpoputation of ER-MP12+ +20- BM cells,

In the prasent study we transferred the six BM subpopulations
Iso'ated on the basis of ditferent levels of ER-MP12 and ER-MP20
antigen exprassion infravenously into sublethafly fradiated
Ly-5Thy-1 congenic mice in order to determine whether the
ER-MP12**20- and ER-MP12¢ 20~ subsels have the capacity
{0 home to the thymus in vivo and thus contain the genuine
prothymocytes. Our data indicate that BM cells which express
the ER-MP12 antigen but not the ER-MP20 antigen indeed mast
these physiological criteria of prothymocytes, The highest
frequency of thymus-repopulating celis was detected in the
ER-MP12*+20- BM subpopulation. Furthermore, phenatypic
analysis of peripheral blood leucoeytes of reconstituled mice
revealed thal not only thymus-repopulating cells bul afso
progenitor celts of the B cell lineage and the myeloid lineage were
present among ER-MP12*+20- and ER-MP12+20- 8M cells.
Finally, three-colour flow cytomelric analysis revealed that
ER-MP12* +20- BM cells particularly ware heterogeneous with
respect to the expression of the cell surface antigens Thy-1, Sca-1,
CD44, B220 and ¢-kil, indicating that this subpopulation can be
further divided into smaller subsels. This phenotyplc hetero-
geneity provides a basis for further altempts to separate
prothymocytes from progenitor celis of cther hasmatopoietio
lineages. i

Methods

Mice

C57BL/6-Ly-5.1-Pep® (Thy-1.2, Ly-5.1) mice (kindly provided
by Dr . L. Weissman, Stanford University, Stanford, CA),
C67BlL/Ka BI-§ (Thy-1.1, Ly-5.2), CBA/RI| x C57BLiKa
[BCBA(F1)], BAL8/c, B10.D2/n, BALB k and SJLAJ mice were
cesarean derived, loster reared, raised and maintained under
clean conventional conditions with free access lo loed and
waler (acidified 1o pH 2.8) in the mouse facilifies of the
Bepartment of tmmunology.

mAD and fluorescant reagents

Tha mAb used in the present study are listed in Table 1. ACK2
(anti-c-kit) and A20-1.7 (anti-Ly5.1) were kindly provided by
Dr S Nishikawa, Kumamoto University Medical School,
Kumamoto, Japan, and Dr S. Kimura, Stoan-Keltering Cancer
Cenlter, New York, NY, respectively. mAb were used either
{partiaty) purified, conjugated to biotin or FITC (Sigma, St Louis,
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Table 1. Menoclonal antibodies

mAb Antigen Reference
ER-MPI2 ER-MP12Z Ag 14
ERMP20 ER-MP20 Ag 14
§59-AD2 2 Thy-1 15
H129.19 CD4 18
536.72 cos 15

KT3 co3 17
RA3-682 8220 18
REG-ECH Gr-1 19

M0 Mac-1 20
IM7.8.1 CD44 21

ACK2 c-kit 22

Eid 1617 Sea-1 23
JoH12 Thy-1.2 15
A20-1.7 Ly-5.1 Cr 8 Kimura

MO) by standard procedures or as culture supernatant. In some
instances anti-Thy-1.2 mAb conjugated o 5(6)-carboxy:
fluorescein-A-hydroxysuccinimida ester (FLUOS, Boehringer
Mannheim, Germany) according to the manufacturer’s procedure
was used. Goat antirat lg absorbed with mouse Ig and
conjugated to phycoerylhrin {(GaRa - PE) (Callag Laboratories,
San Francisco, CA), rabbit anti-rat(Fab), fragments coupled to
FITC (RaRa-FITC) {(Cappel, Organon Teknika, Turnhout,
Belgivm), streptavidin-phycosrythrin  (S8AV - PE) (Caltag
l.aboratories) and streptavidin TRICOLOR (SAV-TRICOLOR)
{Callag Laboratorias) were used as second stage fiucrescent
reagents,

Freparation of cell suspensions

Suspensions of BM cells and thymi were prepared as described
{13) using Dutton's balanced sall solution (GIBCO, Breda, The
Netherlands) supplemented with 5% FCS (DBSS-FCS),
Peripheral blood was oblained by heart puncture and collected
In tubes containing heparin-coated glass beads. Erythrocyles
were depleted by hypotonie lysis using a 17 mM Tris buffer (pH
7.2) supplermnented with 0,944 M ammonium chicride {4 volumes
bulfer per § volume blood), After 10 min at 4°C, tha cells were
washed three times with PBS.

Immunefiuorescence staining

Two-calour imrunofluorescence staining using conjugated mAb
was pedormed as described before (13). PBS supplemented with
0.5% BSA and 20 mM NaN, (PBS - BSA ~ NaN,) was used for
washing as well as dluting the reagents Lo optimal concentrations.
When flucrescein-conjugated second stage antirat Iy were used
in two- or three-colour stainings the cells were first incubated with
hybridoma culture supsrnatant, washed and subseguently
incubated with ReRa - FITC (twa-colour stainings) or GaRa— PE
{threa-colour stainings) supplemented with 2% normal mouse
serum to avoid non-specific binding. After bwo washes the cel's
were incubated and washed in the presence of 286 normal rat
serum 1o block any free anti-rat Ig binding sites of the conjugate.
Next the cefs were incubated with biotin-conjugated mAb, washed
and finally incubated with SAV -~ PE (two-colour slainings) of
SAV-TRICOLOR and FiTC-conjugaled mAb {three-colour
stainingsh.



Thymus-homing and -repopuiating ability of ER-MP12-positive BM cells

Table 2, Thymus-heming and repopulating abitity of sorted BM cell subpopulations

Celt source % of BM cells Number of cells Experiment Positive rice’ % Dorcr-detived thymocytes®
(%% of B4 celg)? transterred number total mice®
Total BM 25 x 107 9/39 296 = 78
5% 107 010
ER-MP12+20- 30.7 = 49 25 x 107 1 4110 453 = 6.1
2 8/15 356 = 16
3 0/9
4 014
5x 107 3 0HO
4 0He
ER-MP12* *20- 21 + 04 25 x 10° 1 57 240 = 102
2 5i5 445 = 157
3 56 362 = 116
5 x 10° a 4(6 254 = 145
4 1015 332 x 83
ERMP12*20* 92 & 21 26 x 10° 9 24
ER-MP20™20° 268 4 66 25 x i0* 0/18
ERMP12-20+ 48 x 1.7 25 x 107 04
ER-MP12720~ 286 L 6.6 25 x 107 o4

G5781/KaBl 1 (Ly-5.2, Thy-1.1) reciplent mice were iiradiated 7.6 Gy and injected i.v. with donor cel's of C57BL6-Ly-5 1-Pep™ [Ly-5.1, Thy-1.3)

mica. Thymus reconstitution was analysed 21 days alter cell transfer.

AThe relative distribution of the subpopu'ation among nucleated BM cells (mean percentage + SEM of 14 experments).
EThymus suspensions with = 1% donor-derived thymocyles were scored as positive.
SThe mean percentage of donor-derived {Thy-1.2%) cells + SEM was calculated from four to 10 mce.

For cell sorting experiments BM celis were stained as
previously descnbed (13),

Flow cytomelric analysis and celf sorting

Cell surface fiuctescence was analysed using a FACScan flow
cytometer (Becton-Dickinson, Meunlain View, CA). Enythrocytes
and dead cells wera sxciuded from analysis by eleclronic gating
on the basis of light scatler characteristics, Cell sorting was
parfermed using 8 FACS 440 (Becton.Dickinson) as described
previcusly (13).

Cell transfer and analysis of repopulation

C57BL/Ka Bl reciplent mice (aged 1015 weeks) were
exposed to 7.5 Gy (unless othenwise stated) of v iradiation using
two opposing '¥'Cs sources (Gammace!l 40 irradiater; Atomic
Energy of Canada Lid, Ottawa, Canada) at a dose rate of
1.01 Gy/min. Two hours after irradiation different numbers of
unseparated or soried congenlc BM ¢ells were injected iv. into
mice via their tail veins, Three weeks aler iv. transler the
reciplent mice were killed. Thymocytes were slained with directly
conjugated ant-Thy-1.2 mAb ta detect donor-derived thymocytes.
In one experiment fecipient mice were irradiated at 8.0 Gy and
reconslituted; after 4 weeks they wers kited and their peripherat
blood was analysed for the presence of donor-derived T and B
lymphacyles and myeloid cefls. Periphera! blood leucocytes were
dually labelied with either anti-B220 (B cefls), anti-CD3 (T cells)
of anti-Mac1 (myeloid cells) (folfowed by RaRa~FITC as a
second stage reagent) and donor-specific biotinylated anti-Ly-5.1
fodowed by SAV - PE. Cell surace fiuorescence was analysed
on a FACScan flow cytomster (Becton-Dickinson}. Cell
suspensions with =1% donor-dedved cells in thymus or
peripheral bloed were scored as positiva for donortype
repoputation,

Resuils

Thymus-homing and -repopuialing abifity of BM subpopulations
sorted on the basis of a different expression of the ER-MP1Z2
and ER-MP20 antigens

Inthe accompanying paper (13) we showed that BM celis could
be separated inte six subpopulations on the basis of gitference
in ER-MP12 and ER-MP20 antigen expression, Using tha inlra-
thymic transfer assay thymus-repopulatng ability appeared lo
be exclusively confined to ER-MP12+ +20~ and ER-MP12* 20"
BM cells, with the highest requency of thymus-repoputating cells
being found in the former subset (Constituting 1-2%% of total
nucteated BM cellg),

in the present study we assessed the thymus-homing ability
of the six BM subpopulatons after intravenicus \ransfer in order
to investigate whether functional prothymecyte activity is confined
o the ER-MP12**20- and ER-MP12°* 20" subsets or maybe
ane of these. The six BM subpopulations, each characterized
by a different expression of the ER-MP12 and ER-MP20 antigens,
were isofated by fluorescenca-activaled cell sorling and trans.
ferred iv. into sublathatly irradiated Ly-5/Thy-1 conganic mice,
Twenty-one days after ce!l ranster the thymi of the recipient mice
were analysed for the presence of donor-derived {i.e. Thy-1.2*)
thymecyles (Table 2}, As a conlrod the thymus-repopulating abitity
of unseparated BM cells was delermined.

In nine out of 39 mice (23%4) reconstituted with total BM cefls
donor-derived thymocyles were detected after i.v. injection of
25,000 celis. In reciplent mica Injected i.v. with 25,000 separated
BM cells thymus-homing and -repopulating ce'ls appeared to be
restricled o tha ER-MP124*20- and EA-MP12+20- sub-
poputations. In experiments 3 and 4 thymus-fepopulating cells
were only delected in the BM subpopulation with a high level
of ER-MP 12 antigen expression, while in the second experiment
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Table 3. Thymus and peripheral blood chimerism after i.v. reconstiiution with sorted ER-MP12* *20~ and ER-MP12+20- BM

subpopulations

Ceil source Cell number %4 donor-derived

Peripheral blood

{ny thymocytes (Thy-1.2*)°

5% donor-derived cells

% T ¢eis (CD3*) ©2 B cel's (B2207) b mye'oid cells

(Ly-§.1%)° of donor erigin ot denor ofigin (Mag-1%)
(Ly-5.1*y¢ (Ly5.14y of donor ergin
(Ly51%)°
ERMPI12**20~ 10 x 107(n 895 « 1.9 665 % 6.4 164 = 33 849 & 3.0 836 = 83
6% 10%() 39.5 = 120 31.0 £ 80 62218 76.5 x 33 44.0 = 153
ER-MP12+20" 25 x 50%(6) 723 + 64 51.5 + 638 59 108 744 x 32 741 £ 64
10 % 107(6) 618 * 103 347 + 105 53+ 1.7 527 x 0.2 559 = 13.7
6% F03{d) 249 + 138 135 £ 48 14 = 04 425 & 26 230 = 123
Total BM 25 % 10%(6) 499 + 157 231 + 6.8 41 %18 486 = 9.4 335 = 10.4
10 % 1032} 359 6.7 1.2 230 8.6

C57BL/Ka B-1 {Ly-5.2, Thy-1.1) recipient mice were irradiated 8.0 Gy and reconstituted iv. with donor cells ¢! C57BLI6-Ly-5.1-Pep™ (Ly-5.1, Thy-1.2)
mica. Thymus and peripheral b'ood chimerism was analysed 28 days after cert transfer,

21 number of mice analysed.

SThe average percentage + SEM of donor-detived thymocytes (Thy-1.2%).
“The average percentage + SEM of donor-derived (Ly-5.1 %) peripheral blood nucleated cells.
9The average percentage + SEM of e'ther peripheral T cels (CD3*). B cefs (B220%) or myeloid cel's (Mac-1¥) whicr were of donot origin

(Ly-5.1%),

cnly & very low percentage (3.5 & 1.6%) of donor-derived
thymotytes was detected in eight out of 15 mice reconstituted
with ER-MP12+20- BM cefls. Re-analysis of the sorted BM
fractions revealed the same degree of purity (> 96%%) for the
ER-MP12*20- subset in each expsriment (data not shown),
indicating that the differences betwsen the individual experiments
cannot be explained by the presence of contaminaling
ER-MP12++20- cells.

Results were more clear-cut when only 5000 cells were injected
iv. Uncer these conditions thymus-repopulating abiy was
axclusively confined to ER-MP12* 20~ BM celis (Table 2),
These data demonsirate that: () BM cels expressing the
ER-MP12 anligen but not the ER-MP20 antigen are able to home
to and repopuiate the thymus of syblethally Irradiated mice after
iv. transfer; (i} the ER-MP12* +20- BM subset contains the
highest frequency of thymus-homing and repoputating BM cells.

Multi-ineage reconstitution polential of ER-MP12*+20~ and
ER-MP12+20- BM ceils
To assess the developmental potential of ER-MP12+ 420~ and
ER-MP12*20- BM cells more exlensively we iv. transferred
sorted ER-MP12++20- or ER-MPI2¢20- BM cells or
unseparated 8M cells into 8 Gy irradiated Ly-5/Thy-1 congenic
recipient mice. Four weeks later peripheral blood nucleated cells
were analysed for the presence of donor-derived (i.e. Ly-5.1%)
cells, In each sample the parcentage of T lymphocytes (CO3*
cells), B lymphocytes {8220 cells) and myeloid (Mac-1+) cells
of doner origin was determined. These results are shown in Table
3. Donor-derived cells were detected in all recipiant mice. The
average parcentage of Ly-5.1+ peripheral blood nucleated cells
appeared 10 be maximal after i.v. transfar of ER-MP12++20-
BM cells (8.9, 31.0% versus 13.5% after transfer of 5000
ER-MP12+20- cells). The highest percentage of donor-derived
T iymphocytes in peripheral blood was detected alter transfer
of EA-MP12**20- 8M cells (e.g. 6.2%% versus 1.4% after
transter of 5000 ER-MP$2* 20~ cells).

At this time point (i.e. 28 days after v, ransfer) the percentage
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of donor-derived peripheral T cells was still low. Yel high
percentages of donor-derived {Thy-1.2°} thymocyles were
detected after transfer of ER-MP12+ 120~ cefis as weli as ER-
MP12+20" ¢ells (Table 3). The considerable percentage of
donor-derived thymocytes in mice reconstituted with 5000 ER-
MP12+20~ cells is in sharp contrast to the absence of donor-
defived thymocytes at 21 days after transfer of thess celis (Table
). This apparent discrepancy may be explaired by the presence
of mullipotent haesmatopoietic stem cels within the ER-
MP12+20- subset. These cells most Fkely need additional
maturational events in the BM and may there’sre need more time
to mature into thymocytes {i.e. 28 days instead of 21 days).
Donor-derived cells belonging to the B celt fineage and mye'eid
neage wore also found after iv. transfer of either subset
{Table 3). The highest percentags of both donor-derived B
lymphocytes and myeloid celts was found after transfer of ER-
MP12**20- BM cells. Taken together our tesuits show that
hoth ER-MP12* +20- and ER-MP12* 20~ BM subsets centain
not only prothymocytes but also progenitor cells capable of
differentiating inlo 8 lymphocytes and myeloid cels.

Cell surfaca phenolypa of ER-MP12+ 420~ and ER-MP12*20-
8M cells
Tha cell surface phenatype of both BM subsets was examined
using three-colour immunofluorescence analysis in order lo
investigate to what extent ER-MP12++20- and ER-MP12+20~
BM cells are phenolypica'ly heterogeneous and resemble
previously described BM subpoputations snriched for haem-
atopoletic stem cells and progendor aclivity (24 -£26). The
staining profiles of ER-MP12++20- and ER-MP12+20- BM
sutpopulations with a panel of mAb against different cell surface
antigens is shown in fig. 1(A) and (B} respectively. For
comparison the profites of ungated nucleated BM cells are
shawn [Fig. 1{C)].

We analysed the expression of the malure lineage markers
Gr-1, Mac-1, CD4, CDB ard 8220 by ER-MP12++20~ and
ER-MP12*20- BM cells in crder {o compare the current
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Fig. t. Ce'l surface phenclype of ER-MP§2* *20™ (A), ER-MP12° 23~ (B) and unseparated BM cells {C). BM cells were staingd with mAb
specific for either of the indicated Ag (second stage reagent: Gafa- PE), FITC-conjugated ER-MP20 and bictinylaled ER-MP12 (followed
by SAV-TRICOLCR). Conlrol; isotype-maiched convol mAb (igG2a or 1gG2o). Life gates were set on either ER-MP12* %20~ (A} or
ER-MP12¥20™ cel's (B) and the expression of ihe indicated markers was analysed. Histograms in pane's A, B and C were generated from
4000, 10,000 and 14,000 events respectively. Tho results of one representative expasiment are shown.

progenitor fractions with those isolated by others using depletion
of BM cells for the mentioned mature markers (24,2527,
28). Compared to unseparated BM cells TFig. 1{C} bolth
ER-MP12*+20~ and ER-MP12*20~ BM subpopu'ations were
depleted of cells that slrongly expressed Gre1 and Mag-1
[Fig. #{A) and {B} respectively]. Lymphold cells expressing high
lavels of CD4 and CD8, most likely matura T lymphocyles, were
only delected in the ER-MP12+20- subset (Fig. 1(B)]. In
both subpopulations cells were detected which stained dimly
for CO4. In 1his context it is noleworthy that low leve's of
CD4 were recently detected on pluripotent stem cefis (29,30)
and onthe earliest subset of thymocytes detectable (7,8). About
90% of the ER-MP12* 20~ BM cells expressed 8220 [Fig. 1B)l,
suggesting that the majorily of the cells In the ER-MP12* 20~
BM subset belong to the B cell lineage. In contrast, ER-
MP12++20- cells differed skikingly from the ER-MP12+20~
subsst in that about 50%% lacked the expression of B220 (Fig.
L)1, Analys’s of the forward light scalter against the fuorescence

distribution revealed that the 8220~ cal's in the ER-MP12* 20~
subsel were mainly blast-like cells [Fig. 2(A)]. Interastingly the
ER-MP12**20- BM cells expressing the highesl lavel of 8220
antigen appeared to be large blastlike cells while ER:
MP12++20- cells with an Intermediate lavel of B220 expression
showed a scafter profila characteristic for lymphoid cells [Fig.
2(A)},

Both subsets contained cells that expressed low lavels of Thy-1
as well as celis lacking detectabls favels of this cell surface marker
[Fig. 1(A) and (8)]. Low lavels of the Thy-1 antigen have been
detected on BM cells with thymus-repoputating ability and other
hasmatopoistic progenitors and stermn cells {24,31 - 33), A small
percentage of ER-MP12* * 20 BM cells (2.6 70) expressed
high leve's of the Thy-1 antigen [Fig. 1{A)). Analysis of the forward
fight scatter against the fluorescence distribution revealed that
the majority of the Thy-1% ER-MP12**20- cells were farge
blasttike cells [Fig. 2{B)], suggesting that these cells are probably
not T lymphocytes. In contrast, the majority of the Fhy-1M cells
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B220

Flg. 2. Forward scatter versus log fuorescence distribution of ER-MP12* 20~ BM ce's slained with B220 {A) and Tny-1 {B). BM cells
wete sained as descabed in Methods (three-colour staining). Lite gates were set on ER-MP12* * 207 cel’s and the expression of the thied
marker was analysed, §: blastlike celis expressing high lavels of either B220 (A) or Thy-1 (B). 2: lymghoid cells expressing 8220. Dot pots
were genetated from 8000 events and are the result of one representative experiment

Table 4. Relative distribution of BM subsets characterized by distinct patterns of ER-MP12 and ER-MP20 antigen exprassion in

various mouse strains

Mouse strain MHC H-2 ERMPI12-20- ER-MP12*20- ERMPI2**20~ ERMP12-20* ER-MP12720** ER-MP12*20*
C57BLG-Ly-5.1 b 266 268 1 208 52 102
C57BUKa BL-1 b 226 206 1 432 71 58
BCBA(F1} bla 297 18.2 t 457 57 6.4
BALB/c d 224 30.9 1 32 4.5 4.5
BALBK X 28.5 215 1 406 40 4.4
S s 26.9 327 1 275 85 6.2

BM cells were simultaneously stained with ER-MP12 and ER-MP20. The percentages of nuclealed BA cells among the six different subpoputa-

tions were determined by FACScan analysis.

in the ER-MP12*20- BM subset {Fig. 1(B)] appeared to be
smal lymphold cells (data not shown), most likely representing
mature T cells,

It has been shown previously that thymus-repopulating abifity is
exclusively confined to BM cells expressing Sca-1 (Ly-8AVE; 25).
Our data demonstrate thal about 30% of both ER-MP12++20-
and ER-MP12+20- BM cells expressaed Sca-1 (Fig. 1(A) and {B)
respectively] compared ta about 16% of ungaled BM cells [Flg.
1{C)1. The only other cells in BM that expressed this cell surface
marker were found in the ER-MP12+20* subset {data not
shown). Thus, in accordance with the thymus-repopulating activity
the expression of Sca-1 appeared o be restricled to BM cells
expressing the ER-MP12 antigen,

ER-MP12+* 20~ cells differed markedly from ER-MP12+20~
calls in the expression of ¢-kit, the receplor for stem cefl factor
(34,35), which has been found on hasmatopoistic stem cells and
progenitor cells (26,36,37). Two percent of the cells in ungated
BM and in the ER-MP12*20- subpopulation expressed high
favels of c-kit [Fig. 1(C) and (B) respectively]. In contrast,
35— 40% of the ER-MP12* +20- cells, mainly blast-ike cells
(data not shown), expressed this cell surface marker at high levels
iFig. 1{A)], suggssting a high lrequency of progenitor cells in
this latter subpopulation,

CD44 is differentially expressed by most hagmatopoletic cells
(38). Multipotent stern cells and progenitor cells, including thymus-
repopulaling cells, express intermediate levels of this surface
marker (21,25,38) while the earliest intrathymic T cell precursors
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express high lavels (7). Our resulls show that aif ER-MP12+20~
BM cells expressed intermediate levels of this antigen [Fig, 1(B)].
Anzlysis of the ER-MP12* *20- subpopulation revealed cells
expressing intermediate levels as well as high levels {more than
50%%) of CD44 [Fig. 1(A)].

Taken logether our dala demonstrate that; () selection against
ER-MP20 and for ER-MP12 antigen sxpression resulls in the
depletion of BM cells expressing high levels of the myeloid
lineage differentiation markers Gr-1 and Mac-1; () both
ER-MP12*++20- and ER-MP12+20- cells are helerogenaous
with respect to the expression of soveral cell surface markers;
(i) ER-MP§2**20- cells are phenotypically more hetero-
geneous than ERMP12*20~ BM cel's,

Expression of ER-MP12 and ER-MP20 anligens by different
mouse sirains

The potential usefulness of the ER-MP 12 and ER-MP20 antigens
for the enrichment of BM cells with thymus-repopulating ability
depends, partly, upon the expression of these cell surface
markers by a wide varsly of mouse slrains. Tharefore we
examined the expression of the £R-MP 12 and EA-MP20 antigens
by BM cells from mice of different haplotypes (Table 4). Our
results show that both antigens are at least expressed by mice
of H-2° H-2%9, H.29, H-2* and H-2* haplotypes. The dislribution
ol cells among the BWM subsels characterized by different
expression of the ER-MP12 and ER-MP20 antigans varied only
stightly between the different mousa strains. Most imporantiy,
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approximately the same percentage (1.3-1.7% of total
nucleated BM cells) of ER-MP12+ +20- BM celis were detecled
in all tested stralns.

