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Differentiation of the Mononuclear Phagocyte System During Mouse
Embryogenesis: The Role of Transcription Factor PU.1
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Michael C. Ostrowski, Scott R. McKercher, Richard A. Maki, and David A. Hume

During mouse embryogenesis, macrophage-like cells arise
first in the yolk sac and are produced subsequently in the
liver. The onset of liver hematopoiesis is associated with the
transition from primitive to definitive erythrocyte produc-
tion. This report addresses the hypothesis that a similar
transition in phenotype occurs in myelopoiesis. We have
used whole mount in situ hybridization to detect macro-
phage-specific genes expressed during mouse development.
The mouse c-fms mRNA, encoding the receptor for macro-
phage colony-stimulating factor (CSF-1), was expressed on
phagocytic cells in the yolk sac and throughout the embryo
before the onset of liver hematopoiesis. Similar cells were
detected using the mannose receptor, the complement recep-
tor (CR3), or the Microphthalmia transcription factor (MITF)
as mMRNA markers. By contrast, other markers including the
F4/80 antigen, the macrophage scavenger receptor, the

S-100 proteins, S100A8 and S100A9, and the secretory
product lysozyme appeared later in development and ap-
peared restricted to only a subset of c-fms—positive cells.
Two-color immunolabeling on disaggregated cells con-
firmed that CR3 and c-fms proteins are expressed on the
same cells. Among the genes appearing later in develop-
ment was the macrophage-restricted transcription factor,
PU.1, which has been shown to be required for normal adult
myelopoiesis. Mice with null mutations in PU.1 had normal
numbers of c-fms—positive phagocytes at 11.5dpc. PU.1(—/-)
embryonic stem cells were able to give rise to macrophage-
like cells after cultivation in vitro. The results support previ-
ous evidence that yolk sac-derived fetal phagocytes are
functionally distinct from those arising in the liver and
develop via a different pathway.

© 1999 by The American Society of Hematology.

HE MONONUCLEAR phagocyte system is defined as arequired for removal of dying cel®. Evidence fromDro-
family of cells that arise from hematopoietic progenitors sophil&!22to mousé? indicates that cell death precedes macro-
in bone marrow and progress through monoblasts and promonghage infiltration, and that dying cells can influence migration
cytes to monocytesAt this stage, they enter the circulation and and differentiation of the macrophage-like cells. Apart from the
migrate into the tissues to become mature macrophages. Thgbvious role in clearance, fetal phagocytes are very closely
production of monocytes and macrophages in adult mice igssociated with the developing vasculatéi@nd may control
controlled by macrophage colony-stimulating factor (M-CSF or angiogenesis as they do in adults.
CSF-1)2 which acts through a specific plasma membrane The first documented surface marker for the appearance of
receptor encoded by-fms proto-oncogené4 Granulocyte- —Mmacrophage-like cells in the mouse was the F4/80 antigen, an
macrophage colony-stimulating factor, interleukin-3 (IL-3), and Unusual member of the serpentine receptor family of unknown
many other cytokines/lymphokines can regulate monocytopoi_function.24 Immunocytochemical localization of F4/80 showed
esis in vitro or in vivos:® positive cells in the yolk sac and head around 10.5 dpc and
Electron microscopic studies of early embryonic deve|op_subsequently identified phagocytes in regions of tissue turnover
ment have identified the first cells with the ultrastructural @nd cell death? We subsequently applied the technique of
appearance of tissue macrophages in the yolk sac before theyhole mount in situ hybridization to localize-fms mRNA.
appear in the embryo. Putative phagocytes infiltrate the heafells with detectable levels affmsmRNA appeared simulta-
and much of the rest of the body at the same time as the firsf€ously in the yolk sac and the embryo around 9.5 dpc. Later
pluripotent hematopoietic progenitor cells can be detected in théhey were not only associated with presumptive hematopoietic
aorta-gonad-mesonephros (AGM) and subsequently in th&ells in the developing live®; but were also observed through-
liver’ that is, around 10 days postcoitum (dpc). The origin of out the body of the developing embryo, with particularly high
early embryonic phagocytes in the yolk sac has been demor{requgn_cy found in the sites of.known tissue turnov_er inc_Iuding
strated most convincingly via the use of chick-quail chiméras. interdigital spaces and the brain. More recently,32éntegrin,
Yolk sac “macrophages” appear to develop without passing
through an obvious monocyte stage, as evidenced by the lack of
markers such as peroxidase and the monocyte surface rnarl(er'From the Departments of Microbiology and Biochemistry and Centre
ER-MP20, and continue to proliferate actively once they havefor Molecular and Cellular Biology, University of Queensland, Queens-
infiltrated the embryd?2-11Within the embryo, macrophage-like |and, Australia; the Department of Molecular Genetics, Ohio State
cells are associated with the rapid removal of apoptoticUniversity, Columbus, OH; and the Burnham Institute, La Jolla, CA.
cells1Z15perhaps the most striking example being in the region Submitted October 29, 1998; accepted March 3, 1999.
between the developing digits.Removal of dying cells by Address reprint requests to Professor David A. Hume, PhD, Depart-
specialized, migratory phagocytes is a function conservednent qf Micropiology, University of Queensland, Queensland 4072,
across evolution; mechanisms and receptors identifigrga ~ /\UStralia; e-mail: D.Hume@cmeb.ug.edu.au.