Discussion

In the previous paper {13) we showed that by using the mAb
ER-MP12 and ER-MP20 in two-colour immunofiuorescence
analysis six distinet subpopulatons of M cal's could be identified.
Upon intrathymic transfer into sublethally kradiated recipient mice
we found that thymus-repopulaling abiiity was exclusively
confined to BM cells that expressed either high or intermediate
lavels of the surface antigen ER-MP12 butlacked the expression
of the surface marker ER-MP20. The highest frequency of
thymus-repopulating celis was found in the mingr subset of
ER-MP12++20- BM cells (1 — 2% of total nucleated BM cells).
However, by means of intrathymic lransfer the ability of the
injected cells to homa 1o the thymus, which Is a prergquisite for
prothymocytes, could not be assessed.

in the present study wa transferred the six BM subpopulations
i.v. into sublethally irradiated mice in order to investigate whether
Ihymus-homing and -repapulating cel's (i.e. prothymoaytes) are
contained within tha ER-MP12++20~ and ER-MP$2+20- BM
subpopulations. Our results demonstrate that prothymocyte
activity {assayed 21 days afler Lv. transfler) is indeed restricted
to tha ER-MP§2* *20~ and ER-MP12+20- subsel of BM cells.
The highest frequency of thymus-homing and -repoputating cells
was detected in the ER-MP12* +20~ sunpopulation,

Analysis of the periphatal blood lsucocytes of mice
reconstituted 28 days earlier with sither ER-MP12+*20- or ER-
MP12+20- cells revealed the presence of donor-derived 7
lymphotytes, B lymphocytes and myeloid cells, indicating thal
not only thymusrepopulating cells but alsa progenitor cetis of
the B cefi ingage as well as the myeloid lineage were present
in bolh subpopulations.

At this later time point of analysis {i.e. 28 days) high percentages
of donor-derived thyrmocytes were found akter iy, ransfer of either
5000 ER-MP12* * 20~ or 5000 ER-MP12*20- cells, whereas al
21 days donor-derived thymocyles wete only detected in mice
reconslituted with the ER-MP12+ +20- subset. This apparent
discrepancy is most lkely explaled bty the presence of
muitipotent stem cells within the ER-MP12+20- subset (J. C. M.
van der Loo stal., in preparation) which need lo undergo
additional maturationa! evenis in the BM before acquiring the
ability to home to the thymus. These cells therefore need more
time to mature into thymocyles, resulting in the detection ol donor-
derived thymocytes at a fater tima point (e, 28 days after iv.
transfer}. fn contrast the thymus-repopulating cets in the
ER-MP12+ +20- subpopulation probably aready have acquired
the abilty to home to the thymus and therefore wil give rise to
progeny at an eardier time point {i.e. 21 days after i.v, transfer).

Qur results demonstrate that although the ER-MP12++20~
subset of BM cells contains a high frequency of prothymocytes,
tha separation of the pro-T cell aclivity from other haematopoietic
activities wil depend upon the use of additional celf surface
markers,

Cell surface phenctyping revealed that both ER-MP12++20-
and ER:MP12+20- BM cells were heterogenecus with respect
to the expression of several ce!l surface markers, Both sub-
populations lacked cel's expressing high lavals of Gr-1 and

Mac-1, inclicating that ER-MP20 is extremely suitabls for depleting
at least matura myeleld cells in the enrichment procedure of
haematopoletic progenitor cells, As the Mag-1 antigen has
been dstected on a subset of thymus-repoputating cells (24,
25,39) it remains to ba tested whather hMac-1° cel's, constiuting
a small percentage of both ER-MP12++20- and ER-MP12+20-
cells, are capable of differentiating into the T ¢ell lineage.
Cells expressing high levels of CD4 were depleted of the
ER-MP12* *20" subsel, indicating that malure T lymphocyles
(at least CD4* (DB~ cells) are excluded by selecling for high
levels of ER-MP12 antigen expression, In convrast mature T
lymphocyles were detected ameng ER-MP12+20- ¢elis. Calls
exprossing low levels of CD4 were found in both subsets.
Racant reports hava shown that both haematopoletic stem cells
and the eariicst detectable thymocytes express CD4 at a low lavel
{7.8,29,30). Therelore the use ol anli-CD4 mAb in BM
purging pretocols should be avoided because this may lead
lo the depletion rather than the enrichment of progenitors
and slem cells.

Almost all of the ER-MP12+20- BM cells expressed B220.
These cells therefore most probably belong to the B celt lineage.
In conlrast half of the ER-MP12+ +20~ BM cells were B220-,
Surprisingly the ER-MP12* +20~ celis expressing high levels
of B220 appeared to be blastlike cels. Further research is
requited to determine whether this B220*+ *+ subpopulation of
ER-MP12++20- BM cells is restricted to B celi lineage
development, On the other hand the presence of thymus-
repoputating calls in this B220* * subsel may not be excluded,
because at least soma T call progeniter aclivity has been
detected in a subset of the Thy-19Sca-1* BM cells expressing
B220 and Mac-1 (35).

The majority of ER:-MP12+ 20~ and ER-MP12*20- cells are
Thy-1-, while both subsets contain ¢ells expressing low lavels
of Thy-1, Progenitar cells, including thymus-repogulating cells,
and haematopoietic stem cells have been found to express Jow
levels of Thy-1 (24,25,28). Howsever, it has recently been shown
that only in Thy-1.1 genolype mouse straing was the stem cell
activity restricted 10 Thy-1° BM celis whita in mousa strains
exprassing the Thy-1.2 alle'e (i.¢, the comman [orm of the Thy-1
locus, found In mice used in this study) this activity was detected
in bolh Tay-1- and Thy-19 subsels {40). Athough the thymus-
repoputating ability of the Thy-1,2- and Thy-1.2° cells was not
assessed in that study (40 a low fevel of Thy-1 expressicn is
maybe not a valid criterion for tha isolation of prothymecytes
Irom the BM of Thy-1.2 genctype mica. Interestingly, some
EA-MP12++20- BM celis expressed high levels of Thy-1,2.
Thase colls are mos} Ikely immature, because they have a blast-
tke appearance in the scatter profile, As about 5084 of the natura!
killer cells express Thy-1 (41} the presence of these cells within
the Thy-t™ subset of ER-MP12¢*20- cells may not be
excluded.

Cells expressing the Sca-1 anligen were present in both
subsels it has been shown previously that Sca-1 is expressed
by thymuswepopulaling <ells and other haematopoielic
progenitars and stern cells (25,28,39). This celf surface marker
howaver is nol an ideal marker for the isolation of thymus.
tepopulating cells, because Sca-1 is constiutively expressed only
by BM celis of Ly-6° haplotype mice (42). In contrast our data
show that the ER-MP12 and ER-MP20 antigens are expressed
on a broad ranga of mouse strains with only slight differences
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in the size of the six BM subpopulations,

Cells expressing high levels of the proto-oncogene c-ki were
markediy enriched among ER-MP12+ +20- BM cells. This cell
surface marker has been detected on haematopoistic stem cells
and progenitor cells (26,36 -28), also including the eariiest
intrathymic precursor cells {43). Therefore separation of the
ER-MP12*+20~ BM cells on the basis of c-ki! expression may
lead to the further purification of prothymocytes.

ER-MP12+**20~ celis expressed eilher high or Intermediate
lavels of CD44 whila all ER-MP12+20- BM cells expressad his
cell surface marker at an intermediateiavel, An intermediate level
of G044 has been detected on pluripotent stem cells and
Thy-1°LIN"Sca-1* BM cells {25,38) while the eartiest Intra-
thymic T cell precursors express high levels of CD44 (7,8}, In
this context separation of ER-MP12++20- BM cells on the
basis of high fevels of CO44 expression may lead ko & lurther
enrichment of thymus-repopulating cel's,

Firally, ce!l surface markers such as Fall-3, which distinguishes
pluripotent stem cells from B cell progenitors (44), or the
helerogeneity of different stem cef! and progenitor subsets for
rhodaming 123 retention and wheal germ aggiutinin aliniy
(45,486, J. C. M, van der Leo et al, in preparalion) may prove
to be uselu! for the separation of the pro-T cell aclivity from other
haematopoietic activities in the ER-MP12+ +20~ subsel.

In summary our data demonstrate that progenitor cells with
the capacity fo home to and repopulate the thymus are confined
to the ER-MP12* *+20~ and ER-MP12*20- subsets of BM cells,
The highest frequency of thymus-homing and -repopulating BM
cells was found among ER-MP12++20- cells which
heterogenaously exprassed the ¢ell surface markers Thy-1,
Sca-1, CD44, B220 and c-kit. This phenoplyic heterogenelty
provides a basis for the further purification of thymus-homing and
-repopulating cells from the ER-MP12+ +20- subpepulation.
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Abbrevlations

B bone mattow

DBSS - FC$ Dutton's balanced salt solution supplemented
with 5% FCS

FACS fiuorescence-activated cell sorter

FLUCS 5{6ycarboxyfluorescein-N-hydroxysuccinimide
esler

GaRA - PE goat anti-rat Ig conjuga'ed to phycoerythiin

LiN kneage-specitc anigens

PES~BSA~NaN; PBS supgiemented with 194 BSA and 20 mM
Naty,

PE phycoerylinfin

Rafla-FITC rabbit anti-ral{Fab), conjugated to FITC

SAV-PE streptavidin — phycoerythrin

SAV-TRICOLOR  streplavidin-tricolor
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ER-MP12 antigen expression in the hematopoietic stem celf compartment

Identification of Hematopoietic Stem Cell Subsets on the Basis of Their
Primitiveness Using Antibody ER-MP12

By Johannes C.M. van der Loo, Walentina A.T. Slieker, Borinde Kieboom, and Rob E. Ploemacher

Moenocional antibody ER-MP12 defines a novel antligen cn
mirrine hemstopoietic stem cells. The antigen Is differen-
tlally expressed by different subsets In the hematopoistic
stem cell compariment and enables a physical separation
of primitive long-term repopiHating stem cells from more
mature multilineage progenitors. When used In two-color
immunofluorescence with ER-MP20 (anti-Ly-6C), six sub-
populations of bone marrow (BM) cells could be identified.
Thesa subsets were fsolated using magneti¢ and fluores-
cenca-activated celt sorting, phenotypically analyzed, and
tasted In vitro for cobblestone area-forming cells {CAFC) and
colony-forming units in culture (CFU.C; M/G/E/Mag/Mast].
fn addition, they waera tested in vivo for day-12 splean col-
ony-forming units {CFU-8-12}, and for cells with long-term
repopulating abitity using a recently developed a-thalasse-
mle chimerle mouse model, Cells with jong-term repopulat-
ing abllity {LTRA} and day-12 spleen colony-ferming ability
appeared to be exclusively present in the two subpopula-
tlons that expressed the ER-MP12 cell surface antigen at
either an Intermediate or high [evel, but lacked the expres:
sien of Ly-6C. The ER-MP12™420" subpogulation {compris-
Ing 30% of the BM cells, Including all lymphocytes) contained

\HE BONE MARROW (BM) hematopoietic siem cell
companiment contains a hierarchically organized con-
tinuum of stem cell subsets, ranging from pluripotent hema-
topoietic stern cells to in vitro clonable mulilineage progeni-
tors.”? The most immature hematopoictic stem cells are
functicnally defined by their extensive self-renewal capacity
and ability to provide multitineage long-term repopulation
(LTRA) in sublethally or fethally irradiated animals, which
was studied using retrovirally marked stem cell clones.™” It
has been shown that LTRA cells can be physically separated
from the large majority of day-12 spleen colony-forming
units (CFU-S-12) on the basis of cell size and density using
centrifugal counterflow elutriation (CCE).™ However, the
lack of stem cell-specific markers makes it difeult to highly
enrich LTRA cells and sinmwltaneously separate them from
the short-term repopulating cells. Separation would benefit
the search for stem cell specific genes,'™" and aid in the
development of protocols for more efficient gene transfer in
hematopoietic stem cells.
To achieve high enrichments, techniques sech as CCE,
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0% to 95% of the LTRA cells and Immature day-28 CAFC
{CAFC-28), 75% of the CFU-8-12, and very fow numbers of
CFU-C.in contrast, the ER-MP12"20~ population {comprising
1% to 2% of the BM cells, contalning no mature cells) in-
cluded 80% of the early and less primitive CAFC (CAFC-5),
26% of tha CFU-8-12, and only 10% of the LTRA ceils and
immature CAFC-28, The ER-MP 12" celis, frraspeciive of the
ER-MPZ20 antigen expression, included 80% to $0% of the
GFU-G [day 4 through day 14}, of which 70% wers ER-MP20~
and 10% to 20% ER-MP20"™**™_in sddition, erythroblasts,
granulocytes, lymphocytes, and menocytes could almost be
{ully separated on the basis of ER-MP 12 and ER-MP20 anti-
gen expression. Functionally, the presence of ER-MP12 In &
fong-term BM culture did not affect hematopoiesis, as was
measured in the CAFC assay, Cur dats demonstrate that the
ER-MP12 antigen is intermediately expressed on the long-
tarm repopulating hemeatopoletic stem cell. Its fevel of ex-
presston increases on maturation towards CFU-C, to disap-
pear from mature hematopoietic cells, except from Band T
lymphocytes.,

© 1995 by The American Society of Hematology.

density centrifugation, and magnetic sorting for lineage
marker-negative cells, had to be combined with fluores-
cence-activated cell sorting (FACS)."** The different proto-
cols included separation on the basis of rhodamine-123
(Rh123) retention,'*"® Hoechst 33342 fluorescence,™® and
wheat germ agglutinin {WGA) affinity.”""** This resulted in
a 850- to 2,000-fold enrichment for mullilineage long-term
repopulating stem cells with relatively low aumbers of co-
purified CFU-8-12.'%**¢ However, the most primitive and
more mature hematopeietic stem cell subsets could not be
discriminated on the basis of cell surface antigens. Apart
from stem cell purification, antigens that are selectively ex-
pressed by the most primitive hematopoietic stem cells could
show information on the complex interactions of these cells
with their specific microenvironment, Therefore, we set out
to find cell surface markers that are differentially expressed
on the different subsets of the hematopoietic stem cell com-
partment,

Recemly, we produced two novel rat monocienal antibod-
ies (MoAbs), ER-MPI2, and ER-MP20,"* showing six
distinct subpopulztions of murine BM celts when used in
1wo-color immunofuorescence.”™ ER-MP12 recognizes a yet
vnknown 140 kD> single-chain glyceprotein or murine hema-
topoietic cells. ER-MP20 was shiown (o be directed against
differentiation antigen (Ag) Ly-6C. % After sorting the differ-
ent subsets on the basis of ER-MP12 and ER-MP20 Ag
expression, the highest frequency of thymus-seeding and re-
populating cells was found in the subpapulation (15 10 2%
of BM cells) that lacked Ly-6C, but expressed the ER-MP12
Ag at a high level (ER-MPI2¥207).5Y Afier intravenous
ransfer, however, both the ER-MP12¥20° and ER-
MP127420" subpopulations generated B lymphocytes and
myeloid cells in addilion to T lymphocytes, indicating the
presence of pluripotent hematopeoietic cells. Although fre-
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quencies and recoveries of these pluripotent cells were not
assessed, it showed that ER-MP12 could possibly be used as
ateel in dissecting the hematepoietic stem cell compartment.

In the present report, we investigated the expression of
the ER-MP12 Ag on the various hematopoictic stem cell
and progenitor cell subsels in the BM, Using magnetic and
FACS, BM cells were separated into six subpopulations on
the basis of their differential expression of the ER-MP12 and
ER-MP20 antigens, The subpopulations were phenotypically
analyzed and subsequently tested for cobblestone-area form-
ing cells [CAFC]-7 through CAFC-35"* and long-term in
vivo repopulating cells, using an a-thalassemic chimerdc
mouse model as was recenily described,™ In addition, the
subsets were fested for CFU-S-12 and for in vitro clonable
progenitors, including macrophage, granutocyte, erythroid,
megakaryocyte, and mast cell colony-forming units,

Our data demonsirate that the ER-MP12 Ag is differen-
tially expressed by the various subsets in the BM stem cell
compartmenl, with LTRA cells expressing the ER-MP12 Ag
at an intermediate level. With development towards colony-
forming units in culture (CFU-C), the Ag expression gradu-
ally inceeases to disappear from most lineages in the course
of their final maturation, except from T and B lymphocytes.
The present resufts identify the ER-MP12 Ag as a novel
positive marker on hematopoietic stem cells with a level of
expression that is inversely related to the primitiveness of
the cells in the stern and progenitor cell compartment.

MATERIALS AND METHODS

Animals.  Male inbred BALB/cAnCrIRij mice, and femnale het-
erozygous e-thalassemic BALB/e (Hba™*) mice,™ were bred at the
former Institute of Applied Radiobiology and Immunology, Rijswijk,
The Netherlands. CS7BL/G-LyS5.3-pep™ (Thy-1.2, Ly-5.1) and
{CBAG % C5TBIR)FI mice were bred at the Central Animal De-
pariment of Eeasmus University, Al mice, 2 10 25 weeks of age,
were bred, maintained under specific pathogen fre¢ cenditions, and
received acidified water (Ph 2.8) and food pelless ad libitum, The
CS57BL/6-Ly5.1-pep™ breeding pairs were kindly provided by Dr
L1, Weissman (Stanford University, Stanford, CA).

Monoclonal antibodies and conjugates.  Rat MoAbs ER-MP12
and ER-MP2Q (both IgG2a isetypes) were purfied from culiure
supernatants by ammonium sulphate precipitation. ER-MP20 was
conjugated to Auorescein isothiocyanate (FITC; Isomer 1; Sigma, St
Leuis, MO; ER-MP207'C), whereas ER-MP12 was biotinylated (ER-
MP12'") using N-hydroxy-succinimidyl-biotin (Sigma} according
to standard procedures,® Streptavidin-conjugated R-phycoeryihrin
(SAV-PE) and streptavidin-conjugated TRICOLOR (SAV-TRI)
were oblained from Caltag Laboralories (Seuth San Francisco, CA)
Hybridoma supernatants were used for MoAbs RA3-682 (anti-
B220),"* RB6-3CS (anti-GR-13.*" and Mi/70 (anti-Mac-1)."* Ery-
throid lineage specific MoAb TER-119" was kindly pravided by Dr
T. Kina, Kyoto University, Kyoto, Japan, MoAb PH2-99, an anti-
E. coli-A-galactosidase (rat tgG2a) was made at the Department of
Immunclogy, Evasmus University, Rotterdam, The Netherlands. Asa
second stage antibody R-phycoerythrin-conjugated mouse-adsorbed
goat antizat IgG (H + L) (GeRa-PE; Caltag) was used. Antibodies
and conjugates were litrated for optimal staining of mouse BM celis.

Preparation of cell suspensions.  Preparation of the BM <ells,
and (in specific experiments) buoyant density ceateifugation, using
a discontinuous Ficell-400 (Pharmacia Fine Chemicals, Uppsala,
Sweden) gradient, was performed as previously described.” Cells
with a density of 1.069 to 1,075 g/mL (2% {0 6% of total BM) were
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collected from the interphase, washed in phosphate-buffered saline
(PBS) containing 5% fetal calf serum (FCS), and maintained on ice
throughout the staining and purification procedure. For long-term
repopulation experiments, low-density BM celis were depleted of
ER-MP20-positive cells by magnetic separasion using the MACS
(Miltenyi Biotee, Bergisch-Gladbach, Germany), before FACS,
Cells were incubated for 30 minutes with ER-MP20* in PBS con-
taining 0.01% (wtivol) NaN,, washed, and subsequently incubated
for 13 minutes with streptavidin-conjugated MACS microbeads
(Miltenyi Biotec} in PBS contzining 0.01% NalN, and 5 mmol/L
EDTA (Titriplex TiI; Merck, Darmstadt, Germany), After incubatior,
the cells were washed in PBS supplemented with 0.01% NaN,, 5
mnolft. EDTA and 1% (wtivol) bovine serum albumin (BSA; Frac-
tion V; Sigma) and separated using the MACS columna B2 (Miltenyi
Biotec) at a flow rate of 0.2 to 0.3 ml/min. MACS beads were
sterilized by filtrztion through & 0.22 pm filter, The nonmagaetic,
ER.MP20-negative population (ER-MP207) was collected and
maintained on ice in PBS contalning 5% FCS.

Immunofluorescence staining and celf sorting.  For two-color im-
munofluorescence staining, unseparated or low-density BM cells (5
% 10% cells per 50 pl) were incubated with ER-MP12%, swashed
in PBS containing 0.01% NaN, and 0.5% BSA, and subsequently
incubated with ER-MP207™ and SAV-PE. Washing buffer was used
for all dilutiens. For three-color analysis, the cells were first incu-
bated with hybridoma supematant (MoAbs, see above). This was
followed by an incubaton with Gara-PE containing 2% normal
monse serum to avoid nonspecific binding. The cells were subse-
quently washed with buffer containing 2% normal rat sesum to block
any free binding sites, and incubaled with ER-MP12** followed by
ER-MP20'T and SAV-TRI. For in vivo experiments, low-density
BM cells were first depleted of ER-MP20-positive cells by MACS
and then stained with ER-MP12™ and SAV.PE for further sorting.
All incubations were performed for 30 minutes at 0°C, Cells were
analyzed using a FACScan floweytometer (Becton Dickinson,
Mountain View, CA) or sorded on either a FACS 440 or a FACS
Vantage (Becton Dickinson) at a rate of 2,500 cells per second using
a single argon fon laser wned at 488 nm (100 mW). Viable cells
were counled using a hemocytometer.

Colony assay. The number of in vitro clonable progenitors CFU-
C was determined by culturing either 1 to 2 % 10 unseparated BM
cells or varying numbars of sorted cells in | mL culsuces. The culture
medium consisted of the a-modification of Dulbecco's modified
Eagle's medivm (DMEM), (GIBCO, Grand Island, NY) at an osmo-
tarity of 280 mOsm/kg, The medium was supplemented with 1.2%
(wt/vol) methylcellulose (Methocel MC; Fluka Chemie, Buchs,
Switzerfand}, 20% borse serum (GIBCO), 15 BSA, 80 pg/mL peni-
cillin, 80 pp/mL streptomycin, 3.2 mmoVL L-glutamine (Merck,
Darmstadt, Germany), 8 % 107 molfL. sedium selenite (Merck) and
§ % 107 moVL B-mercaptoethanol (at final concentrations). The
cultures were either stimulated by 10% (volivol) pokeweed mitogen-
stimulated mouse spleen-conditioned medium (PWM-MSCM) and
2 WmL recombinant human ¢rythropeietin (Epo; Merckle, Ulm,
Germany), or contained 2 U/mL Epo, 56 U/mL murine interleukin.
3 (IL-33, 15 WVmL mugine steel factor (8F), 50 W/md, human IL-
11, and 2 ng/mL murice 1L-12, The recombinant murine cytokines
[L-3, §F, EL-T1, and 1L.-12 were kindly provided by Dr S. Neben
of the Genelics Institute {(Cambridge, MA). The cultures were kep?
at 37°C, 5% CQO,, and 100% humidity, Colonies containing 50 cells
or more were counted after 4 to 14 days of culture.

CAFC-assay. Long-term BM cultures were established in 95-
well plates for limiting dilution analysis of CAFC as previocusly
described. ™ To determing the effect of ER-MP1 2 on hematepoiesis
in vitre, unseparated BM cells were tested in the CAFC assay in the
presence or absence of § pg/mL ER-MP12 (o1 I1gG23) or contro)
MoAb PH2-99 (rat anti-Escherichia coli-B-galactosidase 13Gla),
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EB-MP12 fluorescence

102 10° 10*
ER-MP20 fluorescence

Flg 1. Two-colof immunolfuesescents analysts of mousa BMcells
stalned with MoAbs ER-MP12 =nd ER-MP20. Window 1 {ER-
MPI2Y207) contalned 2.1% % 0.1% of ths cells, window 2 [(ER-
MPI2™7207) 30.0% + 1.9%, window 3 {ER-MP127207) 28.1% & 2.0%,
window 4 (ER-MP12'20*} 8.2% £ 1.2%, window 5 (ER-MP12°20™%
25,6% * 1.8%, and window & {ER-MP12720%) 5,0% * 0.2% {average
+ 1 SEM; based on 10 expetlments).

Fer this purpose, BM cells were first Jabeled with one of the MoAbs
and then inoculated. Half of the medium, including the MoAbs, were
changed every 3 to 4 days. CAFC frequencies were determined over

a 4-week period,
" CFU.S assay. The number of CFU-5:12 in unseparated and
sorted BM cells was determined by intravenous injection into eight
Gy-irradiated BALB/¢ recipients (eight to 12 mice per group)."' At
day 12 the spleens were excised and fixed in Telleyesniczky’s solu-
tion. The macroscopic colonies were counted.

LTRA. Unseparated BM and sorted cells, derived from male
BALB/c donor mice, were intravenously injected into five Gy-imradi-
ated female a-thalassemic BALB/e (Hba™") mice {six to eight mice
per group). Red blood ¢ell chimerism was determined from 6 weeks
upto 1 year after transplantalion, Using the forward light-scatler as a
measure of erythrocyte size, the distribwtion of normal-sized (donor-
type) and microgytic thalassemic (reciplent-type) erythrocytes was
analyzed using a small drop of peripheral bleod as previously de-
seriped

RESULTS

Phenotypic characterization of ER-MP12 and ER-MP20
labeled BM subseis,  To study the distribution of the hema-
topoietic lineages, murine BM cells were sorted into six
subpopulations, based on the expression of the ER-MPI2
and ER-MP20 arligens in a two-color immunofluorescence
analysis {Fig 1.7 Four of the subpopulations expressed one
of the two antigens, at either an intermediate or a high level,
The ER-MP12¥20™ and ER-MP12%20" subsets contained
2% and 30% of the nucleated cells, respectively, whereas
the ER-MP12720™ and ER-MP12720" subsets included
26% and 5%, respectively. The subset that expressed both
antigens, irespective of the level of expression, was desig-

nated ER-MPI2*20* and contained 9% of the BM cells. The
remaining pepulation that facked both antigens and con-
tained 28% of the cells was denoted as ER-MP127207, The
distribution of the hematopoietic subsets was caleulated by
taking into account the sizes of the subpopulations in unsepa-
rated BM (Table 1), All early myeloid cells expressed the
ER-MP20 Ag, whereas the early erythroid cells were found
predominamly in the ER-MPJ27207, and for a smaller part
in the ER-MP12*20* popiation. Although the ER-
MP12%20" subpopulation consisted of 93% blast cells, of
which 50% undifferentiated (data not shown), undifferenti-
ated blasts could quantitatively be recovered from all sub-
populations. Tnterestingly, ali late exythroid cells (98%), ma-
ture granudocytes (97%), Eymphocytes (96%), and the
majority of the monocytes {76%), could be recovered from
the ER-MP127207, ER-MP12720™%, ER-MP12™430", and
ER-MP12720% subpopulatiens, respectively.

To verify the presence of the morphologically identified
lymphocyles, granulocytes, and monocyies, the subpopula-
tions were tested in a (hree-color immunofluorescence analy-
sis for the expzession of B220, Mac-1, or Gr-1. Erythroblasts
were labeled with TER-119 (Fig 2). The ER-MP12%¢20~
subset almost completely consisted of B220* lymphocytes.
Also, cells expressing high levels of CD4 and CD8 were
exclusively found in this subset (data not shown),”' AH ER-
MP127207 cells appeared to express the TER-119 Ag, while
the ER-MP12720™4 cells all expressed Gr-1. The majorily
of the cells in the ER-MP12-20% subpopulation, containing a
high frequency of morphologically recognizable monocytes
(Table 1}, expressed Mac-I. Therefore, these data confirm
the morphological analyses and show that the mature hema-
topoietic Hneages in murine BM represent distinct cell
classes on the basis of their expression of the ER-MP12 and
ER-MP20 antigens.

In the following report, we successively studied the distri-
bution of the ER-MP12 and ER-MP20 antigens on the differ-
ent CAFC subsets, in vivo long-term repoputaling stem cells,
CFU-5-12 and in vitro clonable progenitors, respectively.

CAFCsubsetsdifferentialivexpressthe ER-MPI2Ag.  Us.
ing the CAFC assay, we determined the frequency of hema-
topoletic precursers in the six subpopulations {Fig 1). We
previously showed that CAFC frequencies determined at 10
days after inoculation (CAFC-10) correlate highly with the
number of CFU-8-12, while frequencies determined after 4
weeks (CAFC-28/35) correlate highly with the fong-term in
vivo repopulating ability of a graft,’*¥**** Compared with
unseparated BM, the ER-MP12%207, ER-MP127#20", and
ER-MP12*20" subsets were enriched for CAFC (Fig 3A).
The ER-MP12"20™ subset contained the highest frequency
of early, as well as late CAFC (Fig 3A), Although this sub-
population quantitatively included 80% of the early CAFC,
it contained only 0% of the more immature CAFC-28 (Fig
3B). In contrast, the ER-MPI2™“20™ subpopulation con-
tained only 5% of the more mature progenitors, bul included
nearly 90% of the CAFC-28. The ER-MP12720" subpopula-
tion contained only transient CAFCs that disappeared within
the first 10 days, Therefore, CAFC-10 (CFU-S-12), as well
as the more immature CAFC-28 (L.TRA cells), were found
only in the subpopulations that expressed the ER-MPI2 Ag
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Table 1, Disteibution of Homatopeletle Eneagas In Six Subpopulstions Defined on the Basls of ER-MP12 snd ER-MP20 Ag Expression

Frequency Granuloldt Erpthrold
In NEMC
Poputation® %) Early Lste Esily Late Lymphaid Monocytes Blasts
ER-MP32"20~ 21 20 o 6.4 0.3 17 0.4 6.0
ER-MP274720" 30.0 Q 0 1.4 0 952 7.8 205
ER.-MP12720" 50 219 o1 G.6 0.1 Q 76.3 3.2
ER-MP12-20™"¢ 256 306 9%8 ° ¢ 0 5.3 8.6
ER-MP12*20* 9.2 456 27 28.1 1.8 1.8 10.2 338
ER-MP12°20" 281 ¢ 04 63.6 97.8 0.3 0 239

* BM was sorted into six ditferent subpopulations on the basis ¢f thelr ER-MP12 and ER-MP20 Ag expressien,

t Sosted cells were stalned with May-Granwald/Giamsa and £00 calis per group ware differentizted by microscope. Figures show the pascent-
age recovery of the hamatopoletic lineages with celumns smeunting 16 100%. Myeloblasis and myelocyles ware classifiad as early, bands and
segmented granulocyles as lale granutold cells, Early erylhroid cells includad pro- and basophilic erythroblasts; late erythrold celts represent
polychromatophils and normoblasts. Undifferentiated blast.like calls are denoted as blasts, Megakaryocytes are left out as their frequency was

vary low.

but lacked the expression of ER-MP20, More specifically,
mest immature stem cells (CAFC-28) expressed ER-MP12
at an inermediate level, whereas vpon maturation from
CAFC-28 up to CAFC-S, an increasing percentlage was
found in the subpopulation expressing ER-MP1E2 at a high
levet, i

CAFC subsets in low-density and in unseparated BM are
equally distributed with respect 10 ER-MPI2 Ag expression.
To achieve high nembers of purified cells for combined in
vitro and in vivo studies, BM had to be pre-enriched by
density centrifugation, Figure 4 shows the forward angle
light-scatter against the ER-MP12 expression in unseparated
BM, low-densily BM, and MACS-depleted ER-MP20™ low-
density BM. The procedure very effectively enriched for
blast-like cells with a high and intermediate ER-MP12 ex-
pression. Furthermore, the ER-MP12720 subpopulation
was almost depleted by the density cut (Fig 4C), as it mainly
consisted of erythroblast and normoblasts (Table 1 and Fig
2}, To relate the distribution of the LTRA cells in low-

ungaled

Flg 2. Expresslon ol B220,
YER-119, Ma¢-1, and G-t on to-
tal BM cells {ungeledl, and BM

W,

ungated

density BM (see next section) to the other data, sorted cells
from low-density BM were alse tested in the CAFC assay,
in parallel with the in vivo experiments. Low-density BM
was approximately 10.5-fold enriched for all CAFC com-
pared with unseparated BM (data not shown). As in unsepa-
rated BM, the Jow-density ER-MP12"20™ subset contained
the more mature precursors that gave rise lo an early CA-
formation, whereas 90% to 95% of the CAFC-28 could be
recovered in the ER-MP12™20" subpopulation (data not
shown). Therefore, the distribution of the most immature
CAFC subsets with respect (o the expression of the ER-
MP12 Ag had not changed by the pre-enrichment procedure,

Majority of in vivo long-term repopulating stem cells ex-
press ER-MPI12 intermediately.  To investigate whether the
ebove defined subpopulations contained leng-term or tran-
siently in vive repopulating stem cells, the subsets were
intravenously injected into sublethally imadiated a-thalasse-
mic mice, Denor-1ype repopulation was defined by the per-
cenlage of normal-sized erythrocytes in the peripheral blood

ungated

N o

celfs gatad for different ERA-
MP2/ER-MP20 subpopulations.
For threa talor-Immunoflucres-
cenca analysis, cells wera firstin-
cubated with hybridoma super-
netents subsequently lollowed
by Gora-PE, ER-MP207°, ER-
MP12Y, ond SAV-TAI Subpopu-
{ations were gated sccording to
the windows [n Fig 1. Back.
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Fig 3. [A) CAFC fiequencles [mean £ 1 5D of cells sorted on the

basls of ER-MP12 and ER-MP20 antibodies: (@) unseparated BM cells,
|} ER-MPIZ¥20-, (D) ER-MP12™20~, {¢) ER-MPI2720", (V) ER-
MP12'20°, 1V] ER-MP12720™%, (C) ER-MPt2-20" {average of thies
axperiments}, {B} Refative dislsibutlon {mean £ 95% confidence fim-
its) of the CAFC subsats In the sorled populations (symbeols as In Fig
3A), Tolal recavery in the thres experiments at different tima points
varied from 80% to 140%. Recoverlas In Individual expeiimants were
narmatized at 100% and then aversged.

of the micracytic recipients as previously described, 2 Dif-
ferent numbers of unseparated BM cells (Fig SA) and low-
density BR-MPE2™920™ and ER-MP12%20~ BM cells (Figs
58 and 5C, respectively), were transplanted per mouse, Chi-
merism was followed up to a year after transplantation. All
fractions induced an initial period (0 to 4 months) of transient
repopulation. On average, the ER-MP127920™ subset in-
duced a higher level of stable chimerism (4 to {2 months)
when compared with the Jevel of transient repopulation than
the ER-MPI2"20" subset, indicating it contained more
LTRA cells relative 1o the number of STRA cells. The fre-
quencies of the LTRA unit responsible for 20% donor-type
repopulation at one year after transplantation were estimated
by extrapolation (Fig 6). Total BM contained one LTRA
unit per 55,000 cells, the low-density ER-MP12%20" subset
one per 40,000, and the ER-MP12™20" subset one per
8,000 cells. The ER-MP12¥20™ and ER-MP12730" subsets

B

were, therefore, [.4-fold and 6.9-fold enriched over total
BM, respectively, and thus contained 7% and 93%, respec-
tively, of the LTRA cells in low-density BM, This result
corresponds with the CAFC data in 1hat both the ER-
MPI2¥20- and ER-MP127420" subsels contained in vivo
LTRA cells, and that 90% to 95% of the stem cells (CAFC-
28135 and LTRA cells) were found within the subset express-
ing intermediale levels of the ER-MP12 Ag.

CFU-5.12 are heterogeneous with respect to ER-MPI2
Ag expression.  The distribution of CAFC-10 suggested that
CFU-S-§2 would be present in both the ER-MP12%20~ and
ER-MP127¢920" subpopulations (Fig 3B). To calculate the
enrichment and recovery of CFU-5-12, the two subpopula-
tions were injected into eight Gy-iradiated animals and
tested for their day-12 spleen colony-forming ability (Table
2). The other subpopitlations contained no significant num-
ber of CAFC-10 (Fig 3A) and were not tested for CFU-
§-12. Compared with unseparated BM, the ER-MP12"20~
subpopulation was 11.4-101d enriched for CFU-8.12. On the
basis of their recovery, it was calculated that the ER-
MP12"20" subsel contained about 25% of the CFU-5-12,
whereas 75% was found in the ER-MP12720" subpopula-
tion. Apparently, labeling and sorting of the cells did not
affect their spleen coleny-forming ability. Therefore, the data
show that all BM CF1J-8-12 can be recovered from the ER-
MP12¥20" and ER-MP127420" subsets, while the majority
expressed the ER-MPI12 Ag at an intermediate level.

Myeloid pragenitors ail hghly express the ER-MPI2 Ag,
To determine the number of mature progenitors in the ER-
MP12%20™ and ER-MP$2™207 subsets, the subpopulations
were tested for day 7 and day 14 CFU-C in standard methyl-
cellulose cultures {Table 3). The ER-MP12M20° subset was
30-fold enriched when compared with unseparated BM, and
contained 67% o 71% of the CFU-C. The ER-MP12720",
on the other hand, was not enriched and contaiped 14% to
20% of the CFU-C. The ER-MP12720" subset contained
less than 1% of the CFU-C. Significant differences between
day 7 and day [4, with respect (0 recovery and enrichmrent
of CFU-C, were not observed.

Part of the more maiure progenitors, day 7 CFU-C (dala
not shown} and very early but transient CAFC (Fig 3B),
have been found to express intermediate or high levels of
the ER-MP20 Ag. To determine the distribution of the ER-
MP12 Ag on all myeloid progenitors, BM was separated on
the basis of ER-MPI2 Ag expression alone. The cultures
were stimulated by Epo, 11.-3, SF, TIL-1 I, and IL-12; a combi-
nation of cytokines that has shown (o specifically support
multilineage colony formation.”** On average, 80% 10 90%
of the day 7 and day 14 CFU-C expressed ER-MPL2 at a
high level (Table 4). To determine the distribwtion of specific
progenilors, colonies were individually picked after 14 days
of cullure, were stained with May-Griinwald/Giemsa and
differentiated by microscope, Nearly all individual CFU-C
celonies contained cells of the monocyte-macrophage lin-
eage (Table 4). Ahhough differences between the recoveries
of individuat lineages were small, the ER-MP 12 subpopu-
lation gave rise to an overall higher percentage of colonies
containing granulocytes, megakaryocytes, and erythroblasts,
After counting the number of lineages per colony, irrespec-

856



Chapter 4

2
>

Fig 4. Dotplots of tha lor
ward Hght-scatter agoinst the
ER-MP12 Rucrestence of (A} un.
separated BM cails, (B} low-den-
sity (1.069 1o 1.076 g/mLl} BM
cells, [C} tow.density BM cells
depleted of ER-MP20-positive
calls by MACS (le, ER-MP20°},
The ER-MP12Y20° snd ER.

a2

3

ER-MP12 flucrescence

3

MP12™920" subsets comprised
26% and £9% of the low.density
calls, respactively.

tive of the type of lineage, 47% of the celonies grown from
the ER-MP12™¢ subpopulation contained more than one lin-
eage (Table 4}, This is different from the other subpopula-
tions that contained only 18% to 2§% muitilineage CFU-C,
which indicates that the ER-MP12™ subpopulation contains
the more immature progeniters. Taken together, our data
show that 80% to 90% of all BM CFU-C, including both
multilineage and lineage-restricted progenitors, express the
ER-MP12 Ag at a high level,

Stroma-associated hematopoiesis in vitre could not be

1000 209 400 500 800 1000 200
forward light scatier

Blocked by ER-MP12, To investigate whether the ER-
MP12 Ag plays a role in hematopolesis we studied the effect
of MoAb ER-MP12 on cobblestene area formation, Unsepa-
rated BM cells were labeled with ER-MP12 or with rat iso-
type controt MoAb PH2-99 (anti-E. coli-B-galactosidase)
and tested in the CAFC assay for 4 weeks, in the presence
of 5 ug/mL MoAb (ER-MP12 or PH2-99), Antibodies were
added cvery 3 to 4 days by replacing half of the mediumn.
Compared with control cultures, there was no sigaificant
effect on the CAFC frequencies (data not shown). A change
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ER-MP12™20"; [8) 116,000, (O} 33,000, (&) 13,000, {0} 4,300 cells; and
1) Nowr-density ER-MP2Y207: (@) 39,000, (O} 13,000, (A1) 4,300 cells.
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Fig 6. Donor-1ypa red blaod cells 52 weeks after transplantation
of {8} unseparated BM cells, [O) low-deasity ER-MPI2720°, or (O)
tove-density ER-MP12¥20~ BM celis; in 5-Gy-irradiated a-thalassemlc
mica {six mlce per groupl.

in the size of individual cobblestone areas, that would show
an effect on the proliferative capacity of CAFCs, was also
not observed, Therefore, replating studies were not per-
formed. En conclusion, these dala do not support a functional
role of the ER-MP12 Ag in hematopoiesis in vitro.

DISCUSSION

ER-MP12 and ER-MP20, two novel MoAbs that had been
raised against 2n immature BM macrophage precursor line,?
allowed the identification of six distinct subpopulations of
murine BM cells when vsed in two-color immunofluores-
cence.™ We previcusly reported that the ER-MP12¥20~

BM subpopulatien, as opposed 10 the ER-MP1274920~ sub-
set, contained a high frequency of precursor cells with thy-
mus repopulating ability, upon intrathymic injection.”” On
intravenous transfer, however, cells of both subsets gave
rise to T, B, and myeloid repopulation,’! These observations
prompted us to define the expression of the ER-MP12 and
ER-MP20 antigens among other hematopoietic cells and on
hematepoietic stem cell subpopulations. The present study
shows that the ER-MP12 Ag was intermediately expressed
by LTRA cells, of which 90% 1o 95% were recovered from
the ER-MP12™20" subpopulation, With differentiation, the
ER-MPI2 Ag expression increased, reached a maximum in
the in vitro clonable progenitors (CFU-C), and disappeared
from most lineages during final maturation, with the excep-
tion of T and B iymphoeytes (Fig 7). Hence, ER-MPI2
recognizes a novel Ag en hemaiopoletic stem cells, which
expression is relaled to the primitiveness of the stem cells
within the hematopoietic stem cell hierarchy, The ER-MP20
Ag Ly-6C was expressed on only a small percentage of the
mere mature in vitro clonable progenitors,” but was absent
on primitive CAFC, CFU-5-12, and LTRA cells,
ER-MP12 and ER-MP20 enable a separation of the four
major hematopoietic lineages in the BM, as was demon-
strated by FACScan analysis and differential counting, Gran-
vloeytes and mogrocytes did not express the ER-MP12 Ag,
but expressed the ER-MP20 Ag Ly-6C al intermediate and
high levels, respectively.”™” We previously demonstrated
that LTRA cells have a low-affinity for the feclin WGA,
while the large majority of CFU-8-12 have a high affinity
for WGA, allowing high enrichment factors for both CFFU-
§-12 and LTRA cells when used for cell sorting.?** The
ER-MP127#220~ subpopulation, which contains the LTRA
cells and the majority of CFU-5-§2, consists for about 90%
of lymphocytes that do not bind WGA 2 Monocytes, granu-
locytes, and erythroblasts, en the other hand, show varizble

Tak'e 2. Pistribution of CFU-8.12 ¢a the Basis of ER-MP 12 and ER-MP20 Ag Expression

Injected CFU-5-12 Colonies per Entichment Recovery of Relative
Population par Mouse per Spleen’ 10* Celis (230} Mean (2SEM) Factor CFU-S-121 Contriputiont
NBMC 5 x 10* 6828 13666
82x32 18.4 * 6.4
4 x 10 6325 16.8 * 6.4 16.6 £ 08 1 100%
8ix22 16.2 = 5.6
2.5 % 10! 40> 1.2 180 + 4.6
ER-MP12°20- 1,500 LR N 2067 £ 91.3
31=x13 206.7 = 86.0 179.6 + 209 11.4 + 1.4 27.3% 24.9%
1.8+ 19 118.5 + 128.4
1,250 23 *16 186.4 = 1283
ER-MP127+20 26 ® 10 €z x 24 248+ 9.6
2.0 % 10 9.1+22 45.6 £ 11.2 486 2 8.9 312086 82.5% 16.1%
109 2 2.2 59.4 = 31.0
129 x 2.2 6456 * 15.2

* Sorted or unseparated BM celts (INBMC) were Injected inte proups of seven to 15 {alght Gy) Irradisted recipients. Spleens ware taken cut
and fixed in Telteyesniczky after 12 days, Data reprasent the mean of 4 to b separate expariments (=3 SD} and were corrected for the number

of endogenous colonles obsarved in the contret Irraciaied groups (0.1 colonyfsplean).
T The recovery snd relative distribution of CFU-S-12 In the ER-MP52V20™ and ER-MP127%20™ populations wera calculated using thelr avarags

frequencies of 2.4% and 26.8%, respeclively.
# The relative contribution of CFU-8-12 in the ER-MP12"20" and ER-MP127%20- subpopulations was calculated using thelr raspective recover-

les.
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Tsble 3, Recovery of Day 7 end Day 14 CFU-C in ER-MP20~ BM Gells Separated on the Basls of ER-MP12 Ag Expressfon

Freguenty Day T CFUC Recavery {5} Day 14 CFUC Recovery {%1)
Population tn HBMC? per 10" Cetlst Day 7 CFUC per 10" Cells Day 14 CFUC
NaMC 100.0 152 2.7 100.0 236+ 4.2 106.0
ER-MP12"20- 23 460.2 x §5.9 707 + 182 6760 £ 656 66.6 = 13.0
ER-MP127=920" 225 135 = 2.2 200x48 144+ 60 137 x 6.2
ER-MP#2-20" 19.6 <0.2 <0.3 0804 0.7 +03

* Avarage frequencies in these particular expgriments.

t Normal BM cells wera separated on the bas’s of ER-MP12 and £R-MP20 Ag expression, Cultures contalned 20% horse secum, 1% BSA, and
ware sttmulsted by 10% PWM-MSCM and 2 U/mL Epe. Coleay numbers from two expariments, four dishes par group, are given as the maan

+ 18D,

affinity for WGA, but do not bind ER-MP12, as was shown
in the present study, Therefore, if combined with sorting
on the basis of WGA affinity, ER-MP12 may enhance and
simplify the purification procedure for LTRA cells, which
is currently being investigated, This combination would en-
able a separation of LTRA cells from the large majority of
CFU-8-12 and at the same time exclude all mature BM cells,
without the use of an additional panel of lineage-specific
MoAbs, #2455 or intracellular dyes like rhodamine-£23 and
Hoechst 33342,1%%

To investigate whether the ER-MP12 Ag is functionally
important for hematopoiesis, BM cells were cultured in the
presence of ER-MP12 or an isolype control MoAb, in the
CAFC assay, The protocol and concentration of the MoAbs
were comparable to that used for the inhibidon of hematopoi-
esis in LTBMC by MoAbs against c-£if and Pgp-1/CD44,*>*
However, no effect of ER-MPI12 on the CAFC frequencies
was observed, These data indicate that ER-MP12 does not

either interfere with hematopoiesis in LTBMC, or does not
block a functional epitope on the ER-MP12 Ag, Although
not conclusive, these data do not suppert a functional role
of the ER-MP12 Ag in the regulation of stroma-dependent
hematopoiesis in vitro,

We previously showed that both the ER-MPI2 and ER-
MP20 antigens were expressed by mice of dilferent MHC
haplotypes (H-2%, H-2¢, H-2*, H-2, H-2") with only slight
variations in the distcbution of the nucleated cells amang
the six BM subpopulations,” which contrasts with the ex-
pression of the Ly-6A/E (Sca-1) and Thy-1 antigens that are
haplotype restricted.* In the present study, ne differences
were found in the distribution of CAFC subsets, CFU-S-12,
and CFU-C between C57BY6-Ly-5.1 (H-2*) and BALB/
(H-2") mice, with respect 1o ER-MP12 and ER-MP20 Ag
expression, Therefore, MeAbs ER-MP12 and ER-MP20 may
be applicable for sorting using a wide range of haplotype
mice.