. . . The publication costs of this article were defrayed in part by page
sqphlla and Ca.enorhabdltls elegansave Clear. parallels in charge payment. This article must therefore be hereby mdikeder-
mice. Drosophila hemocytes that remove dying cells,

; ] like tisement”in accordance with 18 U.S.C. section 1734 solely to indicate
mammalian phagocytes, express a CD36 family member anghis fact.

scavenger receptots1®The mouse homolog df elegansell © 1999 by The American Society of Hematology.
death geneced-7 is expressed in fetal phagocytes and is 0006-4971/99/9401-0005$3.00/0
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CD11b (Mac-1), was localized in the embryo in a pattern thatrecombinant human CSF-1 (Chiron Corp, Emeryville, CA), 10 U/mL of
appears roughly consistent withfims26 human recombinant IL-3 (a gift from Dr A. Hapel, ANU, Canberra,
The differentiation of myeloid cells is controlled by specific Australia), at the final concentration o4 1P cells/mL of differentia-
transcription factors. The first exon of the murine and humantion medium and plated out into 10-cm bacteriological grade culture
c-fmsgene that is transcribed in macrophages is flanked by %iShes' Medium was changed every 2 to 3 days as embryoid bodies
. - . . . eveloped and subsequently macrophage-like cells appeared attached to
promoter that contains binding sites for the myelmd-restnctedt

o 730 he surface?
transcription factor PU.2%0 We have recently shown that Latex beads phagocytosis assay.atex beads (1.16 um in diameter)

these sites alone constitute a macrophage-specific minimqgigma) were purchased as 10% (wt/vol) aqueous suspension. They
promoter! Similar binding sites are present in promoters of were washed and resuspended in sterile phosphate-buffered saline
other macrophage-restricted genes, including tartrate resistai®BS) at the same concentration. The beads were added to the cells at a
acid phosphatase (TRAP), lysozyme M, macrophage scavengénal concentration of 0.01% (wt/vol), and the cells were incubated at
receptor, IL-B, F. receptors (FyRI and EyRIIIA) and CD11b 37°C, 5% CQ, and monitored for phagocytosis between 1 and 4 hours.
(integrin adhesion moleculé}:38 Two groups have indepen- The cells were t_hen washed t_vvice with PBS and fixed in 1%
dently shown that a targeted disruption of the PU.1 gene causeutaraldenhyde (Sigma) for 30 minutes at room temperature, washed
gross reduction in myeloid differentiatih? Although the  Wice With PBS, and stored in fresh PBS at 4°C.

formation of macrooh lonies from fetal liver pr nitor In situ hybridization. The probes were made and labeled using
ormation of macrophage colonies from fetal fiver progentto digoxygenin (DIG) RNA labeling mix according to the manufacturer’s