Table 4. In Vitro Colony Fexmation and Lineage Expression After Sorting on the Basls of ER-MP12

NBME ER-MPI2™ ER-MP12™ ER-MPIZ-

Number and distribution of day 7 and day 14 CFU.C*

Day 7 CFU-C 16.8 = 1.6 126.8  17.2 24 £ 08 0.2 041

Day 14 CFU-C 178 =48 2026 = 246 73x20 0.2 x 01

% day 7 CFU-C 87.0x 159 Hno+28 20+ 14

% day 14 CFU-C 9.4 £ 130 9.2 £ 6.7 14207
Percentage of CFU-C-14 colonles with specific

lineage expressiont

Granulotd 120 6.3 229 4.6

Mano/maph 100.0 £9.2 240 95.5

Megakaryocytic 16.9 10.2 255 9.1

Erythroid 14.5 0.2 263 9.1

Mast cells 48 126 12.0 0.0
Percentage of colenles with unillneage or

muitilineaga charactert

1 tineagse 135 787 830 51.8

2 linsages 9.6 11.8 26.6 9.1

3 lineages 108 6.3 124 4.6

4 linaages 8.0 2.4 1.2 4.8

E lineages 6.0 0.8 1.2 09

* Number of day 7 and day 14 CFU-C per 10* cells inoculated {mean = 1 SD). Cultures were stimulated by Epo, iL-3, SF, IL+11, and iL-12.
Colonias were counted In six replicate dishes with a maximum of 40 colontes/dish, The relative conlfibution {mezn = t SD) of the different

CFLU-C subsets was calculated on the 1018l number of CFU-C recovered.

t CFU-C colontes ware Individually picked at day 14. ColonTes were transferred to slides, stalned with May-Grinwasld/Giemsa and differantiated
by mitroscope. Number of colonies picked: NBMG, 83; ER-MP12Y, 127; ER-MPI2%*, 83; and ER-MP127, 22.
t The number of lineapes per CFU-C colony was determined irrespective of tha particular lineage type.
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IMMATURE MATURE
S CFU-C-7/14
58 +09%
i RN N
ER-MP12ms mature B{I’ O
37.8 £ 319% LS. h
U TR
ER-MP{2M CAFC-28/35 erythrold cells
564 + 7.4% granviecytes
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Fig 7. Sthamatic representation of the ER-MP12 Ag expression
during hematopoietic differentiation. Circle areas deplict {he disttibu-
ton £%) of several subsets with respect 10 the different levels of Ag
axpréesslon as detevmined in the present study. For clarity, the aver-
lap between diHeient subsots is not taken Into account. Frequenclas
ara averaged from four experiments (21 SEM). Pro-T delines a subset
thathas Lthe abitity (o repopulate the thymus 21 days after IV injection
inte sublethally irradiated animals (dale from Sileker et al’’}, The
distributicn of tha LTRA was determined on low-density cells,

Recently, acommon lymphoid and dendritic cell precursor
population bas been identified in the adult mouse thymus by
the phenotype Sca-2* Thy-1.1" Sca-1* CD4® (the tow-CD4
precursor), that did not have spleen colony-forming capacity
upon intravenous (1V) infusion.™* On intrathymic transfer,
however, this precursor took less time 1o generate
CD4*CD8* thymocytes than did Sca-2™ Thy-1.1° S¢a-1*
Lin™ BM cells,” which are highly enriched for CFU-§-12.**
This cbrervation suggests that the average CFU-S is maore
primitive than the thymic and BM® pre-T cell, which is
supported by the recent observation that individual spleen
colonies were able to give rise to T and B lymphocytes
upon 1V and intrathymic transfer.’ Such a differentiation
sequence would be censistent with the observed increase in
ER-MP12 Ag expression, as was found in the present study
(Fig 7).

Phenotypicatly, LTRA celis have been identified by a very
low expression of the lineage markers B220, TER-119, CD4,
and Gr-1,22%%% 3 low expression of Thy-1.1, and a low to
negative expression of Thy-1.2.%%%% In addition, they
were positively identified by the expression of a high Jevel
of ¢-kit, 3287 and a high level of the major histocompati-
billy class 1 Ag H-2K.2*® However, all of these markers
were indiscriminately expressed by the different subsets of
the hematopoietic stem cell compartment. Two antigens that
could partly dissinguish primitive from the more mature he-
matopoietic stem cell subsets were identified by MoAbs Sca-
1 (Ly-6A/E)™® and Fall-3,% which were expressed by 7% 10
10% and 15% 1o 30 of the BM cells, respectively (Table
5). The Sca-1* ceHs contained all LTRA cefls and about half
of the CFU-8-12, while the Sca-17 cells contained most of
the committed myeloerythroid progenitors.****%77 Simj.
larly, Fall-3 was expressed by the majority of LTRA cells
and by 65% of the CFU-S-12, while the Fall-3~ subset con-
tained 52% of the in vitro clonable (IL-3 responsive) progen-
itors,* In addition, the Fafl-3™ subset included 93% of the
B cell precursors, as was tested in 2-week Whitlock-Witle
cultures, However, Fall-3 did not allow the identification of
discretely stained subpopulations, which might have been
the reason that some radioprotective and LTRA cells have
been reported in the Fal™ subset® The present data show
that the distribution of the ER-MP12 Ag partly overlaps with
that of Fall-3 and is comparable to the distribution of Sca-
1 (Table 5). The expression of the ER-MP12 Ag and Sca-1
differ in that the Lin~ Sca-1* subset contained only 0.2% of
all BM cells including 50% of the CFU.S.12, while the Lin~
ER-MP12™4 subset comprised 2% 10 3% of the BM cells,
including 75% of the CFU-5-12. FACScan analysis showed
that ER-MP12 was heterogeneously expressed on Sca-1°
BM cells and that 30% of both the ER-MP12"2¢™ and ER-
MP12™920" BM cells expressed Sca-1,”' suggesting that
ER-MP12 could be used to idensify subsets within the Thy-
1¥ Lin~ Sca-1* subpopulation, which remains to be tested.

Taken together, the present study identifies the ER-MP12

Table 5. Compasisen of the Distribution of Hematlopoeletlc Stem Cetl and Progenitor Celf Subsets
With Respect to the Expression of the ER-MP12 Ag, Ly-BA/E {S¢a-1), and Fall-3

% of % of BMC

Population BMC of Un~ Cel's & pre-T* % pre-Bt % CFU-CH % CFU-8-12 % LTRAS
Sca-1* 56 0.2 50-80} NO 164 {65) ~50; ~100]
Sea-t™ 94.95 ND 0 ND 90 {35) low a
Fail-3* 16-30 10-26 ND 7 48 65 Most, it not all
Fall-3~ 70-85 ND ND 93 &2 35 Almost none
ER-MP12" 24 1-2 Majority ND 80-90 25 510
ER-MP1279 30-35 3 Minority ND 16-20 % 20-95
ER-MP12" 61-68 1-2 None ND 1-2 0 0

Figures on the expression and distribution of Sca.1 are from muHiple references.*#**3*" The distribution of Fall-3 Is described In Moter
Sieburg,® whife the ER-MP 12 data come from Slieker et 81 and were described in the present study.

Abbrevislion: ND, not detarmined ¢r unknown.

* Daterminad by Intrathymic transfer Into sublethally ircadiated animals.

t Determinad at 2 weeks in Whitiock-Witte cultures.

t Sca-1: distribution of day 7 and day 14 CFU-C stimulated with (L3, Batween brackets the distiibution after stimulation with IL-3, SF, IL-1
and IL-6, Fatl-3: disiibution of day 10 CFU-C stimulated by IL-3; ER-MP12: day 4 through day 14 CFU-C stimulated by IL-3, SF, IL-11 and 112,

§ Frequency analysis by CAFC (day 28/35) In vitre, and LTRA {5 mo} in vivo.

i Data refer 1o the {Thy-1° Lin~) Sca-1* and {Thy-1" Lin"} Sca-1" subsets of BM.
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Chapter 4

Ag as a novel poshtive marker on adult mouse BM hemato-
poietic stern cells. Like the previously defined stem cell anti-
gens Fabl-3 and Sca-1, MoAb ER-MP12 can be used for a
further dissection of the hematopoietic stem cell compart-
ment and identification of cell surface molecules on function-
ally different hematopoietic stem cefl subsets,
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In vitro thymus reconstitution potential of ER-MP12-positive BM cells

Summary

Using in vivo cell transfer studies we recently identified a new cell surface
marker, ER-MP12 antigen, on mouse thymus-repopulating progenitor cells in the
bone marrow (BM) of the mouse. Thymus-rep J)ulating BM cells express either
high (ER-MP12") or intermediate (ER-MP12™M%9) levels of ER-MP12 antigen. In
addition, they are characterized by a lack of ER-MP20 antigen expression (ER-
MP207). The highest frecLuency of thymus-repopulating progenitor cells was
detected among ER-MP12"20™ BM cells. Moreover, ER-MP1 2M20~ BM cells
reconstituted the thymus more rapidly than ER~MP12de20" BM celis. In the
present study we used deoxyguanosine-treated fetal thymus organ cultures
{dGuo-FTOC) to determine in vitro the thymus-repopulating ability (TRA) of BM
cells sorted on the basis of differences in the level of ER-MP12 antigen
expression. In agreement with the /n vivo transfer studies, high frequencres of
thymus-repopulating cells were only detected among ER-MP12 hi20~ and ER-
MP12M920~ BM cells. However, in contrast to the differentiation /n vive, the
majority of the in vitro progeny of ER-MP12M20~ BM cells consisted of
CD4~CD8™ cells, while ER-MP12M%420= BM cells mainly gave rise to
CD4—CD8* thymocytes. Moreover, a five-fold higher percentage of CD3%
thymocytes was generated in dGuo-FTOC reconstituted with ER-MP1 gmedg—
BM cells. Subsequent /n vive intrathymic {i.t.} injection of thymocytes generated
from ER-MP12"20~ BM celis in dGuo-FTOC resulted in the development of
mature single positive thymocytes. From this observation we conclude that
dGuo-FTOC cannot support the full differentiation of ER-MP12h20~ BM celis
into mature thymocytes. Apparently, additional in vivoe thymic microenviron-
ments are required to complete their development into mature single positive
thymoeytes. T cell reconstitution of dGuo-FTOC with ER-MP12Me420~ BM
celis, on the other hand, may have coincided with the restoration of the /n vitro
thymic microenvironment, possibly by the presence of precursors of dendritic
cells within the ER-MP12™#%20~ subset of BM cells.

introduction

in adult life, maintenance of intrathymic T cell development requires a
continuous influx of very low numbers of BM-derived progenitor cells into the
thymus [1]. The subsequent differentiation of these immature cells into
functionally competent T lymphocytes is strongly influenced by thymic
microenvironments [2], while evidence is now emerging that conversely the
integrity of the thymic microenvironments depends on the presence of
developing T cells [3-6]. The exact nature of the thymus-repopulating progenitor
cells is stili not elucidated, Cells belonging to the T lineage are ultimately
derived from multipotent hematopoietic stem cells (HSC), as are the cells of all
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other hematopoietic lineages [7-10]. Up to new, however, it is not clear
whether the thymus is seeded by multipotent HSC or by progenitor cells
committed solely to T cell development [11]. This issue has become more
controversial as recent studies have shown that even the earliest intrathymic
precursor cefls are not exclusively committed to T cell differentiation {12-141.
To be able to discriminate between multipotent HSC and more restricted
progenitor cells it is necessary to identify cell surface antigens that are
specifically or at least differentially expressed by either population. To this
purpose, we recently identified a new surface marker, the ER-MP12 antigen, on
mouse thymus-repopulating BM cells using /n vivo transfer assays [15,16].
Thymus-repopulating progenitor cells appeared to express either high (ER-
MP12M) or intermediate (ER-MP12™M89} Jevels of ER-MP12 antigen. They were
further characterized by alack of ER-MP20 antigen expression (ER-MP207}. We
found that the ER-MP12M20~ BM subset contained the highest frequency of
thymus-repopulating progenitor cells and reconstituted the thymus more rapidly
than the ER-MP12M2920~ BM subpopulation, suggesting that the thymus-
repopulating progenitor cells expressing high levels of ER-MP12 antigen are
more mature than those with an intermediate ER-MP12 antigen expression,

in the present study, we used dGuo-FTOC [17,18] to assess in vitro the
TRA of BM cells expressing distinct levels of ER-MP12 antigen. As expected,
high frequencies of thymus-repopulating celis (identified by the expression of
donor-type Thy-1 antigen) were only detected among ER-MP1 2120 and ER-
MP12Med20~ BM cells. However, in contrast to in vivo development, the
development /n vitro of ER-MP1 2M20~ BM cells was mainly limited to the
generation of CD4~CD8 " (DN} thymocytes, while ER-MP1 2med20— BM cells
mainly gave rise to CD4~CD8™" thymocytes. It appeared that this maturation
arrest was not an intrinsic effect since subsequent in vivo i.t. transfer of thymo-
cyies generated from ER-MP12M20~ BM cells in dGuo-FTOC resulted in the
generation of mature CD4 and CD8 single positive (SP) thymocytes., Our data
indicate that, in contrast to the /n vive thymus, the in vifro dGuo-treated fetal
thymus, lacks microenvironments required for fuil maturation of progenitor F
cells defined by high levels of ER-MP12 antigen expression.

Material and methods
Mice

Breeding pairs of C57BL/6-Ly-5.1-Pep®? (Thy-1.2, Ly-5.1) mice, originally
provided by Dr. I.L. Weissman {Stanford University, Stanford, California, USA),
and C57BL/Ka BL-1 (Thy-1.1, Ly-b.2) mice were cesarean derived and foster
reared. Mice were bred and maintained under clean conventional conditions at
the mouse facilities of our department. C57BL/6-Ly-5.1-F’ep3b mice aged 4-10
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weeks were used as BM donors. C578I/ka BL-1 fetal embryos at day 14 of
gestation {GD 14} were obtained from timed matings {the time allowed for
mating was approximately 16 h), Day O of gestation was appointed by the
detection of a vaginal plug in mated females.

mAb, reagents, and media

mAb ER-MP12 and ER-MP20 [18], 30H12 {anti-Thy-1.2) [20}, H129.19
{anti-CD4} [21], 53-6.72 {anti-CD8) [20], KT3 {anti-CD3) [22], H57.597 {anti-
TeR af) [23], GL-3 (anti-TcR y8) [24], RB6-8C5H {anti-Gr-1) [25], F4/80 {anti-
F4/80 antigen) [26], and RA3-6B2 (anti-B220) [27] were used either conjugated
to FITC or hiotin ({Sigma Chemical Co., St. Louis, MO, USA) after purification
from ascites or hybridoma culture supernatant, or as unpurified hybridoma
culture supernatant. In the latter case, FITC-conjugated rabbit anti-rat(Fab),
fragments (RoRa-FITC) {Cappel, Organon Teknika, Turnhout, Belgium) were
used as second stage reagent. In some experiments, 30H12 was used |abeled
with b(6}-carboxyfluorescein-N-hydroxysuccinimide ester (FLUOS; Boehringer,
Mannheim, FRG) according to the manufacturer’s procedure. PE conjugated to
streptavidin (SAV-PE) was obtained from Caltag Laboratories {San Francisco,
CA, USA). CD8 conjugated to RED613™ was purchased from Life Technolo-
gies {distributed by GIBCO BRL, Breda, The Netherlands).

RPMI 1640 medium without NaHCO4 {GIBCO BRL) adjusted to pH 7.2 and
supplemented with 10% heat-inactivated FCS, penicillin and streptomycin was
used during the isolation of fetal thymus lobes from time-mated pregnant female
mice, Iscove’s modified Dulbecco’s medium with L-glutamine and 25 mM Hepes
(GIBCO BRL} supplemented with 10% 56 °C heat-inactivated FCS, NAHCO,
{3 g/}, penicillin and streptomycin was used as culture medium for fetal thymus
organ cuitures {FTOC), To obtain alymphoid fetal thymus lobes deoxyguanosine
{dGuo; Sigma Chemical Co.} was added to the culture medium to a final
concentration of 1.356 mM just before use.

Preparation of cell suspensions

BM cell suspensions were prepared from femora and tibiae cleaned from
muscles and tendons by grinding the bones in a mortar in the presence of
Dutton’s balanced salt solution {GIBCO BRL} supplemented with 5% FCS
{DBSS-FCS) as previously described [15]. Single cell suspensions were obtained
by aspiration through a 22-gauge needie into a 2-ml syringe. Debris were
removed by filtering the cell suspensions over 100 and 30 pm nylon meshes
{Polymon PES, Kabel, Amsterdam}.

Cell suspensions of reconstituted fetal thymic lobes were prepared by gently
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disruption of the lobes in the presence of PBS supplemented with 0.5% BSA
and 20 mM NaN, (PBS-BSA-NaN3) using a miniature Potter homogenizer.

In vitro reconstitution and organ culture of fetal thymus lobes

The TRA of unseparated and sorted BM celis was assessed by in vitro
transfer into dGuo-treated fetal thymus lobes. This /n vitro reconstitution assay
was originally developed by Jenkinson et al. [17]. Throughout the assay,
incubations were carried out at 37 °C in a humidified incubator containing 8%
CO, in air. Fetal thymus lobes at GD 14 were placed on top of preboiled
Nucleopore peolycarbonate filters {pore size 0.8 pm; Sterilin Ltd., Teddington,
UK} resting on strips of gelatin foam {Upjohn, MO, USA) soaked in culture
medium containing 1.35 mM dGuo. After five days of incubation the lobes were
extensively washed for at least 2 h in a large volume of dGuo-free culture
medium prior to seeding with BM cells. Alymphoid lobes were associated with
either unseparated or sorted BM cells in hanging drop cultures [18] by
transferring the lobes individually into 20 n! of BM cell suspension in microwells
of Terasaki trays which were subsequently inverted, Twenty-four or 48 h later
the lobes were placed on filters resting on gelatin foam sponges soaked in
culture medium and incubated for 12-14 days. Thymocytes, harvested either
from individual or pooled iocbes, were counted and analyzed for their surface
antigen expression by flow cytometric analysis.

Flow cytometric sorting and analysis

For cell sorting, BM cells were stained simultaneously with ER-MP12 and
ER-MP20 as previously described [16,17]. In short, 108 BM cells were
--incubated with biotin-labeled ER-MP12, After 30 min on ice, the cells were
washed two times using a 25-fold excess of DBSS-FCS and subsequently
incubated with FITC-conjugated ER-MP20 and SAV-PE simultaneously for 30
min in the dark. After two washes with DBSS-FCS, stained cells were resus-
pended in PBS supplemented with 1% B3A and D-glucose (4.6 g/i, Merck,
Amsterdam, The Netherlands) to a final concentration of 3 x 10% celis/mi.

Cell sorting was performed using a FACS 440 (Becton Dickinson, Mountain-
View, CA, USA} at a sorting speed of 2500-3000 cells per second. Just before
sorting, the stained cells were filtered through a 30 pm mesh nylon sieve.
Deflected drops were collected in FCS-coated conical polypropylene tubes
{(Falcon, Becton Dickinson). Isolated celis were washed and resuspended in
DBSS-FCS, Viable cells were counted using a Blirker hemocytometer, The purity
of the sorted BM subpopulations was assessed using a FACScan flowcytomater
{Becton Dickinson}.
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Phenotypic analysis of thymocytes isolated from reconstituted fetal thymic
lobes was carried out in 96 microwell plates {round bottom, Nunc, Denmark) on
ice with each incubation step lasting 30 min, followed by extensive washing
with PBS-BSA-NaN,. Thymocytes were stained for either one or two cell
surface antigens using biotinylated mAb or mAb conjugated to FITC or FLUOS,
When hybridoma culture supernatant was used in two-color immunofluores-
cence staining, RoRa-FITC was used as a second stage fluorescent reagent. In
that case the cells were incubated successively with hybridoma culture
supernatant, RoRa-FITC {supplemented with 2% normal mouse serum to avoid
non-specific binding), 2% normal rat serum (to block any free anti-rat
immunoglobulin-binding sites of the conjugate), biotinylated mAb, and SAV-PE.
The percentages of the four major thymocyte subpopulations were calculated
from 3 different stainings in which FITC-conjugated anti-Thy-1.2 was combined
with either biotinylated anti-CD4, anti-CD8, or both anti-CD4 and anti-CD8 (see
Table 2}.

The cell surface phenotype of donor-derived thymocytes generated from
intrathymically injected "FTOC passed” cells was analyzed using three-color
immunofluorescence with FLUOS-conjugated anti-Thy-1.2, PE-conjugated anti-
CD4, and CD8 conjugated to RED613™

Stained cells were analyzed using a FACScan flowcytometer {Becton
Dickinson). Erythrocytes and dead cells were excluded from analysis by forward
and side scatter gating.

Intrathymic infection

f.t. injection was performed as previously described [15]. Briefly, 5000
"FTOC passed" cells in a volume of 10 ul were injected directly into one of the
thymus lobes of 5 Gy irradiated C57BI/Ka BL-1 recipient mice. Twenty days
later, thymocyte suspensions were prepared and thelr cell surface phenotype
determined by flow cytometric analysis.

Results

in vitro TRA of phenotypically defined BM subsets isolated on the basis of
differential ER-MP12 and ER-MPZ20 antigen expression

BM cells labeled simultaneously with ER-MP12 and ER-MP20 can be divided
into six subpopulations on the basis of differential ER-MP12 and ER-MP20
antigen expression {Figure 1) [15]. We have prewously shown that progemtor
cells with in vive TRA are confined to the ER-MP12"20™ and ER-MP12™M?420~
BM subsets [15,16]. In those /n vivo studies, the highest frequency of thymus-
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Figure 1. Two-color flow cytometric analysis
of ER-MP12 and ER-MP20 antigen expression
by total BM cells. Boxes indicate the 6 pheno-
typically distinct subpopulations: a. ER-
MP12M20~ (1.9 + 0.2%); b. ER-MP12™%20"
‘| (30.8 + 2.6%); c. ER-MP12mediniggmedin g 7
+ 1.1%}); d. ER-MP127207 {30.2 £ 1,7%); o
ER-MP12-20™ed (269 + 2.5%); f. ER-
MP12-20" (4.1 + 0,4%) {mean % + SEM of
ER- MF’ZO 10 experiments).

ER-MP12

repopulating activity was detected in the minor subset of ER-MP12M20~ BM
celis (1-2% of nucleated BM cells}.

In the present study, we questioned whether TRA could be detscted in the
same subsets of BM cells using a previously described /in vitro reconstitution as-
say [17,18]. To this purpose, dGuo-ireated fetal thymus lobes were seeded
with OO0 BM cells isolated by fluorescence-activated cell sorting {FACS) on
the basis of differential ER-MP12 and ER-MP20 antigen expression. After 13
days of organ culture each lobe was analyzed individually for reconstitution with
donor-derived (Thy-1.2%) thymocytes (Table 1). No thymocytes could be
obtained from unseeded lobes {negative control), Fifteen out of 17 lobes seeded
with 5000 fetal thymocytes {GD 14-15} were reconstituted with donor-derived
thymocytes (positive controlj, The highest percentage of reconstituted lobes
was found after seeding with ER-MP12M20~ BM celis (11 out of 12 lobes). A
high percentage of reconstitution was also seen after seeding with
ER-MP12Med20— 8M cells {14 out of 20 iobes). When unseparated BM cells
were used for seeding, only 8 out of 19 lobes were reconstituted with donor-
derived thymocytes, In contrast, no donor-derived thymocytes were observed
in lobes seaded with ER-MP12720~ BM celis, while only one out of 12 lobes
seeded with ER-MP12~20™¢ BM cells and one out of 5 lobes seedad with
ER-MP1 2hifmedgghifmed ppy cells contained donor-derived thymocytes. Two out
of six lobes seeded with ER-MP12~20M BM cells were reconsntuted Although
under the present in vitro culture conditions the ER-MP127 20M BM fraction
gave rise to some reconstitution, our data indicate that, comparable with our
previously published data using /n vivo thymus reconstitution assays [15,18],
the highest percentage of donor-type reconstitution in vitro was ohserved in
lobes seeded with ER-MP12M20~ and ER-MP12™e920~ BM cells.
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Table 1. /n vitro TRA of sorted BM subpopulations.

cell source no. reconstituted lobes/no, total lobes® mean % Thy-1.2% celis®
(% of positive fobes)

ER-MP12M20— 11112 91.7) 91.9
ER-Mp12medao- 14/20 {70.0) 63.5
ER-Mp§ 2med/hiagmedihl 1/5 (20.0} 90.3
ER-MP12—20~ 0/10 {0} -

ER-MP12~20™ed 1712 {8.3) 88.5
ER-MP12— 20N 2/6 {33.3) 97.4
unseparated BM 8/19 {42.1) 83,2
fetal thymocytes® 16/17 {88.2) 86.9
none 0/16 [{s}} —

C67BL/Ka BL-1 (Thy-1.1) dGuo-treated fetal thymus fobes were sesdad with 5,000 BM cells of CE7BL/G-Ly-5.1-Pap®™ (Thy-
1.2} mice thanging drop culture time: 24 hi. Individual lobes were analyzed for donos-dorived (i.e, Thy-1.2%) reconstitution
after 13 days of organ cullure. a) Lobes were scored 8s reconstituted if more than 500 events could be obtained in the
thymocyte gate during FACscan analysis. b} The msan percentage of Thy-1-21 thymacytes in reconstituted lobes, c)
Thymocytes {(GD 14-15) were Isolatad from BALB/c fetal thymus lobaes,

CD4 and CD8 antigen expressmn by donor-derived thymocytes generated from
ER-MP12"20™ and ER-MP12™e920~ BM cells after in vitro differentiation in

dGuo-FTOC

In order to analyze the differentiation status of the donor-derived thymo-
cytes, cells isolated from lobes reconstituted with ER-MP12M20~ and
ER-MP12Med20~ BM cells were stained with anti-Thy-1.2 {donor marker) in
combination with either anti-CD4, anti-CD8, or anti-CD4 and anti-CD8 simul-
taneously. As shown in Tabie 2, the majority of the cells in lobes seeded with

Table 2. CD4 and €D8 antigen expression by thymocytes generated from ER-MP12M20™ and ER-
MP12Me920 BM cells after /n vitro differentiation in dGue-FTOC,

cell source  exp. no.  cellsflobe %CD4—8—  %CD4t8t %CD4+8— %CD4BY
{x103%
ER-MP12M20— 1 29,7 59.9 1.6 7.3 31.3
2 54.8 92.5 1.6 3.1 2.8
{42.3)® (76.2)° {(1.5° (5.2 (17.1P
ER-MP12Medz0— 4 18.0 20.8 1.0 3.3 74.9
2 i8.2 16.1 3.3 4.4 76.2
(18,132 (18.5) (2.2)0 (3.8t {75.51®

CB78L/Ka BL-1 {Thy-1.1} dGuo-treated fetal thymus lobes were seedad with 5000 celfs of the Indicated BM subpopulation
isolated from C57BUG-Ly-5.1-Pap®® (Thy-1.2) mice (hanging drop eulture: 48 h}. Lobes seeded with the same BM
subpopulation were pooled and analyzed for reconstitution after 13 days of organ cultura, {solated cells were stained with
blotinylated CD4, CD8, or CD4 and CO8 simultanaously (visualized by SAV-PE), followed by enti-Thy-1.2 conjugated to FITC
a) maan celt number x 107, bY mean percentags of cells.
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B . 83.9

CD4 + CD8
CD4 +CDsg

Thy-1.2

Figure 2. Thy-1.2 {donor-type} expression versus CD4 and CD8 antigen expression by thymocytes
isolated from lobes reconstituted with ER-MP12M20~ {A) and ER-MP127¢920~ {B) BM cells.
Analysis was performed 14 days after hanging drop culture. Cells were stained with biotinyiated
CD4 and CD8 simultaneously {vertical axis} and FITC-conjugated anti-Thy-1.2 (horizontal axis},

ER-MP12M20™ BM cells were DN {mean percentage; 76.2%), while about 17%
of the donor-derived thymocytes expressed CD8 only (CD8 SP). In contrast,
lobes seeded with ER-MP12M2920~ BM cells mainly gave rise to CD8 SP
thymocytes (75.5 %), while approximately 18% expressed neither CD4 nor CD8
antigens, Both ER-MP12M20~ and ER-MP12™2920~ BM cells gave rise to
CD4*CD8~ (CD4 SP) thymocytes (5.2% and 3.8%, respectively) and
chDa*cD8* (DP) thymocytes (~2% with both BM subsets). As shown in
Figure 2, the level of CD4 and CD8 antigen expression was high in lobes
reconstituted with ER-MP12™Me420~ BM cells (Figure 2}, Interestingly,
ER-MP12M20~ BM cells gave rise to more {donor-derived) celis per lobe than
ER-MP12Med20~ BM celis (Table 2). These resuits suggest that, in contrast to
the thymus microenvironment in vive [16], the /n vitro dGuo-treated thymic
microenvironment does not promote sufficiently the differentiation of ER-
MP12hf20"“ BM celis inte mature thymocytes. Thymocytes derived from ER-
MP12M20~ BM cells seem to proliferate to a larger extent than thymocytes
derived from ER-MP12™8920~ BM cells. In addition, T celi development in vitro
from ER-MP12™M8920~ BM cells is strongly biased towards the generation of
CD8 SP thymocytes which are most likely mature, as suggested by their high
level of CD4 and CD8 antigen expression.
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Analysis of TcR and CD3 antigen expressron by thymocytes isolated from
dGuo-FTOC reconstituted with ER-MP12"20 or ER-MP12™°920~ BM cells

To further analyze the developmental status of thymocytes |solated from
dGuo-FTOC reconstituted with either ER-MP12"20 and ER-MP12™2920~ BM
cells, we studied the surface expression of CD3, TcR of, and TcR v6 (Table 3,
Figure 3. In this experiment, about 15% of the thymocytes darived from ER-
MP12Me920~ BM cells expressed CD3 antigen, the majority of which belonged
to the TcR ap lineage, while approximately 3% of the CD3* cells expressed
TcR v8. These data demonstrate that mature thymocytes can develop from ER-
MP12™2420™ BM cells in the in vitro thymic microenvironment. In contrast, a
much lower percentage of CD3* cells (3.4%) was detected in lobes reconstitu-
ted with ER-MP12M20~ BM cells. These results again indicate that almost all
thymocytes derived from this BM subset are still immature, which is in
agreement with their {mainly} DN phenotype (Table 2, Figure 2A).

Table 3. CD3, TcR uff, and TcR ¥3 cell surface expression by doner-derived thymocytes isolated
from dGuo-FTOC reconstituted with ER-MP12M20~ or ER-MP12™¢420™ BM calls,

cell source Cells/lobe® % Thy-1.2+ %CD3t %TeR af* %TcR y8 ™t
unseparated BM 36.3 91.3 8.1 7.2 2.4
ER-MP12M20— 43.0 65,1 3.4 2.6 2.6
ER-MP12medog— 39.4 79.1 15,0 14.8 3.2

CE7BLKa BL-1 (Thy-1,1) dGuo-treated tetal thymus totes were seeded with 6,000 donor cels of CE7BL/6-Ly-5. 1-Pep'®
{Thy-1.2) mice. Lobes seaded with the same ce!l source {hanging drop cuiture: 48 h} were pooled and raconstitution was
analyzed after 14 days of organ cufturs, Isolated cells wera stained with either anti-CD3, antl-TeR oft, anti-Toh y5 foltovad
by anti-Thy-1.2. The percentages of CD3*, TecRap *, and ToRy3* cells wers determined amang donor-derived [Thy-1.2 *}

thymecytes, a) Celt number x 10%,

In vivo differentiation potential of cells isolated from dGuo-FTOC reconstituted
12 days earlfer with ER- MP12720~ BM cells

To determine whether the immature thymocytes generated from
ER-MP12M20~ BM cells in the in vitro thymic microenvironment are able to
differentiate further into mature thymocytes, we injected 5000 of these "FTOC-
passed" cells intrathymically into sublethally irradiated congenic recipient mice,
Twenty days after i.t. injection, the CD4 and CD8 antigen expression by donor-
derived thymocytes was analyzed ({Figure 4). Clearly, the progeny of
ER-MP12M20~ BM cells generated /n vitro in dGuo-FTOC was able to
differentiate into CD4¥CD8", CD4*CD8™ and CD4~CD8™* thymocytes upon
in vivo i.t. transfer. These results indicate that the progeny of ER-MP12"20~
BM cells generated in dGuo-FTOC is not limited in its differentiation potential.
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relative cell number

A

Figure 3. CD3 cell surface expression by donor-derived thymocytes isotated from iobes reconsti-
tuted with A} ER-MP12M20~ and B} ER-MP12M8920~ BM coells. Analysis was performed 14 days

after hanging drop culture.
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Figure 4. CD4 and CD8 antigsn expression by
donor-derived thymocytes 20 days after i.t.
injection of "FTOC passed" cells. Thymo.
cytes were stained with anti-Thy-1.2, an-
ti-CD4, and anti-CD8 simultaneously using
fiuorescein-conjugated mAbD (see Material and
Methods). Lifa gates were set on Thy-1.2%
{donor-derived} thymocytes and the CD4 and
CD8 antigen expression of the was subsa-
quently analyzed.
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However, the in vitro dGuo-treated fetal thymic microenvironment is not
sufficient for the differentiation of ER-MP12M20~ BM cells into mature
thymocytes. Apparently, the thymus-repopulating cells among ER-MP12M20~
BM cells need additional /n vivo microenvironments in order to complete their
differentiation,

Discussion

Using /in vivo i.t. and i.v. cell transfer assays we previously reported that
thymus-repopulating progenitor cells in mouse BM express either high or
intermediate levels of the newly identified cell surface antigen ER-MP12 but lack
the expression of the ER-MP20 cell surface antigen {15,16]. In the present
study, we investigated the differentiation potential of these BM subsets in
dGuo-FTOC [17,18]. Qur in vitro results demonstrate that, in agreement with
the in vivo transfer studies, most of the thymus-repopulating cells can be
identified among ER-MP20~ BM cells expressing either high (ER-MP12M} or
intermediate (ER-MP12Me9) {evels of ER-MP12 antigen. Also in this system, the
highest frequency of thymus-repopuiating progenitor cells was detected among
ER-MP12M20~ BM celis. Analysis of CD4 and CD8 antigen expression of the
in vitro ditferentiated cells revealed a clear difference in the /n vitro differentiati-
on potential of ER-MP12"20™ and ER-MP12™°920~ BM cells, in that the dGuo-
treated fetal thymic microenvironment did not support the differentiation of
ER-MP12"20~ BM cells to the same extent as that of ER-MP12M¢920~ BM
cells. Whilst the progeny of ER-MP1 220~ BM cells mainly consisted of DN
thymocytes, the majority of the thymocytes derived from ER-MP12™e920~ BM
cells were of the CD4 " CD8™ phenotype. These latter thymocytes are most
likely mature, since a higher percentage of CD3*% and TcR™ thymocytes was
found in lobes reconstituted with ER-MP12™°920~ BM cells than in lobes
reconstituted with ER-MP1 220~ BM cells. These data seem to suggest that
ER-MP12M20~ BM cells need more time to give rise to mature SP thymocytes
than do ER-MP12Me920~ BM cells. This is most likely not the case, since our
in vivo cell transfer studies clearly showed that thymus reconstitution by ER-
MP12M20™ BM cells was faster compared to that by ER-MP12M2920~ BM cells
[16], suggesting that thymus-repopulating progenitor cells within the ER-
MP12M20~ BM subset are more mature than those contained within the subset
of ER-MP12™e920™ BM cells. indeed, using limiting dilution-type long-term BM
cultures {28] we recently demonstrated that the frequency of more mature
progenitor ceils {s higher among ER-MP12M20~ BM calls, whereas conversely
the frequency of multipotent HSC is higher in the ER-MP12™M920~ BM subset

{29},
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Another phenomenon may explain the observed difference between the in
vitro and in vivo data. In the fetal thymus, not only thymocytes but also BM-
derived dendritic cells are sensitive to dGuo-treatment [30]. These cells are an
essential component of the thymic microenvironment and are mainly {ocated at
the cortico-medullary junction in the aduit thymus [2,31,32). Seeding of dGuo-
treated fetal thymus lobes with ER-MP12M920~ BM cells may not only have
led to T cell differentiation, but also to the reconstruction of the thymic
microenvironment by dendritic cell precursors present within this BM subset. On
the other hand, ER-MP12"20~ BM cells may be depleted of precursor cells
capable of differentiating into dendritic celis. As a result, seeding of dGuo-
treated fetal thymus lobes with ER-MP12"20™ BM cells will not result in the
restoration of the fetal thymic microenvironment and as a consequence, T cell
differentiation will be incomplete, Interestingly, approximately one third of the
ER-MP12™®920~ BM cells are characterized by the expression of low levels of
the NLDC-145 antigen, a cell surface determinant found on dendritic cells [33].
In contrast, no NLDC-145 antigen expression could be detected on
ER-MP12M20~ BM cells (data not shown}. Potential precursors of dendritic cells
may thus be contained within the NLDC-145%" subset of ER-MP12™Me420~ BM
celis. it is noteworthy that the thymocytes which develop from ER-MP12M20—
cells seem to proliferate to a larger extent than ER-MP12™2¢20™ BM cells, as
judged by the number of cells isolated from the reconstituted lobes, maybe
because they require some interaction with dendritic cells for their further
differentiation. In our previously reported in vivo transfer studies, thymic
dendritic cells are most likely not affected since the recipient mice were treated
with low dases of irradiation [15,16] and dendritic celis could develop from
host-derived hematopoietic progenitor cells. Therefore we feel that, unlike the
in vitro dGuo-treated fetal thymic microenvironment, the Jin vivo thymic
microenvironment is capable of supporting the differentiation of ER-MP12M20™
BM cells into mature SP thymocytes.

Recently, thymic dendritic cells were found to arise from cells that are
phenotypicaily indistinguishable from the earliest intrathymic precursor cells
{131, As thymus-repopulating BM cells are the predecessors of these intrathy-
mic precursor cells, this would imply that, by definition, these cells must be able
to develop into dendritic cells. However, single cell assays are required to
determine whether both dendritic cells and thymocytes indeed arise from a
shared precursor cell or from distinct subpopulations of precursor cells.

In summary, our in vitro data support our previous findings in that most, if
not all, thymus-repopulating progenitor cells are detected among BM cells
expressing either high or intermediate levels of ER-MP1 2 antigen. The difference
in the /n vitro differentiation potential between ER-MP12M20~ and ER-
MP12Me920~ BM cells may be explained by the presence of dendritic cell
precursors among the latter but not the former BM celis. These precursors of
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dendritic cells may have resulted in the resteoration of the dendritic component
of the dGuo-treated fetal thymic microenvironment, allowing further differen-
tiation of the ER-MP12M8920~ BM cells towards mature thymocytes. In
contrast, the in vitro differentiation of ER-MP1 2h20— BM cells may have been
hampered by the absence of such dendritic cell precursors, resulting in an
incomplete thymic microenvironment,
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requires identification of precursor cells in the bone marrow. Recently, we
preduced two monoclonal antibodies, ER-MP12 and ER-MP20, which in
two-color flow-cytometric analysis divide the murine bone marrow into six

defined subsets, Here we show, using fluorescence-activated cell sorting followed
by macrophage celony-stimulating factor-stimulated culture in soft agar. that
precursors of the mononuclear phagocyte system reside only within the
ER-MPI2M20-, ER-MP12+20* and ER-MP12-20% bone marrow subsets.
Together, these subsets comprise 15 % of nucleated bone marrow cells, Further-
more, we provide evidence that the macrophage precursors present in these
subsels represent successive stages in o maturation sequence where the most
immature ER-MPL2Y20~ cells develop via the ER-MP12+20% stage into
ER-MP12-20" monocytes.

1 Introduction

Macrophages form a heterogeneous popwation of cells
which play essential roles in a wide variety of biologicat
processes (for reviews see {1, 2]). As yet, it is not clear
whether their extensive diversity is generated solely at the
level of the monocytes entering the tissue microenviron-
ments, or also at the level of the macrophage precursors in
the bone marrow, Studies en the early stages of macro-
phage development have been seriously hampered by the
timited characterization and low frequency of macrophage
precursors in the bone marrow. To approach this problem,
we previously produced a panel of monoclonal antibodies
{mADb) using immortalized macrophage precursors as
immunogens {3]. Two of these mAb, ER-MPL2 and ER.
MP20, were shown lo detect phenotypic heterogeneity
among bone marrow macrophage precussors [3]. In the
present study we aimed at identifying distinct macrophage
precursor $ubsets in mouse bone marrow using ER-MP12
and ER-MP20 mAD in two-color flow-cytometric analysis
and cell sorting. Bone marrow subsets sorted on the basis of
their diffevential expression of ER-MPI2 and ER-MP20
antigens were examined on ceflular composition, macro-
phage colony/cluster-forming capacity, cell surface expres-
ston of the macrophage maturation-related marker Mac-1,
and expression of ER-MP12 and ER-MP20 antigens during
macrophage maturation in vitro, In this report we show that
three phenotypically distinct subsets of M-CSF-responsive
bone marrow macrophage precussors can be identified,
Moreover, our data indicate that these three macrophage
precursor  subsets reflect successive, phenotypically
defined, stages of in vivo macrophage development.
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2 BMaterials and methods
2.1 Mlice

Female CS7BL/6-Ly-5.1-Pep™ mice (breeding pairs kindly
provided by Dr. I. L. Weissman, Stanford University,
Stanford, CA) between 6and 20 weeks old were used in all
experiments. Animals were kepl under clean routine
{aboratory conditions with free access to food and water.

2,2 Antibodles and conjugates

The mADb used in this study were ML70 (anti-Mac-1 (4]).
ER-BMDMI {anti-aminopeptidase N {5]), ER-MP12 [3],
and ER-MP20 (anti-Ly-6C [3]). Antibodies were applied as
hybridoma cullure supernatants or as purified mAb conju-
gated to FITC (fluorescein isothiocyanate, isomer |, Sigma
Chemical Co., $t. Louis, MO) or biotin {N-hydroxysuccin-
imidobiotin, Beehringer Mannheim GMBH, Mannheim,
FRG) by standard procedures.

R-Phycoerythrin-conjugated streptavidin (SAV-PE: Caltag
Laboratories, CA), Tri-Color-conjugated streptavidin
(SAV-TC; Caltag Laboratories), FITC-conjugated rabbit
anti-rat FgG F(ab), fragments (RuRa-FITC; Cappel, Orga-
non Teknika, Turnhout, Belgium), and R-phycocrythrin-
conjugated goat-anti-rat IgG {mouse-adsorbed; GaRa-PE;
Caltap Laboratories}, were used as second stage Quorescent
reagents,

2.3 Preparation of cell suspensions

Bone marrow cell suspensions were prepared as described
previously [6]. Briefly, femora and tibiae were ground,
using a mortar, in Dutten's Balanced Salt Solution (Gibeo,
Breda, The Netherlands) supplemented with 5% fetal calf
serum, 60 pg/mt penicillin and 160 pg/ml streptomycin
(DBSS.FCS-PS). The cell suspension was aspirated
tirough a 22-gauge needle and filtered over a nylon sieve
(mesh size [00 pm; Polymon PES, Kabel, Amsterdam, The
Netherlands) to remove conpective tissue, bone fragments,
and clurnps of cells.
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Cultured bone marrow cells were isolated from Teflon bags
{see below) and washed with DBSS-FCS-PS prior to
immunofluorescence labeling.

2.4 Immunolluorescence labeling, fow-cytometric
analysis and cell sorting

For phenotypic analyses, 1 x 10% — 5 x 105 freshly isolated
bone marrow cells/well or 5 % 10 cultured cellshvell were
aliquotted into 96-microwell plates (round-bottom, Nune,
Denmark) and labeted with the appropriate antibodies in
phosphate-buffered saline supplemented with 0.5%
bovine serum albumin and 20 mM NaN, (PBS-BSA-NaN;).
All incubations were perfermed on ice for 30 min and were
followed by three washes with PBS-BSA-NaN,. For single-
color analysis, cells were incubated first with hybridoma
supernatant, washed and then incubated with RaRa-FITC,
supplemented with 2% normal mouse serum {NMS) (o
avoid nonspecificbinding. For two-color analysis, cells were
incubated first with biotinylated mAb, followed by FITC-
labeled mAb and SAV-PE simultaneousty. For three-coler
analysis, cells were incubated first with hybridoma super-
natant followed by GaRa-PE. After two washes, cells were
washed in the presence of 3% normal rat serum to block
free binding sites on GoRa-PE. Subsequently, cells were
incubated with biotinylated mAb followed by FITC-
labeled mAb and SAVTC simultanecusly. Percentages of
positive cells obtained from three-color analysis were
compared with those obtained from single stainings and
were found to be identical (data not shown), Culture
supernatant of the nonproducing Y3 myeloma followed by
RaRa-FITC (one-color analysis) or GaRa-PE {three-color
analysis) was used as negative control, since, in our hands,
control values obtained with Y3 supernatant are identical to
those obtained with rat isolype control mAb (unpublished
data). Phenotypic analyses were performed with a FAC-
Sean cytofluorimeter (Becton Dickinson, Sunnyvale, CA).

For cell sorting experiments, 2 X 10% bane marrow cells
were incubated for 30 min with 2 ml DBSS-FCS-PS con-
taining biotinylated ER-MP12, washed with a Jarge volume
of DBSS-FCS-PS and subsequently incubated {30 min}
with 2 ml optimally diluted ER-MP20-FITC and SAV-PE
simultanecusly. After two washes, the cells were resus-
pended in PBS supplemented with BSA (0.5% wiv},
D-glucose (0.45% wiv; Merck, Amsterdam, The Nether-
lands), penicillin {60 pg/ml) and streptomycin (F00 pg/ml)
to a final concentration of 3 X 106 cells/ml. Before sorting,
the cell suspension was filtered over a 30-pm sieve {Poly-
mon PES) to avoid clogging of the nozzle. All sorts were
performed using a FACS Vantage cell sorter (Becton
Dickinson}. After sorting, viable cells were counted using a
Biltker hemocytometer. The purity of the sorted cell
populations was determined by FACScan analysis and
exceeded 95%, unless stated otherwise.

2.5 M-CSF-stimulated boxe marrow culivre

The medium used for M-CSF-stimulated bone marrow
culture (either in soft agar or in Tefton culture bags, see
betow) was a-modified DMEM (Gibco) supplemented with
20% L cell-conditioned medium (LCM) as a source of
M-CSF, 20% FCS (heat-inactivated; Hyclone Laborato-
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ries, UT), glutamine (2 mM), penicillin (60 pg/ml), strep-
temycin (100 pg/ml), -mercaptoethanol (107 M) and so-
dium selenite (107 M), LCM was prepared as previously
described [7]. The same LCM and FCS batches were used
throughout the study.

To assess the frequency of macrophage precursors within
the sorted subsets the macrophage colony- and cluster-
forming capacity of the sorted cells was determined in
M-CSF-stimulated culture in soft agar. Cloning was per-
formed as described by Wijffels etal. [8] with minor
modifications. BrieRy, a 6 % agar stock (Bacto-Agar, Difco
Laboratories, Detroit, MI) was diluted with warm (42°C)
culture medium. Cells were plated in 0.5 ml 0.3% agar
medium on top of a layer of 0.3 ml 0.5 % agar medium in
24-well plates (Costar, Cambridge, MA}). Per sorted bone
marrow subset two different cell concentrations were plated
into six wells/concentration: 1000 and 250 cells/well for the
ER-MP12m¢d)0- ER-MP12-20~, ER-MP12-20™¢d subsels
and unlabeled, unseparated bone marrow, and 250 and
100 cells/well for the ER-MP12020-, ER-MPI2+20%, and
ER-MP12-20M subsets. After 12 to 14 days of culture
{37°C, 7% CQ,), the number of macrophage colonics
(= 50 cells) and clusters (< 50 cells) generated from each
subsel was assessed by examining the plales using an
inverted light microscope at Jow magnification. LCM as a
source of M-CSF specifically stimulates macrophage devel-
opment, as only macrophage progeny could be detected
using morphological and immunohistological analysis {data
not shown).

For phenolypic analysis of in vitro matured mononuclear
phagocytes, sorted cells were cultured inTellon culture bags
in M-CSF-containing medium [9). Depending on the
duration of culture, the initial cell number was adjusted to
ensure oplimat growth and viability, Thus, 2 X 10 cells
were seeded in a volume of 2 mi medium for phenotypic
analysis at day 2 of culture, and 10 cells, also in a volume of
2 ml, for analysis after 5 and 7 days of culture.

2.6 Morphological analysis

Differential morphological analysis of sorted bone marrow
subsets was performed on May-Griinwald-Giemsa stained
cylospin preparations. Per subset 500 cells were ana-
lyzed.

3 Results

3.1 ER-MP12 and ER-MP20 mAb recognize
morphologically distinel bone marrow subsets

Using the anti-macrophage precursor mAb ER-MP12 and
ER-MP20, six phenotypically distinct subsets can be
detected in the bone marrow of the mouse [6]. Two subscts
express the ER-MPI2 antigen but not the ER-MP20
antigen: an ER-MP127¢920 and an ER-MP12020~ subsct
(Fig. 1), Simitarly, two subsets exclusively express the
ER-MP20 antigen: an ER-MP12-20m¢ and an ER-
MPI2720M subset. Of the remaining two subsets, one
expresses both ER-MPI2 and ER-MP20 antigens, fe.
ER-MP12+20* (for this subset no distinction was made in
levels of antigen expression), and one facks both antigens,
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i.e. ER-MP12-20". In this study we determined the cellular  Figure 2. May-Grinwald-Giemsa-stataed cytocentrifuge prepara-
composition of the six ER-MP12/20 bone marrow subsets.  tions of bone marrow subsets sorted an the basis of ER-MP12 and
Therefore each subset was sorted, stained with May- Eg‘?‘:};‘}gﬁ%ﬂﬂofg (ﬂl) E(R)'hgézi‘fr?;ﬁgggmagot‘ SN(E’iS)el';_:{E)
wald-Gi d di ia unted ble 1 and 2 & - subset; {c - subset; -
Bl 33, The smalles subser. ERAPIMNAO consisted  MPIZ-2-subit, €) ER Me(z- =44 subse; () ER MPi2- 20
predominantly of blast cells: morphologically undifferen- subset. Magnificatfon x 350,
tiated blasts as well as recognizable blasts of the myeloid,
erythroid and lymphoid lineages. The ER-MP12med20- i} .
subset was remarkably homogenous with predominantly 3.2 M'CS!"'EQ’GHS“’E macrophage precursors have the
mature lymphoid cells and a few undifferentiated blasts, ER-MPI1220-, ER-MPI2+20* or ER-MPL2-204
The ER-MPI2*20* subset contained a large proportion of phenotype
morphologically undifferentiated blasts, together with R )
recognizable precursors of the myeloid, erythroid and The morpholagical analysis of the serted subsets showed
lymphoid lineages. The ER-MP12720~ subset consisted  that putative macrophage precursors, f.¢. morphelogically
almost exclusively of erythroid cells, erythroblasts aswell as  undifferentiated blasts, immature myeloid cells and mono-
mote mature cells, The ER-MP12-20%¢d subset was highty ~¢yles, are mainly present in the ER-MP12M20-, ER-
enriched for granulocytes. Finally, the ER-MPI2-206 MPI2™20~, ER-MP12+20%, and ER-MP12720% subsets.
subsct contained mainly monocytes and a few immature  To verify the presence of macrophage precursors in one or
myeloid cells and undifferentiated blasts. Thus, on the basis  more of these subsets, and their absence from the other
of ER-MP12 and ER-MP20 antigen expression, mouse _ER-MPI?IZO subsets, all six bone marrow subsels were
bone marrow can be separated into six morphologically isolated by cell sorting and cloned in soft agar in the

distinet sabsets with a relalively high cell type homogene-  presence of the macrophage-specific growth factor M-CSE
ity, Only from the ER-MP12M29-, ER-MPI2+20* and ER.

Table 1. Morphological analysis of the bone marrow subsets serted on the basis of ER-MP12 and ER-MP20 antigen expression®

Bone marrow Myetoid Erythroid Lymphoid  Megakarye- Undifferentiated
subset cytic blasts
Immature Band +  Monecytes Erythroblast Polychrom +
progenitors  segmented normoeblasis
ER-MPI2Y20~ 4t el 1 18 3 25 0 49
ER-MP12m420- 0 0 1 1 0 87 1 10
ER-MP12+20% 20 7 7 2] 3 ! 0 45
ER-MPI2-20— 0 1] 0 15 76 0 0 9
ER-MP12-20med 4§ 9 2 0 i 0 0 3
ER-MP12-20% 9 0 74 i i} ¢ 0 6

a} The sorted bene marrow subsets were spun onto microscopic slides and stained with May-Grinvwald-Glemsa, Per subset 500 nucleated

cells were examined,
b) Data represent the percentage of cells present in the ER.MP12/20 subsels, FACScan analysis of the sorted bone marrow subsels
revealed that the purity of the sorted fractions varied between 87 % for the ER-MPI2*20+ subset and > 95 % for the other subsets, In

each subsel the prevailing cell type is underlined.
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Table 2. Presence of M-CSF-responsive macrophage precursers in bone marrow subseis sorted on the basis of ER-MP12 and ER-MP20

antigen expression??

Bone marrow subset

No. of colonies/103 No. of clusters/10* Mean frequency of macro-

Mean no. of macrophage

plated cells® plated cells phage precursors within precursors/ 104 NBMC
subset (M-CFCME-clusiFC)
ER-MP12%2p~ 0WE+9 2+ 1 1t 8 20 (E8/2)
ER-MP12+20% 2248 94 £ 10 19 91 (EX74)
ER-MP12-204 0x0 409 £ 95 1: 2 188 (0/188)
Unfractjonated BM? 441 13+ 3 1:59 1740 (36/E34)

a} Macrophage colonies and <lusters were determined after 12-14 days of M-CSF-stimulated cultere in soft agar, Celonies contain
= 50 celfs; clusters < 50 cells. No macrophage colonies or clusters were obtained from ER-MP127¢420~, ER-MPi2-20-, and

ER.-MP12-207* bone marrow subsets.

b) Data are the mean + S of three experiments. For each subset, two different concentrations of sorted cells were pfated. Per
concentration the number of colonies and clusters per 10° cells was calculated. The numbers shown in the table are the means of those
caleulated numbers. The numbers were corrected for the impurity of the sorted subsets; this was possible since contaminating cells were
only from the subsets from which no macrophage colonies or clusters could be obtained. The means of the relative sizes of the bone
marraw subsets in these thiee experiments were used 1o calculate the absolule numbers of macrophage precursors, and were 1.7 % for
the ER-MP12%20~ subsel, 7.9% for the ER-MP12+20* subset and 4.6% for the ER-MP12720% subsel.

<) NBMC: Nucleated bone marrow cells  M-clastFC: Macrophage ¢luster-forming cell,

d) BM: Bone marrow.

MP}2-20M subsets could macrophage colonies and clusters
be grown (Table 2). No macrophage colonies or clusters
were oblained from the other three subsets.

Tn the ER-MP12520~ subset one out of eight plated cells
gave rise to primarily large macrophage colonies in re-
sponse to M-CSF (Table 2), while in the ER-MP12720+
subset one out of nine plated cells gave rise to primadly
clusters and small colonies. In the ER-MP12-20" bone
marrow subset, which consists predominantly of monocytes
(cf. Table i), an average of one out of twa plated cells
formed a small cluster of usually less than 5 cells, and
occasionally a cluster of 15-20 cells. Taking into account the
relative sizes of the sorted subsets in bone marrow, these
data indicate that macrophage colony-forming cells reside
in approximately equat numbers in both the ER-MP12%20~
and ER-MP12*20* subsets. Macrophage cluster-forming
cells are mainly present in the ER-MPI2Z*20F and ER-
MP12-26% bone marrow subsets. Together, our data show
that (i) M-CSF-responsive macrophage precursors reside in
the ER-MP12h20~, ER-MP12+20%, and ER-MP12-20"
subsets and (i} the proliferative potential of the M-
CSF.responsive cells, as indicated by the sizes of the
colonies or clusters formed, decreases with a concomitant
increase in ER-MP20 and decrease in ER-MP12 Ag
expression,

2.3 The ER-MPI2M20~, ER-MPI2*20* and
ER-MP12- 20 bone marrow subseis differentially
express the Mac-l Ag

The differences in cellular compesition and proliferative
potential of the ER-MPI2¥20~, ER-MP12*20* and ER-
MP12-204 bone marrow subsets suggested a difference in
maiuration stage between the macrophage precursors
presentt in those subsets, To investigate this, we examined
the expression of the macrophage maturation-related
marker Mac-1 {18, 11] within the three subsets, As shown
in Fig. 3, all ER-MP12%20~ cells were Mac-1-nepative/dull,
In contrast, 40 + 5% (1 = 3} of the ER-MP12+20* bone
marrow cells clearly expressed the Mac-1 Ag. This percent-
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age correlales closely with the total content of myeloid cells
in this subset as determined by the morphelogical analysis
{Table 1). Finally, virtuatly all ER-MP12-20% cells were
Mac-1-positive. This abservation was in accoerdance with
the morphological data which showed that this subset
atmost exclusively contains monocytes and some immature
myeloid precursors, which are all Mac-I-positive [10, 12].
Thus, the increase in the proportion of Mac-1 positive cells
and level of Ag expression observed from the ER-
MPI2H20~ 1o the ER-MP12720M subset supports an
increase in maturity of the macrophage precursors present
in those subsets.

3.4 ER-MP12220~ macrophage precursors successively
express ihe ER-MP12+20% and ER-MP12-20"
phenotype during M-CSF.stimulated maturation
in vifro

So far, the data oblained in this study suggest that the three
macrophage precussor subsets represent successive stages
in a linear maturation pathway, implying that the progeny
of the putatively least mature subset, f.e. ER-MP12020,
should pass through the other two phenctypes upon

BRI 2 ERMPI12'20" [ TBLE

:
3
H
i
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Figure 3, Cell surface expression of Mac-1 Ag by ER-MP12420-,
ER-MP12+20*, and ER-MP1220" nucleated bone marrow cells,
Cells were triple-labeled as described in Sect. 2.4 with MI1/70
(Mac-1), ER-MP12 and ER-MP20 mAb. Mac-1 expression within
the ER-MP12/20 subsets was determined by flow.cytometric
analysis. The staining profile of total bone mamrow (TBM) is also
given. The dotted lines represent negative control values, Results
are from one representative experiment cut of three,
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* macrophage maturation. To test this hypothesis directly, we
sorted ER-MP12%20~ bone marrow cells and cultured the
isolated cells in M-CSF-containing conditioned medium.
After varying periods of culture the Jevel of ER-MP12 and
ER-MP20 Ag expression was determined. As a marker for
mature macrophages, the expression of the ER-BMDMI
Ag was also examined. This [atter antigen is expressed at
increasing levels upon maturation from the monocytic stage
onwards [5].

Al day 2 of M-CSF-stimulated culture of ER-MP12M20-
cefls, about one third of the developing cells expressed both
the ER-MP12 and the ER-MP20 antigens (Fig. 4A), sug-
gesting that many, if not all, mononuclear phagocytes
indeed pass through the ER-MP12*20% stage upon in vitre
maturation. The remaining ER-MP12¥20~ cells probably
represeated M-CSF-unresponsive cells from other hemo-
poietic lineages still present at this time of culture. Atday 5
of culture, the cells had completely lost ER-MPI2 antigen
expression {Fig. 4A). Yet, 50-59% (n = 2) of the cells
expressed the ER-MP20 antigen at a high level, similar to
that of ER-MPE2-20™ monocytes in freshly isolated bone
marrow (cf. Fig. 1}. The ER-MP20-negative cells present
after S days of culture represented mononuclear phago-
cytes beyond the monocytic stage of development as (i) at
this day of culture 26-34% of the cells expressed the
mature macrophage marker ER-BMDM]1 (Fig. 4B)and (ii)
the ER-MP20-negative cells showed a high level of auto-
fluorescence (Fig, 4A, days 5 and 7) which is characteristic
of more mature mononuclear phagocytes (1) and unpub-
Jished observations). Upon final maturation into mature
macrophages {day 7) the expression of the ER-MPZ0
antigen was lost (Fig. 4A) and the large majority of the cells
(66-73 %) had become ER-BMDM1-positive (Fig. 4B).

In summary, these findings show that ER-MPL2%20-
macrophage precursors successively express the ER-
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Figure 4. Phenotypic development of ER-MPE2"20~ bone mar-
row cells cultured in the presence of M-CSF. ER-MP12%20" bone
marrow cells were sorted and cultured in the presence of M-
CSF-containing conditfoned medium. Atdays 2.3 and Jofculture,
the cells were collected and the expressien of ER-MPI2 and
ER-MP20 antigens was determined in two-color flow-cytometric
analysis (A). Negative controd limits are shown in each dot plot
(vertical and borizemat lings). In addition, the expression of the
macrephage mataration marker ER-BMDM1 was determined in
one-color analysis (B}, Negative controls (thin lines) are shown in
each histogram. Results are from one representative experiment
out of two,

MP12+20* and ER-MP[2-20M phenotypes during M-
CSF-stimulated maturation i viro. Under these condi-
tions, ER-MP12720~ cells represent the final stage of
macrophage development, The lacter cells, however, are
mature macrophages and do not represent the ER-
MP12720" subset found in normal mouse bong marrow.

4 Discussion

In the present study we focused on the identification of
different subpopulations of macrophage precursors in the
bone marrow of the mouse. To this end. the reactivity of the
anti-macrophage precursor mAb ER-MP12 and ER-MPH)
with bone marrow macrophage precursors was assessed in
two-color flow cytometry, At least six phenotypically
distinct bone marrow subsets can be discerned using these
mAb. However, only three of these subsets, ie. ER-
MP12W20-, ER-MP12+20*, and ER-MP12-20%, gave rise
to macrophage progeny after M-CSF-stimulated culture.
Together these subsets comprise about 15% of nucleated
bone marrow cells.

All data presented in this study support the notion that
these precursors reffect different, successive stages of
macrophage development in the murine bone marrow. The
first indication for the existence of a maturational differ-
ence came from morphological analysis of the sorted
subsets, The differential counts showed that potential
macrophage precursor cell types, i.e. morphologically un-
differentiated blasts, immature myeloid cells, and mono-
cytes, were not evenly distributed among the ER-MP12.
207, ER-MP12%20%, and ER-MP12720% subsets. Morpho-
logically undifferentiated blasts were concentrated in the
ER-MP12420- and ER-MP12+20* subsets, immature
myeloid cells in the ER-MPI2+20* and ER-MP12-20M
subsets, whereas monocytes were concentrated in the
ER-MP12-20M subset, thus suggesting differences in matu-
ration stage among these subsets. A second indication was
abtained from the differences in macrophage colony/clus-
ter-forming capacities of the subsets. ER-MP1220~ cells
formed the largest colonies and therefore are presumably
the most immature cefls, ER-MPE2*20* and ER-
MP12-26% cells formed predominantly large and small
clusters, respectively, and thus, most likely represent
subsequent stages. In the third place, the expression of the
Mac-1 Ag, which is expressed relatively late during macro-
phage maturation [10, 11}, follows the proposed matura-
tion sequence of the precursor subsets. The Mac-1 Agis not
expressed in the ER-MP12M20- subset, while about half of
the ER-MP12+207 subset and all cells in the ER-MPi2-20h
subset are Magc-1-positive, Finatly, the most direct indica-
tion for the existence of a maturation sequence came from
the phenotypic develepment of the, putatively youngest,
ER-MP12%20- precursors during M-CSF-stimulated cul-
ture. We found that the developing cells successively passed
through ER-MPE2+20* and ER-MP12-20M stages before
final maturation into mature macrophages. Thus, the
morphofogical data, the clonogenic data, the expression of
Mac-1 and the phenotypic development during culture all
indicate that the three phenotypically distinct M-CSF-
responsive bone marrow macrophage precursor subsets
most likely represent successive stages along a maturation
pathway in  the order ER-MPI2%20-— ER-
MP12+20% — ER-MP12-20M,
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Interestingly, macrophage colonies could be generated
from both the ER-MP12420- and ER-MP12+20* bone
marrow subsets, Expressed in absolute numbers, about half
of all bone marrow macrophage colony-forming cells
resided in the ER-MP12820 subset and the other half in
the ER-MP12*20% subset. MacVittie [L3] reported for
C57BL/6) mice an M-CFC frequency in bone marrow of
approximately twice the frequency of GM-CFC. Thus, of all
macrophage colonies formed in their study, about two
thirds was derived from an M-CFC and one third from a
GM-CFC. Combining these data with our observations on
ER-MP12/20 expression by macrophage colony-forming
cells, we speculate that the ER-MP12%20- macrophage
precursors, which form the largest colonies, represent the
more immature GM-CFC and part of the M-CFC, while the
colony-forming macrophage precursors in the ER-
MPI2*20% subset might represent the majority of the
M-CFC.

Our data showed that the earliest M-CFC in the bone
marrow are ER-MP12820-, Recently splenic M-CFC were
found to express the ER-MP20 Ag at a high [evel and thus
differ from bone marrow M-CFC, which are ER-MP20- or
ER-MP20%m {14], Tt is unlikely that this difference in
ER-MP20 expression reflects a maturational difference
since the splenic ER-MP20M cefls are, like the bone marrow
ER-MP20- and ER-MP204™ cells, able to form large
macrophage colondes in culture, Therefore, it will be
inderesting to study the ER-MP12 Ag e\presslon of splenic
M-CFC, as, in bone marmow, this is clearly related 10
colony-forming capacity.

Both the differential counts and the macrophage precursor
frequencies (cf. Tables | and 2) of the ER-MP12M20~ and
ER-MP12+20* subsets indicale that these fractions do not
sofely conlain precursors of the macrophage lineage.
Morphological analysis of the subsets showed that precur-
sors of the erythroid, lymphoid and granulocytic lineages
are present in these subsets. In accordance with this
observation, we recently reported that ER-MP12¥20~ bone
marrow cells gave rise to both myeloid cells as well asTand
B cells upon intravenous (iv) transfer into irradiated
recipients {15}, Thus, although the ER-MPI12M20~ and
ER-MP12t20* bone marrow subseis are both highly
enriched for macrophage precursors, additional cell surface
markers are required to separate early macrophage precur-
sors from other hemopoietic progenitors.

A remarkable {inding was that no macrophage colonies or
clusters could be grown from ER-MP12™420~ bone mar-
row cells in M-CSF-stimulated culture. although we recent-
ly reported that ER-MP127¢¢20~ bone marrow cells, upon
i.v. transfer into irradiated recipients, were capable of both
myeloid and Tand B cell repopulation {15). This apparent
contradiction can be explained by the presence of more
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immature progenitors and multipotent stem cells within the
ER-MP122¢20~ subset (J.C.M van der Loo et al,, manu-
script in preparation). Such cells do not yet respond in
culture to M-CSF alone. In vivg, however, the cells most
likely meet the appropriate microenvironments and will
eventually become sensitive to M-CSF and form mature
macrophage progeny.

To cur knowledge, ER-MP12 and ER-MP20 are the first set
of mAb described which positively identify discrete, suc-
cessive macrophage precursor stages in the bone marrow of
the mouse. Furthermore, as the ER-MP12Y%20~ bone
marrow subset was found to contain macrophage precur-
sors as well as precursors of other lineages, it may be
possible, using additional markers, to identify early branch
points in hemopoiesis.
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General Discussion

The thymus is the central organ for T cell differentiation. Under the influ-
ence of its complex microenvironments, hematopoietic progenitor cefls of
extrathymic origin are induced to proliferate and to differentiate into mature,
immunocompetent T cells {1-4]. In postnatal life, this process is maintained
by BM-derived cells which under steady state conditions seed the thymus
continuously at a very low rate [b,6). The identity of the progenitor cells
which migrate from the BM to the thymus is not elucidated and it still
remains to be determined whether the thymus is populated by 1} multipotent
HSC, 2} progenitor cells with a lymphoid-restricted developmental potential,
or 3} progenitor cells that are committed to differentiate solely along the T
cell lineage (i.e pro-thymocytes). The main stumbiing-block in the identifica-
tion of the progenitor cells that actually seed the thymus is the absence of
cell surface markers that are specifically expressed by these cells and not by
any other stem and progenitor cells in the BM. In all cell separation strategies
so far used, TRA has been found to co-purify with a variety of other hemato-
poletic activities, including RPA, CFU-S d12 activity, in vitro colony-forming
activity, and multilineage STRA and LTRA {7-11].

In this thesis, we aimed at identifying new cell surface antigens which:
1) allow a positive identification of thymus-repopulating progenitor cells in
the BM of the mouse; 2} permit the separation of functicnally different
classes of thymus-repopulating BM cells; and 3) contribute to the understan-
ding of the progenitor-progeny relationships of the pre-thymic stages of T
cell development,

We have focused our attention on two Mab, ER-MP12 and ER-MP20,
which previously have been shown to recognize cell surface antigens on
subsets of macrophage progenitor cells [12], as well as other immature
hematopoietic cells in mouse BM of which the developmental potential was
not examined. The observation that fetal thymocytes also express the cell
surface antigens recognized by ER-MP12 and ER-MP20C prompted us to
investigate whether these Mab could be used for the positive identification of
thymus-repopulating progenitor cells in the BM of the mouse. To make
optimal use of ER-MP12 and ER-MPZ20, it was decided to analyze the cel
surface expression of the ER-MP12 and ER-MP20 antigens simultaneously
using two-color flow cytometry. On the basis of differential ER-MP12 and
ER-MP20 antigen expression, BM cells could be divided into six populations
of which the in vivo TRA was determined following FACS. The experimental
work described in chapters 2 and 3 demonstrate that BM cells with the
ability to reconstitute the thymus of irradiated mice express the ER-MP12
antigen but not the ER-MP20 antigen. This finding was confirmed using the
in vitro thymus reconstitution assay {chapter 5), Two phenotypically distinct
populations of thymus-repopulating BM cells could be discerned: an ER-
MP12M20~ population and an ER-MP12™M¢420~ population, comprising 1-2%
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and ~30% of total BM cells, respectively. /n vivo limiting dilution studies
revealed that the frequency of thymus-repopulating cells is highest in the
small subset of ER-MP12"20~ BM cells. Besides this quantitative difference,
a qualitative difference between the two populations was observed; ER-
MP12M20~ BM cells were far more efficient in reconstituting the thymus of
irradiated mice at three weeks after i.v. transfer than ER-MP12™M€920~ BM
cells. When measured one week later, the difference in the level of thymus
reconstitution bhetween both populations was no longer observed.

Taken together, we conclude that ER-MP12 detects a new positive
marker on BM cells capable of homing to and repopuiating the thymus of
irradiated mice. Two functionally different populations of thymus-repopula-
ting BM celis can be defined on the basis of differential ER-MP12 antigen
expression, i.e. a subset of ER-MP12PM20~ BM cells containing earfy
thymus-repopulating progenitor cells, and a population of ER- Mp12medap—
BM cells which encompasses cells that reconstitute the thymus with a
delayed kinetics, presumably because they need to undergo additional
maturational events within the BM microenvironment before acquiring the
capacity to migrate to the thymus.

Using ER-MP12 in combination with ER-MP20, we were not able to
identify progenitor cells with a developmental potential committed to the T
cell lineage (i.e. pro-thymocytes); in addition to T lymphocytes, both popula-
tions of ER-MP12*% BM cells gave rise to B lymphocytes and myeloid cells
upon iv, transfer into irradiated recipient mice (chapter 3}, suggesting that
both subsets contained progenitor ceils with other developmental potentials
and/or multipotent HSC. In an attempt to establish the progenitor-progeny
relationship between the two ER-MP12*% BM populations, we investigated
whether various, functionally defined hematopoietic stem and progenitor cell
subsets could be identified by a differential ER-MP12 antigen expression. In
chapter 4 of this thesis, we show that the majority of the maost primitive
HSC, i.e, LTRC and CAFC-28, are defined by the expression of intermediate
levels of ER-MP12 antigen. In contrast, most of the less primitive progenitor
cells, i.e. CAFC-5 and /n vitro clonable progenitor cells (see also chapter 6},
are found among BM cells expressing higher levels of ER-MP12 antigen.
Separation of BM cells on the basis of differential ER-MP12 antigen expres-
sion, however, did not result in a complete segregation of the CFU-S d12
activity with either the ER-MP12M20™ or the ER-MP12Me420— subset;
although 75% of the CFU-S d12 are characterized by intermediate levels of
ER-MP12 antigen expression, about 25% is defined by the expression of high
levels of ER-MP12 antigen. Taken together, the results presented in chapter
4 indicate that the ER-MP12 antigen is differentially expressed during the
early stages of hematopoiesis {Figure 1). Upon stem cell maturation, the level
of ER-MP12 antigen expression increases from intermediate to high. Our
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Figure 1. ER-MP12 antigen expression during hematopoistic development, Broken lines: remains
to be established. The majority {75%) of CFU-Sd12 are characterized by intermediate levels of
ER-MP12 antigen expression, while the remaining 26% express high levels of ER-MP12 antigen.

findings support the hypothesis that "early" thymus reconstitution is a
property of less primitive progenitor cells [11-14]. These "early" thymus-
repopulating progenitor. cells express relatively high levels of ER-MP12
antigen on their cell surface, On the other hand, more primitive HSC, charac-
terized by an intermediate level of ER-MP12 antigen expression, are capable
of homing to and repopulating the thymus only after a delay of approximate-
ly one week, in which they probably undergo additional maturational events
in the BM microenvironment. Although we did not directly establish the
lineage relationship between ER-MP12™¢920~ and ER-MP12M"20~ BM cells,
we hypothesize that the first population must go through a developmental
stage at which the level of ER-MP12 antigen expression becomes upregula-
ted before it acquires the capacity to repopulate the thymus of an irradiated
mouse {Figure 1).

Although the ER-MP20 antigen is not expressed by thymus-repopuiating
BM cells, it certainly contributes to their isolation by providing a means of
depleting the more mature stages of the myeloid lineages (chapters 4 and 6},
As the ER-MP12 and ER-MP20 antigens were first identified on macrophage
progenitor celis [12], it was important to determine whether distinct subsets
of macrophage progenitor cells could be identified on the basis of a differen-
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tial expression of the ER-MP12 and ER-MP20 antigens. In chapter 6 we
show that M-CSF-responsive BM cells reside within the ER-MP12 '20_ ER-
MP12+20%, and ER-MP12-20" BM populations. The ER- MP12m9d20_
subset, capable of giving rise to myeloid cells upon i.v. transfer (chapters 3
and 4), did not contain progenitor cells capable of responding to M-CSF
alone, This result is in good agreement with the data described in chapter 4,
in that the ER-MP12™®920~ population contains primitive, yet uncommitted
hematopoietic stem and progenitor cells which probably require a broader
array of growth factors for growth stimulation. Interestingly, BM cells
present in the ER-MP12M20~ population were capable of forming the largest
colonies in M-CSF-stimulated BM cultures, whereas ER-MP12*20% and ER-
MP12~ 20" BM cells mainly gave rise to large and small clusters, respective-
ly, suggesting that these three populations represent successive stages of
macrophage development. Indeed, the progenitor-progeny, relationship
between these phenotypically defined BM subseis was established by
demonstrating that in M-CSF-stimulated cultures, the putative earliest M-
CSF-responsive ER- MP12hi20~ macrophage progenitor cel!s successively
progressed through the ER-MP12%20% and ER-MP12~20M stages. Taken
together, we hypothesize that lineage restriction, i.e. loss of T cell lineage
developmental potential, and commitment to the macrophage lineage
coincides with upregulation of ER-MP20 antigen expression.

With regard to the in vitro TRA of ER-MP12M20~ BM cells, an unex-
pected observation was made {chapter B). in contrast to the thymus recon-
stitution /n vivo (chapter 2), the majority of the Thy-1 * progeny generated
from ER-MP12"20~ BM cells in dGuo-treated feta thymus lobes consisted
of immature CD4~CD8~ (DN) thymocytes, whereas ER-MP12Me920~ BM
cells mainly gave rise to CD4-CD8"* thymocytes. Moreover, a much higher
proportion of thymocytes derived from ER-MP12M%920~ BM cells expressed
the CD3 antigen and TcRaf on their cell surface. These results seem to
suggest that ER-MP12"20~ BM cells are less mature than ER-MP12™e920~
BM cells and require more time to differentiate into mature thymocytes.
However, the data presented in chapters 3 and 4 strongly suggest that the
contrary is true; upon i.v. transfer into irradiated mice, ER- MP12M20~ BM
cells repopulate the thymus faster than ER-MP12™M¢920~ BM cells (chapter
3} and analysis of the stem and progenltor cell content of both ER-MP12%
populations clearly revealed that ER-MP12 hi20— BM cells are less primitive
than ER-MP12™e920~ BM cells {chapter 4). We therefore sought for another
explanation. it has been shown by others that dGuo is not only toxic to
developing thymocytes, but also to thymic dendritic cells and their precur-
sors [156), which are part of the thymic microenvironment. We hypothesized
that the observed difference in the /n vitro thymus reconstitution potential
between both subsets of ER-MP12* BM cells may be explained by the
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inability of ER-MP12M20~ BM cells to restore the thymic microenvironment.
Due to an incomplete microenvironment, ER-MP12M20~ BM cells may not be
able to dlfferentlate intc mature thymocytes /n vitro. In contrast, the ER-
MP12™M920~ population may contain progenitor celis that are capable of
restoring the thymic microenvironment, afllowing the defferentlatlon of ER-
MP12™e%20~ BM cells to proceed further than that of ER-MP12M20— BM

cells.

Earlier studies have shown that the majority of thymus-repopulating cells
in mouse BM are characterized by the expression of high levels of Sca-1 and
c-kit, low levels of Thy-1, and very low or undetectable levels of Lin antigens
[7-9,11,16-21]. To establish the relationship between Thy-1"°Lin—/°g¢a-
1te- kn‘+ BM cells and both subssts of ER-MP12" BM cells, it is important
to determine whether cells with the Thy-1Lin~/Sca-1*c-kit* phenotype
can be identified among ER-MP12% BM cells. In chapter 3 we show that FR-
MP12T BM cells, in particular those expressing high levels of ER-MP12
antigen, are heterogeneous with respect to the expression of the above
mentioned cell surface markers, This phenotypic heterogeneity provides a
basis for further enrichment and characterization of the early thymus-
repopulating progenitor cells that are present among ER- MP12"20~ BM
cells. Although we did not test directly whether Thy-1°Lin—"°Sca-1*c-kit*
BM cells express the ER-MP12 antigen, the result of the phenotypic analysis
presented in chapter 3 suggests that such cells may be found among ER-
MP12* BM cells.

The use of ER-MP12 for the enrichment of thymus-repopulating progeni-
tor cells as well as HSC subsets has two important advantages over the mAb
that are currently applied for that purpose. First, ER-MP12 antigen expres-
slon is not restricted to any particular haplotype (chapter 3). Moreover, on
basis of differential ER-MP12 antigen expression, similar percentages of
primitive HSC have been recovered from either CB7BL/6-Ly-5.1 or BALB/c
mice {chapter 4). In contrast, expression of both the Sca-1 antigen and the
Thy-1 entigen is not an invariant characteristic of hematopoietic stem and
progenitor cells; the Sca-1 antigen is only constitutively expressed within the
hematopoistic stem and progenitor cell compartment of Ly-f:ib hapiotype mice
[22], while a low level of Thy-1 antigen expression is only a common feature
of (virtually all) hematopoietic stem and progenitor cells in Thy-1.1 genotype
mice {in Thy-1.2 genotype mice, stem cell activity is found among Thy-1'0 as
well as Thy-1~ BM cells [23]). These markers are therefore not widely
applicable for the isolation of hematopoietic stem and progenitor ceils from
mouse BM. Second, the ER-MP12 antigen is differentially expressed within
the hematopoietic stem and progenitor cell compartment (Figure 1}, whereas
the Thy-1 and Sca-1 antigens are not. Sorting on the basis of Thy-1 and Sca-
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1 antigen expression therefore results in the co-purification of the various
functionally defined classes of hematopoietic stem and progenitor celis.
Sorting on the basis of ER-MP12 antigen expression, on the other hand,
allows the separation of primitive HSC (including "fate" thymus-repopulating
ceils) from less primitive hematopoietic stem and progenitor cells {which
include "early" thymus-repopulating eells} {Figure 1).

The currently available data seem to favor the hypothesis that thymo-
cytopoiesis in postnatal {ife is maintained by multipotent HSC from BM (see
pathway A, Figure 2, Chapter 1) rather than by lymphoid-restricted progeni-
tor cells or pro-thymocytes [24,25]. In an attempt to get more information
about the nature of the BM cells that seed the thymus, Wu and co-workers
[26] searched for the immediate progeny of such cells in the thymus, A
minute population of precursor cells {cbalk intrathymic precursor population)
was identified that resemble the BM-derived muitipotent hematopoietic stem
and progenitor cells in surface phenotype, except that they aiso express the
Sca-2 antigen [27]. Analysis of the developmental potential of this early
intrathymic cpalb precursor population revealed that it is not restricted to
the T cell lineage; upon i.t. transfer, these cells are capable of differentiating
into T cells as well as dendritic cells {at very low frequencies} [28], whereas
upon i.v. transfer they give rise to both T and B lymphocytes, but not to
celis of the myeloid and erythroid lineages [27]. The cD4'e intrathymic
precursor cells reconstitute the thymus with a kinetics which is two days
delayed when compared to DN thymocytes, but which is two days faster
than that of Thy-1°Lin~/°Sca-1* BM cells {26]. Similar results were re-
ported with a population of intrathymic precursor celis isolated on the basis
of c-kit expression, which, upon i.v. transfer was shown to give rise to
NK1.1* cells as waell [29]. Although the functional potential of these
NK1.1t cells was not assessed, it suggests that the early intrathymic
precursor celis are capable of differentiating into natural killer (NK} cells.
Interestingly, a common precursor for the T cell lineage and NK cell lineage
has been identified in the fetal thymus [30]. It should be remarked that celis
capable of giving rise to myeloid colonies in vitro were detectable in both
populations of intrathymic precursor cells [27,29], indicating that these
populations are not completely devoid of myeloid progenitor activity. Collec-
tively, these data suggest that the thymus is seeded by uncommitted
progenitor cells rather than by lymphoid-restricted progenitor cells or pro-
thymocytes. Although the earliest intrathymic progenitor cells are capable of
giving rise to T cells, B cells, NK cells, and dendritic cells, they apparently
have lost the ability to generate granulocytes, macrophages and erythrocytes
following i.v, transfer into irradiated mice. These early intrathymic precursor
cells therefore differ from the multipotent Thy-1°Lin~/°Sca-1* BM cells.
However, irreversible commitment to the T cell lineage apparently occurs
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within the thymus at a developmental stage which is downstream from the
cD4'® intrathymic precursor stage.

Following the phenotypi¢ and functional characterization of the earliest
intrathymic CD4'° precursor population, Antica et al. [10] searched for their
immediate precursors in BM in an attempt to clarify whether restriction in
developmental potential takes place before or immediately after thymus
seeding. Using Sca-2 antigen expression as one of the selection parameters
(Sca-2 is expressed by the earliest intrathymic precursor celis but not by
muitipotent hematopoietic stem and progenitor cells in BM}, they succeeded
in isolating a population of BM celis which is characterized by the expression
of low levels of Thy-1 antigen and the expression of both Sca-1 and Sca-2
antigens. These BM cells do not express detectable levels of CD4 antigen or
any of the other Lin markers. Analysis of the developmental potential of Thy-
1°Lin—~Sca-1*tSca-2* BM cells revealed that their expansion potential within
the thymus is intermediate between that of multipotent Thy-1 ol in—°gca-1 * Sca-
2~ BM cells and intrathymic Thy-1°CD4"°Sca-1*Sca-2% precursor celis.
Furthermore, in contrast to the earliest intrathymic precursor ceils these Thy-
1°Lin—Sca-1*Sca-2* BM cells are capable of differentiating into B cells and
myeloid cells upon i.v. transfer into irradiated recipient mice. Compared to
Thy-1'°Lin="°Sca-1 * BM cells, however, these Sca-2+ BM cells give rise to
a reduced number of CFU-S d12, which are also smaller in size. Taken
together, these data again support the hypothesis that lineage restriction and
T cell commitment take place within the thymus,

Whereas attemptis to identify pro-thymocytes in the BM of aduit mice
have {as yet} been unsuccessful, a subset of precursor cells has recently
been identified in fetal blood at day 15.b of gestation which fully meet the
criteria of pro-thymocytes, namely: 1) an efficient thymus-reconstituting
potential, 2} no multilineage repopulating activity, and 3) present in a pre-
thymic compartment [30,31]. Upon i.t. and i.v. transfer, these fetal blood-
derived pro-thymocytes, which are characterized by the expression of
intermediate levels of Thy-1 antigen and low levels of c-kit, transiently
reconstitute the thymus. They however lack /n vive and in vitro multipotent
progenitor activities. Interestingly, a small proportion of these pro-thymo-
cytes has already begun to rearrange their TcR-f genes. A phenotypically
identical population was found in fetal blood of athymic mice, suggesting
that during embryogenesis T cell lineage commitment may precede thymus
colonization, It should be noted, however, that the thymus-reconstituting
potential of this particular subset cbserved in fetal blood of athymic mice
was not assessed,

In addition to pro-thymocytes, fetal blood was also shown to contain
multilineage LTRC which lack Thy-1 antigen expression and express interme-
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diate leveis of c-kit [30,31]. Thymus reconstitution by this fetal blood
Thy-1"c-kit" cells is delayed by five days when compared with fetal blood
pro-thymocytes. However, unlike fetal blood pro-thymocytes, these Thy-
1 c-kitt cells are capable of long-term reconstitution of the thymus.

It remains to be determined whether pro-thymocytes are confined to
fetal development, or whether they also exist at a pre-thymic stage in adult
life. In this respect, one should bear in mind that differences between the
developmental potential of embryonic and adult HSC have been reported
[2B]. Therefore, it can not be excluded that pro-thymocytes are generated
during fetal life only, and that thymocytopolesis in postnatal life is maintai-
ned by multipotent HSC,

A novel approach to address lineage commitment and differentiation is
to analyze the expression patterns of DNA-binding transcription factors
which play a critical role in the regulation of gene expression {and thus
cellular phenotype} during differentiation [33}. By creating "knockout” mice
that carry a mutation in a particular transcription factor gene, it may be
possible to identify lineage relationships and early branchpoints during the
early stages of lymphocyte development.

Recently, a lymphoid-restricted transcription factor {lkaros), encoding a
family of zinc-finger DNA-binding proteins, has been tested for its role in the
regulation of lymphocyte commitment and differentiation {34]. Mice homolo-
gous for a germline mutation in the ikaros gene were shown to lack imma-
ture as wel as mature T and B cells, and NK cells. In contrast, the myeioid
and erythroid lineages were not affected. These results show that the lkaros
transcription factor plays a pivotal role in the development of T, B, and NK
cells. However, definite proof demonstrating that tkaros knockout mice lack
progenitor cells with the capacity to generate T cells, B cells, and NK cells
has to await celil transfer studies. Although the results may be interpreted as
indicative for the existence of a common progenitor cell for the T cell, B cell,
and NK cell lineage, it cannot be excluded that absence of functional tkaros
proteins affects unrelated cell lineages that share common regulatory mecha-
nisms,

In eonclusion, progenitor cells restricted to differentiate along the lym-
phoid lineages, as well as pro-thymocytes have not yet been clearly identi-
fied in the BM of adult mice. Therefore, the identity of the cells from BM that
colonize the thymus throughout life still remains to be established.

REFERENCES

t.  Van Ewijk W. T-cell differentiation is influenced by thymic microenvironments. Ann Rev
immunel 1881;9:591-616.

126



10,

11

12.

13.

14.

15,

16.

17.

18,

19.

20,

21.

22,

23,

24,
26,

General Discussion

Boyd RL, Hugo P, Towards an integrated view of thymocytopoiesis, immunol Today 1981;
12:71-8,

Nikolic-Zugic. Phenotypic and functional stages in the intrathymic development of ofp T
cells, Immunol Today 1991;12:65-70,

Kruisbesek AM. Development of aff T cells. Curr Opin immunob 1993;6:227-34,

Scollay R, Smith J, Stauffer V. Dynamics of early T cells: prothymocyte migration and
proliferation in the adult mouse thymus. Immunol Rev 1886;91:129-57,

Donskoy E, Goldschneider |, Thymooytopoiesis is maintained by blood-borne precursors
throughout postnatal life. A study in parabiotic mice. J Immunol 1992;148:1604-12.
Spangrude GJ, Heimfeld S, Weissman Il., Purification and characterization of mouse
hematopoietic stem cells, Science 1988;241:58-62,

de Vries P, Brasel KA, McKenna HJ, Williams DE, Watson JB. Thymus reconstitution by c-
kit-expressing hematopoietic stem cells purified from adult mouse bone marrow. J Exp Med
1992;176;1603-9.

Okada S, Nagayoshi K, Nakauchi H, Nishikawa S-I, Miura Y, Suda T. Sequential analysis of
hematopoietic reconstitution achieved by transplantation of hematopoietic stem cells,
Blood 1993;81:1720-6,

Antica M, Wu L, Shortman K, Scollay R. Thymic stem cells in mouss bone marrow, Blood
1994;84:111-7.

LI CL, Wu L, Antica M, Shortman K, Johnsen GR, Purified murine long-term in vivo
hematopoistic repopulating cells are not prothymocytes. Exp Hematot 1995;23:21-5.
Leanen PJM, Melis M, Slieker WAT, van Ewijk W. Murine macrophage precursor charac-
terization. Il. Menoclonat antibodies against macrophage precursor antigens. Eur J Immunol
1990;20:27-34.

Mulder AH, Visser JWM. Separation and functional analysis of bone marrow cells separa-
ted by rhodamine-123 fluorescence. Exp Hemato! 1987:15:99-104,

Mulder AH. Differentiation of hemopoietic stemn cells in the thymus [PhD thesis]. Rotter-
dam, Erasmus University, 18886,

Owen JJT, Jenkinson EJ. Early events In T lymphocyte genesis in the fetal thymus, Am J
Anat 1984;170:301-10.

Spangrude GJ, Muller-Sieburg CE, Heimfeld S, Weissman IL. Two rare populations of
mouse Thy-1' bone marrow cells repopulate the thymus. J Exp Med 1988;167:1671-83.
Spangrude GJ, Klein J, Heimfeld S, Aihara Y, Weissman IL. Two monoclonal antibodies
identify thymic-repopulating cells in mouse bone marrow. J Immunol 1989;142:4256-30.
Spangrude GJ, Scollay R. A simplified method for enrichment of mouse hematopoistic stem
cells. Exp Hamatol 1890;18:920-6.

Spangrude GJ, Scollay R. Differentiation of hamatopoietic stem cells in irradiated mouse
thymic lobes. Kinetics and phenotype of progeny. J Immunol 1990;145:3661-8.

Okada S, Nakauchi H, Nagayoshi K, Nishikawa 5, Nishikawa S-I, Miura ¥, Suda T. Enrich-
ment and characterization of murine hematopoletic stem calls that express c-kfit molecule.
Blood 1991;78:1707-12.

Chervenak R, Dempsey B, Soloff R, Wolcott RM, Jennings SR. The expression of CD4 by T
cell precursors resident in both the thymus and the bone marrow. J [mmunol
1993,151:4486-93,

Spangrude GJ, Brooks DM. Mouse strain variability in the expression of the hematopoietic
stem cell antigen Ly-6A/E by bone marrow cells. Blood 1993;82:3327-32.

Spangrude GJ, Brooks DM, Phenotypic analysis of mouse hematopoietic stem cells shows
a Thy-1-negative subset, Bleod 1992;80:1967-64,

O’Neilt HC. Prothymocyte seeding in the thymus. Immuno! Lett 1891;27:1-6,

Ikuta K, Uchida N, Frisdman J, Weissman IL. Lymphocyte developmaent from stem calls.
Ann Rev Immunol 1992;10:7569-83,

127



26,
27.

28,

29,

30.

31.

32.
33.

34,

128

Chapter 7

Wu L, Scollay R, Egerton M, Pearse M, Spangrude GJ, Shortman K, CD4 expressed on
earliest T-lineage pracursor cells in the adult murine thymus. Nature 1991;349:71-4,

Wu L, Antica M, Johnson GR, Scollay R, Shortman K. Developmental potential of the
earliest precursor cells from the adult mouse thymus. J Exp Med 1991;174:1617-27.
Ardavin C, Wu L, Chung-Leung L, Shortman K. Thymic dendritic cells and T cells develop
simultaneousty in the thymus from a common precurser population. Mature 1993;362:761-
3.
Matsuzaki Y, Gyotoku J-l, Ogawa M, Nishikawa S-|, Katsura Y, Gachelin G, Nakauchi H.
Characterization of c-kit positive intrathymic stem cells that are restricted fo lymphoid
diffarentiation. J Exp Med 1993;178:1283-92,

Rodewald H-R, Moingeon P, Lucich JL, Dasiou C, Lopez P, Reinherz EL. A population of
early fetal thymocytes expressing Foyll/lll contains precursors of T lymphocytes and natural
killer celis, Cell 1992;69:139-50.

Rodewald H-R, Kretzschmar K, Takeda S, Hohi C, Dessing M. Identification of pro-
thymocytes in murine fetal blood: T lineage commitment can preceds thymus colonfzation,
EMBO J 1994;13:4229-40.

Rodewald H-R. Pathways from hematopoistic stem cells to thymocytes. Curr Opin Immunol
1995,;7:176-87.

Clevers HC, Oosterwegsl MA, Georgopoulos K. Transcription factors in early T-cell
development. Immunol Today 1993;14:5691-6.

Georgopoulos K, Bigby M, Wang J-H, Molnar A, Wu P, Winandy S, Sharpe A, The lkaros
gene is required for the development of all lymphoid lineages. Cell 1994;79:143-56.



SUMMARY







Summary

The thymus is the major site for T cell development. Throughout postnatal
life, thymocytopoiesis is maintained by bone marrow {BM)-derived hematopoie-
tic progenitor cells which populate the thymus continuously at a low rate. The
exact nature of these progenitor cells is still not known and it remains to be
determined whether the thymus is populated by 1) multipotent hematopoietic
stem ceils {HSC), 2) progenitor celis with a lymphoid-restricted developmental
potential, or 3) precursor cells that are committed to differentiate solely along
the T cell lineage (i.e. pre-thymocytes). One approach to identify the pre-thymic
stages of T cell development in the mouse is to isolate putative progenitor cell
populations on the basis of their cell surface characteristics and to establish
lineage relationships by assessing their developmental potential in different in
vivo and /n vitro systems. As yet, the only way of identifying BM cells capable
of differentiating into mature T cells is by testing their ability to repopulate
either the thymus of irradiated mice /n vivo or lymphoid-depleted fetal thymus
iobes in vitro. The identification of thymus-repopulating progenitor ceils has
been hampered by the absence of cell surface antigens that are specifically
expressed by these progenitor cells and not by any other stem and progenitor
cells in the BM. In all isolation procedures so far used, thymus-repopulating
activity has been found to co-purify with a variety of other hematopoietic
activities, including the capacity to give rise to B cells, myeloid celis and
erythroid cells,

The work described in this thesis aimed at identifying new cell surface
markers that contribute to 1} the positive identification of thymus-repopulating
progenitor cells in the BM of the mouse, 2} the identification of functionally
different classes of thymus-repopulating BM cells, and 3} the understanding of
the progenitor-progeny relationships during the pre-thymic stages of T cell
development. Two moncclonal antibodies {mAb), ER-MP12 and ER-MP20,
which were previously shown to recognize cell surface antigens on progenitor
cells in mouse BM, among which those of the macrophage lineage, were
studied for their use in the identification of thymus-repopulating progenitor celis.
Using ER-MP12 and ER-MP20 simuitaneously in two-color flow cytometric
analysis, six populations of BM cells could be identified on the basis of a
differential expression of the ER-MP12 and ER-MP20 antigens (chapter 2}.
Fluorescence-activated cell sorting (FACS) followed by either direct intrathymic
{i.t.) or intravenous {i.v.} transfer of these BM subsets into irradiated recipient
mice revealed that thymus-repopulating BM cells were present in two
popuiations that expressed either high {(ER-MP12M) or intermediate (ER-
MP12™Med) |evels of ER-MP12 antigen but lacked the expression of ER-MP20
antigen (ER-MP207) (chapter 2 and 3). The hi%hest frequency of thymus-
repopulating BM cells was found in the ER-MP12"20~ population {comprising
1-2% of total BM cells). it was concluded that ER-MP12 detects a hitherto
unknown cell surface antigen on thymus-repopulating progenitor cells in the BM
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of the mouse. The subsets contained functionally different progenitor cells, in
that ER-MP12M20~ BM cells were relatively more efficient in repopulating the
thymus within three weeks after i.v. transfer {i.e. "early" thymus reconstitution)
than ER-MP12Me420~ BM cells {which were responsible for "late” thymus
reconstitution). We hypothesized that the ER-MP1 2Med20~ subset contained
more primitive HSC or progenitor cells which needed to undergo additional
maturational events, presumably in the BM, before they acquired the capacity
to home to the thymus, whereas ER-MP12M20~ thymus-repopulating BM celis
already had acquired this ability.

Both populations of ER-MP12* BM cells gave rise to B cells and myeloid
cells in addition to T cells, upon i.v. transfer into irradiated recipient mice,
suggesting that both populations contain progenitor cells with other develop-
mental potentials and/or multipotent HSC, Using different HSC assays, we
demonstrated that the ER-MP12 antigen is indeed differentially expressed within
the HSC compartment {chapter 4}. Our findings support the hypothesis that less
primitive progenitor cells, expressing relatively high levels of ER-MP12 antigen,
are responsible for "early" thymus reconstitution, while more primitive
hematopoietic stem and/or progenitor cells, characterized by the expression of
intermediate levels of ER-MP12 antigen, nead more time to acquire the capacity
to home to and repopuiate the thymus, We hypothesize that the ER-
MP12Med20- BM cells must go through a developmental stage at which the
level of ER-MP12 antigen expression becomes upregulated before they acquire
the capacity to repopulate the thymus,

The thymus reconstitution potential of the six BM popuiations defined by
differential expression of the ER-MP12 and ER-MP20 antigens was also
evaluated /i vitro using deoxyguanosine (dGuo)-treated fetal thymus organ
cultures (FTOC) (chapter B}, in agreement with the /n vivo thymus reconstitu-
tion studies, thymus-repopulating activity was confined to the ER-MP1 2hiag—
and ER-MP12M2920~ subsets of BM cells, /n vivo most of the thymacytes
generated from ER-MP12M20™ and ER-MP12™%920~ BM cells expressed both
CD4 and CD8B antigens. However, in vitro the majority of the thymocytes
derived from ER-MP12M20~ BM cells were stifl in the CD4~CD8~ (DN} stage.
ER-MP12™M®d20~ BM cells, on the other hand, gave in vitro rise to mainly
CD4~8% thymocytes. In addition, a five-fold higher percentage of CD3%
thymocyies was generated in fetal thymus |obes reconstituted with ER-
MP12™ed20- BM cells. These data seem to suggest that ER-MP12"20~ BM
cells need more time to differentiate into mature thymocytes than ER-
MP12™Med20~ BM cells, which is in sharp contrast with the /n vive findings. We
hypothesize that the ohserved difference in the in vitro thymus developmental
potential between both subsets may be explained by the inability of ER-
MP12h20~ BM cells to restore the thymic microenvironment with BM-derived
dendritic cells. These cells are part of the thymic microenvironment and are
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needed for the final steps In T cell differentiation. }t has been demonstrated by
others that dGuo treatment also results in the deplietion of thymic dendritic
cells. The ER-MP12med20~ population may contain the required progenitor cells
capable of giving rise to dendritic cells, resulting in the restoration of the thymic
microenvironment, and allowing the differentiation of ER-MP1 2medo0— BM cells
to proceed further than that of ER-MP12M20~ BM cells.

Although the ER-MPZ20 antigen is not expressed by thymus-repopulating
progenitor cefls, it contributes to their purification by providing a means of
depleting the more mature stages of the myeloid lineages from BM cell
suspensions {chapter 4). As both ER-MP12 and ER-MP20 antigens were first
identified on macrophage progenitor cells, we also determined whether distinct
subsets of macrophage progenitor cells could be distinguished in the BM of the
mouse according to differences in the levels of ER-MP12 and ER-MP20 antigen
expression. On the basis of a differential expression of the ER-MP12 and ER-
MP20 antigens, three distinct M-CSF-responsive macrophage precursor subsets
could be identified, which represent successive stages along the following
maturation pathway; ER-MP12M20~ — ER-MP12%20% — ER-MP12-20M
(chapter 6).

Whereas ER-MP12™€920™ BM cells gave rise to myeloid cells upon i.v.
transfer, they were not capable of differentiating into macrophages upon in vitro
stimulation with M-CSF alone. This finding is in good agreement with the
observation that the ER-MP12™Me920~ BM subset is enriched for yet uncom-
mitted, primitive hematopoietic stem and progenitor cells which /n vitro need
more stimuli than M-CSF alone to form mature macrophages. We hypothesize
that loss of T cell lineage developmental potential and commitment to the
macrophage lineage coincides with the upregulation of ER-MP20 antigen
expression.

The use of ER-MP12 for enrichment of thymus-repopulating progenitor cells
and HSC subsets has two important advantages over anti-Sca-1 and anti-Thy-1,
which are the mAb that are currently widely employed for this purpose. Firstly,
ER-MP12 antigen expression is not restricted to any particular haplotype, as is
the case of Sca-1 and Thy-1 antigen expression. Secondly, sorting on the basis
of ER-MP12 antigen expression permits the separation of "late" thymus-
repopulating progenitor cells from "early” thymus-repopulating progenitor cells,
whereas sorting on the basis of Thy-1 and Sca-1 antigen expression resuits in
the co-purification of both types of thymus-repopulating progenitor cells. As the
ER-MP12M20~ BM population is heterogeneous with respect to the expression
of several cell surface antigens, including Thy-1, Sca-1, CD44, c-kit, and the B
cell differentiation antigen B220 (chapter 3}, it may be possible to further purify
and characterize the "early” thymus-repopulating progenitor cells from this BM
population.
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The currently available data seem to favor the hypothesis that T cell
development in postnatal fife is maintained by multipotent progenitor cells rather
than by lymphoid-restricted progenitor cells or pro-thymocytes. Multipotent
hematopoietic stem and progenitor cells are difficuit to detect within the
thymus, suggesting that lineage restriction and commitment to the T celt lineage
occurs relatively soon after their arrival in the thymus. Pro-thymocytes have
recently been detected in mouse fetal blood, However, it cannot be excluded
that pro-thymocytes are generated during fetal life only, and that T cell
development in postnatal life is maintained by multipotent hematopoietic stem

or progenitor cells.
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Samenvatting

T-celontwikkeling vindt voornamelijk plaats in de thymus. Na de geboorte
wordt de T-celontwikkeling in stand gehouden door uit het beenmerg af-
komstige hematopoietische voorlopercellen die de thymus onafgebroken in een
laag tempo koloniseren. De exacte identiteit van deze voorlopercellen is nog
steeds niet opgehslderd en de vraag is of de thymus wordt bevolkt door 1}
muitipotente hematopoietische stamcellen, 2) voorlopercellen met een lymfoid-
gerestricteerd ontwikkelingsvermogen, of 3) voorlopercellen die gecommitteerd
zijn om uitsluitend te differentiren in de T-celdifferentiatierichting {i.e. pro-
thymocyten). Een manier om de pre-thymaire stadia van de T-celontwikkeling
in de muis te identificeren is om vermeende voorloperpopulaties te isoleren op
basis van hun celoppervlaktekenmerken en de verbanden tussen de verschil-
lende differentiatieliinen te bepalen. Tot nu toe kan het vermogen van
voorlopercellen om te differentiéren tot rijpe T-cellen alleen worden vastgesteld
door ze te testen /n vivo op hun capacitsit om de thymus van bestraalde muizen
te repopuleren of in vitro op hun vermogen om lymfoid-gedepleteerde fostale
thymuslobben te reconstitueren, De identificatie van thymus-repopulerende
voorlopercellen wordt belemmerd door de afwezigheid van celoppervlak-
teantigenen die uitsluitend tot expressie worden gebracht door deze voorioper-
cellen. In alle isolatieprocedures die tot dusver zijn gebruikt, viel de thymus-
repopulerende activiteit samen met een verscheidenheid aan andere hematopoi-
etische activiteiten, zoals het vermogen om te differentiéren in B-cellen,
myeloide cellen en erytroide cellen,

Het werk dat beschreven wordt in dit proefschrift had als doel om nieuwe
celoppervlaktemarkers te vinden die bijdragen aan 1) de positieve identificatie
van thymus-repopulerende voorlopercelten in het beenmerg van de muis, 2) de
identificatie van functioneel verschillende klassen van thymus-repopulerende
beenmergceilen, en 3} het verkrijgen van inzicht in de voorloper-nakomeling
relaties tijdens de pre-thymaire stadia van T-celontwikkeling. Twee monoklonale
antistoffen, ER-MP12 en ER-MP20, waarvan eerder was aangetoond dat ze
oppervlakteantigenen herkennen op vooriopercellen in het beenmerg van de
muis {waaronder onder andere macrofaagvoorlopercellen}, zijn onderzocht op
hun toepasbaarheid voor de identificatie van thymus-repopulerende voorioper-
cellen. Door ER-MP12 en ER-MP20 te gebruiken in een twee-kleuren flow-
cytometrische analyse, konden zes populaties beenmergcellen worden
onderscheiden op basis van een differentiéle expressie van de ER-MP12 en ER-
MP20 antigenen {hoofdstuk 2). Fluorescentie-geactiveerde celsortering gevolgd
door intrathymaire injectie of intraveneuze transfer van deze beenmergsub-
populaties in bestraalde ontvangermuizen, liet zien dat thymus-repopulerende
beenmergcellen aanwezlg waren in 2 populaties met ofwel een hoge (ER-
MP12") of een intermediaire (ER-MP12M%% expressie van het ER-MP12
antigeen en geen expressie van het ER-MP20 antigeen {(ER-MP207) {hoofdstuk
2 en 3}. De hoogste frequentie van thymus-repopulerende beenmergcsllen werd
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gevonden in de ER-MP12M20~ subpopulatie (bestaande uit 1-2% van alle
beenmergcellen}. Er werd geconcludeerd dat ER-MP12 een tot nog toe
onbekende celoppervlaktemarker herkent opthymus-repopulerende voorlopercel-
len in het beenmerg van de muis. De subpopulaties bevatten functioneel
verschillende voorlopercellen, aangezien de ER-MP12M20~ heenmergcellen
relatief efficiénter waren in hun vermogen om de thymus te repopuleren binnen
drie weken na intraveneuze transfer {i.e. "vroege" thymusreconstitutie} dan de
ER-MP12™e920" beenmergcellen {welke verantwoordelijk waren voor een "late”
thymusreconstitutie}. Een verklaring hiervoor zou kunnen zijn dat de ER-
MP 12920~ populatie primitievere hematopoietische stamcelien of voorloper-
celten bevat, welke additionele maturatiestappen moeten ondergaan, mogelijk
in het beenmerg, voordat zij naar de thymus kunnen migreren, ER-MP1 2hi20-
thymus-repopulerende beenmergcellen, daarentegen, zouden deze eigenschap
reeds hebben verkregen,

Beide populaties bleken in staat te zijn om naast T-cellen ook B-cellen en
myeloide cellen te kunnen vormen na intraveneuze injectie in bestraalde
ontvangermuizen, Dit suggereert dat beide populaties voorlopercellen bevatten
met andere ontwikkelingspotenties en/of multipotente hematopoietische
stamcellen. Wij hebben met behulp van verschillende hematopoietische
stamcelassays aangetoond dat het ER-MP12 antigeen inderdaad differenties! tot
expressie wordt gebracht binnen het hematopoietische stamcelcompartiment
{hoofdstuk 4), Onze bevindingen ondersteunen de hypothese dat minder
primitieve voorlopercellen, die het ER-MP1 2 antigeen relatief hoog tot expressie
brengen, verantwoordelijk zijn voor "vroege"” thymusreconstitutie. Daarentegen
hebben primitievere hematopoietische stamcellen en/of voorlopercellen, welke
gekarakteriseerd worden door een intermediaire expressie van het ER-MP12
antigeen, meer tij[d nodig om het vermogen krijgen om naar de thymus te
migreren. Aangenomen wordt dat ER-MP12M#920™ beenmergcellen eerst een
ontwikkelingsstadium moeten doorlopen waarbij de expressie van het ER-MP12
antigeen wordt opgereguleerd, voordat zij het vermogen krijgen om de thymus
te repopuleren.

Het thymus-reconstituerend vermogen van de zes beenmergpopulaties,
welke gedefinieerd worden door differentiéle ER-MP12 en ER-MP20 antigeenex-
pressie, is ook onderzocht Jin vitro in deoxyguanosine-behandelde foetale
thymusorgaankweken (hoofdstuk 5). In overeenstemming met de in vivo
thymusreconstitutiestudies, was de thymus-repopulerende activiteit baperkt tot
de ER-MP12M20~ en ER-MP12Med20— populaties van beenmergcelien, /n vivo
brachten de meeste thymocyten die werden gegenereerd uit ER-MP12"20~ en
ER-MP12™ed20~ beenmergcelien zowel het CD4 als het CDB8 antigeen tot
expressie. Echter, in vitro bevond de meerderheid van de thymocyten afkomstig
van ER-MP12M20~ beenmergcellen zich nog steeds in het CD4~CD8™ stadium,
ER-MP12™8920~ beenmergcellen daarentegen, ontwikkelden zich in vitro
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voornamelijk in CD4~CD8™ thymocyten. Daarnaast werd in fostale thymus-
lobben die gereconstitueerd waren met ER-MP12Medng- beenmergcellen een
vijfmaal zo hoog percentage CD_3+ thymocyten gevonden, Deze gegevens fijken
te suggereren dat ER-MP1 2M20~ cellen meer tijd nodig hebben om te
differentiéren tot rijpe thymocyten dan ER-MP12M€d20~ cellen, hetgeen in
scherp contrast is met de /n vivo bevindingen. Een verklaring voor het
waargenomen verschil in in vitro differentiatiecapaciteit tussen beide subsets
zou kunnen zijn dat ER-MP1 2hiog— beenmergcellen niet in staat zijn om zich te
ontwikkelen tot dendritische cellen. Deze cellen vormen een deel van de micro-
omgeving van de thymus en zijn nodig voor de laatste stappen van T-celontwik-
keling. In het verleden is door anderen aangetoond dat deoxyguanosinebehande-
ling van de foetale thymuslobben ook leidt tot de depletie van de dendritische
celien. De ER-MP12™®920~ populatie zou voorlopercelien kunnen bevatten die
wel in staat zijn om te differentiéren in deze dendritische cellen, met als gevolg
dat de micro-omgeving van de thymus wordt hersteld en de multipotente ER-
MP12™e420~ beenmergcellen zo verder kunnen differentisren dan ER-

MP12M20~ beenmergcelien.

Thymus-repopulerende vooriopercellen blijken het ER-MP20 antigeen niet
tot expressie te brengen. Toch draagt ER-MP20 bij tot de zuivering van deze
voorlopercellen, omdat het kan worden gebruikt voor de depletie van de rijpere
myeloide cellen uit beenmergcelsuspensies (hoofdstuk 4). Aangezien zowsel het
ER-MP12 als het ER-MP20 antigeen in eerste instantle zijn aangetoond op
macrofaagvooriopercellen, is onderzocht in welke van de zes door ER-MP12 en
ER-MP20 gedefiniserde beenmergpopulaties macrofaagvoorlopercellen aan-
wezig waren. Op basis van de differentiéle expressie van de ER-MP12 en ER-
MP20 antigenen, konden drie verschiliende populaties van M-CSF-responsieve
macrofaagvooriopercellen worden onderscheiden in het beenmerg van de muis.
Deze populaties representeren opeenvolgende stadia in een lineaire maturatier-
eeks: ER-MP12"20~ - ER-MP12+20% — ER-MP12~20" {hoofdstuk 6),

Hoewel ER-MP12™2920~ beenmergcellen in staat waren om te differenti-
eren in myeloide cellen na intraveneuze injectie in bestraalde muizen, bleken zij
niet in staat te zijn om rijpe macrofagen te vormen na in vitro stimulatie met
alleen M-CSF. Deze bevinding is in overeenstemming met het feit dat de ER-
MP12Me420~ beenmergsubpopulatie verrrijkt is voor nog ongecommitteerde,
primitieve hematopoietische stamcellen en vooriopercellen, welke in vitro meer
stimuli nodig hebben dan M-CSF alieen om in macrofagen te kunnen differen-
tiéren. Onze hypothese is dat opregulatie van de ER-MP20 antigeenexpressie
gepaard gaat met "commitment” naar de macrofaagdifferentiatierichting en
verlies van het vermogen tot T-celontwikkeling.

De toepassing van ER-MP12 voor de verrijking van thymus-repopulerende
vooriopercellen en hematopoietische stamcelsubpopulaties heeft twee belang-
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rijike voordelen ten opzichte van anti-Sca-1 en anti-Thy-1, de monoklonale
antilichamen die momentee! veslvuldig voor dit doel worden gebruikt. Ten
eerste is de ER-MP12 antigeenexpressie niet beperkt tot één bepaald hapiotype.
Dit is wel het geval voor de Sca-1 en Thy-1 antigenen. Ten tweede, sortering
op basis van ER-MP12 antigeenexpressie maakt het mogelijk om "late” thymus-
repopulerende voorlopercelien te onderscheiden van "vroege" thymus-repopule-
rende voorlopercellen, hetgeen op basis van Thy-1 en Sca-1 antigeenexpressie
niet mogelijk is. De ER-MP12M20~ populatie is heterogeen met betrekking tot
de expressie van onder andere Thy-1, Sca-1, CD44, c-kit en de B-celdifferenti-
atiemarker B220. Deze heterogeniteit kan de basis zijn voor een verdere
zuivering en karakterisering van "vroege” thymus-repopulerende vooriopercellen,
uit deze populatie beenmergcellen.

De tot nu toe beschikbare gegevens pleiten voor de hypothese dat T-
celontwikkeling na de geboerte in stand wordt gehouden door multipotente
voorloperceilen en niet door lymfoid-gerestricteerde voorlopercellen of pro-
thymocyten. Echter, multipotente hematopoietische stamcellen zijn niet of
nauwelijks aantoonbaar in de thymus. Dit suggereert dat multipotente thymus-
repopulerende voorlopercellen vrijwel direkt na hun aankomst in de thymus
restrictie en "commitment” naar de T cel differentiatierichting ondergaan.

Onlangs zijn pro-thymocyten aangetoond in het bloed van foetale muizen.
Het kan echter niet worden uitgesloten dat pro-thymocyten alleen gedurende
de foetale ontwikkeling voorkomen en dat T-celdifferentiatie na de geboorte in
stand wordt gehouden door multipotente hematopoietische stamcellen of
voorlopercellen.
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BSA
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CAFC
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CFC

CFU
CFU-C
CFU-8
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dGuo-FTOC
DMEM
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5-FU
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IL
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LTBMC
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Abbreviations

antigen

bovine serum albumin

bone marrow

cobblestone area(s)

cobblestone area-forming cell{s)

countercurrent centrifugal elutriation
colony-forming cell{s)

colony-forming unit

colony-forming unit in culture

cotony-forming unit of the spleen
colony-stimulating factor

day

Dutton’s balanced salt solution

DBSS supplemented with 5% FCS

DBSS supplemented with 5% FCS, 60 ug/ml peniciliin
and 100 pg/mi streptomycin

deoxyguanosine

deoxyguanosine-treated fetal thymus organ culture
Dulbecca’s modified Eagle’s medium

double negative

double positive

erythropoietin

biotinylated ER-MP12

biotinylated ER-MP20

fluoresceinated ER-MP12

fluorescence-activated cell sorting

fetal calf serum

fluorescein isothiocyanate

fetal liver
b{6)-carboxyfluorescein-N-hydrexysuccinimide ester
forward scatter

forward light scatter

fetal thymus organ culture

5-fluorouracil

goat anti-rat immunoglobulin conjugated to phycoery-
thrin

day of gestation

hour

high proliferative potential colony-forming cell{s)
hematopoietic stem cell{s)

interleukin

intravenous

intrathymic

lineage-specific cell surface marker(s)

long-term bone marrow cuiture(s}

long-term repopulating ability
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MHC
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PBS-BSA-NaNy
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sD
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Abbreviations

long-term repopulating cell{s)
kilodalton

kit ligand

L cell-conditioned medium
monoclonal antibody
magnet-activated cell sorting
macrophage colony-forming cell{s)
macrophage colony-stimulating factor
mast ceil growth factor

major histocompatibility complex
marrow-repopulating ability
molecular weight

norma! {unseparated) bone marrow
normal (unseparated) bone marrow cells
natural killer

phosphate-buffered saline

PBS supplemented with 1% (0.5%) BSA and 20 mM
NaN3

phycoerythrin

perpendicular light scatter

pokeweed mitogen-stimulated mousespleen-conditioned
medium

rabbit anti-rat{Fab), conjugated to FITC
rhodamine 123

radioprotective ability
streptavidin-conjugated phycoerythrin
streptavidin-conjugated TRICOLOR
stem cell factor

severe combined immunodeficiency
standard deviation

standard error of the mean

side scatter

Steel

Steel factor

single positive

short-term repopulating ability
short-term repopulating cell{s}

total bone marrow

T cell receptor

thalassemic

triple negative

thymus-repopulating ability
TRICOLOR

unit

white spotting

wheat germ agglutinin
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Ewijk. Beste Willem, ik denk dat ik zonder jouw geloof in mijn kunnen dit
proefschrift nooit zou hebben kunnen schrijven. Jouw enthousiasme voor
fundamentee! onderzoek is ongeévenaard. Jij hebt mij aangestoken met jouw
nieuwsgierigheid om het hoe en waarom van de "black box" {(de thymus) te
doorgronden. Daar zal ik dus mijn hele verdere leven "last" van hebben.
Prof. {Rob) Benner en dr. {Herbert) Hooijkaas ben ik zeer erkentelijk voor de
ruimte die zij mij hebben geboden om dit proefschrift af te maken. Daarnaast
ben ik hen dankbaar voor de mogelijkheid die zij mij hebben gegeven om onder
hun leiding de weg in te slaan van de Medische immunologie.

Degenen die dit hoekje hebben docrgebladerd zullen hebben gemerkt dat
het beschreven onderzoek het resultaat is van teamwork. Beste Han, onze
vraagstellingen lagen inderdaad dicht bij elkaar. lk zal onze "nachtelijke
avonturen” die uiteindelijk hebben geleid tot een aantal gezamentiijke manuscrip-
ten niet snel vergeten. Fijn dat je voor mijn promotie de grote oceaan wilt
oversteken. Lieve Marella, jij bent voor mij niet alieen een fijne collega, maar
ook het zusje dat ik nooit heb gehad. Dit laatste is jou al eens duur komen te
staan, toen tijdens de Germinal Centre Conference in Spa iemand per ahuis mij
complimenteerde met jouw presentatis. Ik ben blij dat jij mijn paranimf bent. |k
hoop volgend jaar jou bij te staan {als een oude, "wijze" en soms vervelende
zus) bij het afronden van jouw boekje.

Ik wil Dr, Rob Ploemacher bedanken voor zijn kritische commentaar op ons
onderzoek. Beste Rob, ik ben bijzonder blij dat jij als stamcelexpert deel
uitmaakt van mijn kleine commissie. Tevens dank ik de overige leden van mijn
promotiecommissie voor de tijd die zij hebben gestoken in het lezen van dit
proefschrift.

De mensen van mijn "oude" {ab wil ik op deze plaats van harte bedanken
voor hun collegialiteit en vriendschap. Ik denk nog vaak terug aan onze
kampeerweekenden, mat name aan het weekend waarin wij onder leiding van
onze Zuidafrikaanse gast Prof. Jan Verschoor een tiental kippen op een bedje
van gloeiende houtskool diep in de Hollandse klei trachtten te garen. Een aantal
mensen van het lab wil ik in het bijzonder bedanken. Beste Pieter, jij staat aan
de basis van dit boekje. Ik hoor je kort voor de eerste ER-MP12/ER-MP20 sort
nog zeggen: "Wedden dat de pro-thymocyten in deze fractie zitten?" Natuurfijk
heb je (bijna) gelijk gekregen. Peter van Soest wil ik bedanken voor zijn
technische assistentie bij de eerste intrathymaire injecties. Wat waren we
indertijd blij met 5 ingespoten muizen! Jane Voerman bedank ik voor haar hulp
in de eerste fase van mijn onderzoek en bij het maken van krankzinnig veel
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celsuspensies op een en dezelfde dag. Last but not least wil ik René Brons
bedanken voor ziin hulp bij het sorteren op de FACS Ii en het i,v, spuiten.

I am indebted to Dr. Sophie Ezine for learning me the intrathymic reconstitu-
tion assay. | greatly appreciated the exchange of data, mice and reagents
between Paris and Rotterdam. | enjoyed our collaboration very much, Unfortu-
nately, our joint venture did not result in a publication, though it has left me
with a good friend. | am therefore very pleased to have you in my promeotion
committee.

De experimenten beschreven in dit boekje zouden niet zijn uitgevoerd
zonder de perfecte proefdierverzorging van Joop Brandenburg en Els van
Bodegom. Tar van Os wil ik bedanken voor het grafische werk en Tom
Vermetten voor alie bestellingen. De secretaresses dank ik voor hun assistentie
bij het verwerken van manuscripten, abstracts, posters en correspondentie. Met
name wil ik Daniélle Korpershoek bedanken voor het persklaar maken van dit
boekje. Verder bedank ik iedereen die tijdens mijn onderzoek verantwoordelijk
is geweest voor schoon glaswerk,

Annemarie, Annemiek en Elvera van de BAL-unit en mijn overige coliega’s
op het diagnostische lab, wil ik bij deze hartelijk bedanken voor hun geduld en
bemcedigende woorden. Ik hoop dat niet al te veel mensen hun weddenschap
op het gereedkomen van mijn proefschrift hebben verloren.

Mijn ouders en Roel bedank ik voor hun nimmer aflatende steun en goede
Zorg,

Wb fernfsricy
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The thymus is not only scientifically an interesting organ. For everyone who
would like to explore the thymus in a different way, here's a culinary recipe,
Enjoy your dinner!

Swaetbreads” with fole gras and truffles
An extravagant lfttle dish, but well worth the expense and trouble, | reckon.

1 smalf onion stuck with 1 clove
1 bayleaf
1 small carrot
760 g calf's sweethreads
flour
butter
salt and pepper
a tin of fole gras (100 g/
1 large truffle or more if you can afford it
1 shallot, finely chopped
1 large glass dry white wine
300 mf chicken stock

The day before you prepare this meal, you must put 1 litre water in a saucepan with the onion,
bayleaf and carrot and bring 1o the bofl. Pop in the sweetbreads, then turn down the heat and allow
to simmer for 30 minutes, Remove from the heat and allow the sweetbreads to cool in the liquid.
Once they are cool, carefully peef off the thin skin or membrene which surrounds the sweetbreads.
Lay them on a flat surface, such as a teaitray, put another teatray on top and load up with weights
fiinned food or anything heavy) so that the sweethreads are pressed, Leave for 3 or 4 hours. Now
you have done the boring bit, preparing the dish next day wilf be fun and it only takes a little while,
First, cut the sweetbreads into four portions and dust slightly with flour. Melt some of the butter
in a pan and fry the sweetbreads on both sides for about 15 minutes, Season with salt and pepper.
They should be sfightly golden on the outside and firm and not spongy. Put to one side in a warm
place and lay a thin slice of foie gras on each one. Meanwhile, in the same pan fry thin slices of
truffle very gently with the shalfot. Pour in the wine and bubble furiously for 8 moment or two. Then
add the chicken stock and continue bubbling. Leave this mixture bubbling, but iift out the truffle
slfices and scatter them over the sweetbreads. Reduce the liquid in the pan to about a half, Whisk
in a knob of butter so that the sauce is smooth and shiny. Adjust the seasoning and strain the sauce
over the sweetbreads. If necessary, pop the prepared dish under the grill for a second or two, just
to make sure that it is really hot.

* Thymus (Dutch: zwezerik)

Source: Keith Floyd. Floyd on France, 1987.
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