Ce”.s was disrupted and there was no eVIdence Of_ ma_ture CeII'rﬁstructions (Boehringer Mannheim, Mannheim, Germany), using T7
defined by markers such as the F4/80 antigen in tissues of,q T3 polymerases from Promega (Madison, WI), and Sp6 from
knockout animals, expression offmsmRNA was still detect-  Boehringer Mannheim. Probes were stored-at0°C until required.
able by reverse transcriptase-polymerase chain reaction (RTrhe probes used, their sizes, and the enzymes required for linearization
PCR) in early embryo#t In one of these knockouts at least, null are listed in Table 1. Mannose receptor cDNA was obtained from A.
mice are able to proceed to birth and morphogenesis id=zekowitz (Harvard University, Boston, MA), scavenger receptor
normal3® The knockout phenotype was difficult to interpret in cDNA from M. Krieger (Massachusetts Institute of Technology, Boston,

the absence of studies on PU.1 expression during developmed\ﬂz‘r)t’in';’rsigéyg‘;”%zr':'s Zﬂdmci-lgzzzal\\l/lvgil(y?glgtl)?gznlgssﬁ%tg;\g)
In this report, we present evidence that the onset of hematopocgOlrn C. Geczy (University of NSW, Sydney, Australia). Vectors cut

esis in the liver marks a clear transition in the phenotype an ith Pst were end-filled using Klenow polymerase at 12°C.

pathway of differer?tiation of ph_agocyte_s in the.emb.ryo, a”‘?‘ _We The whole-mount in situ hybridization was performed as described
show that expression of PU.1 is associated with this transitionpreyviously?> Embryos were fixed in 4% paraformaldehyde (PFA)

overnight at 4°C and permeabilized with proteinase K (10 pg/mL) for
15 minutes at 9.5 dpc and 5 minutes more for each extra day of
development. Embryos were prehybridized for at least 2 hours at 65°C
Animals and then hybridized overnight using 0.5 pg/mL of labeled probe.

Naturally mated outbred mice (CD1 or Swiss Quackenbush) WerePosthybridization washes were also performed at 65°C. Washed em-

killed by cervical dislocation on days 9.5 to 13.5 of development (day bryos were blocked using 10% sheep serum, 2% bovine serum albumin

0.5, morning of vaginal plug). The embryos were delivered by cesarear{BSA) In TBTX (Tris-HCI pH 7.5, 159 mmol/L NaCl, Qnd 0.}% Trit.on
section, then dissected out of the decidua with the yolk sac and th&-100) for at least 3 hoyrs and then |ncu_bated overnight with antl—_DIG
amnion pulled away from the embryo, but retained attached. In embryoé,:(atj)2 f_ragments conjugated to alkaline phosphatast_a (Bc_)ehnnger
of 10.5 dpc and older, the head and heart were punctured with Z;\/Ie_mnhmm). Labeled probes were detected using a colorimetric method

27-gauge needle to prevent the trapping of reagents in the lumen. ViabliSing NBT (4-nitroblue tetrazolium chloride) and BCIP (5-bromo-4-
PU.1(+/—) mice were also naturally mated and killed by cervical chloro-3-indolyl-phosphate) (Boehringer Mannheim). As a negative

dislocation on days 10.0 to 12.5 dpc. The embryos were genotyped b§ontrol, the embryos were incubated with the CO”?_Spo_nding sense
PCR on genomic DNA using one of the embryonic limbs as the sourc r'obe. In none of the cases shown was there any specific signal obtained
of DNA. The primers used were: PuKO Brimer: 5 GCC CCG GAT  With the sense probe.
GTG CTT CCC TTATCAAAC C 3, Pu920 3 primer: 5 TGC CTC
GGC CCT GGG AAT GTC 3 neo.1 3 primer: 5 CGC ACG GGT
GTTGGG TCGTTTTGTTGG G 3% The stained embryos were refixed in 4% PFA, cleared in xylene, and
Embryonal stem (ES) cells culture and differentiatio@3 parent ~ embedded in paraffin wax. A total of 7- to 8-um sections were floated in
ES cells and PU.¥/—) and (-/-) lines derived from them were a waterbath onto slides, dried, dewaxed, and mounted after counterstain-
described previous They were cultured in flasks precoated with
0.1% (wt/vol) gelatin (Sigma, St Louis, MO) and seeded with neoR
mitotically inactivated embryonic fibroblast feeders (a gift from Dr S.
Delaney, CMCB, University of Queensland, Queensland, Australia). ES size
cells were plated at low density in these flasks in Dulbecco’s modified Probe Plasmid (bp) Antisense Sense
Eagle’s medium (DMEM) containing high glucose and Na pyruvate

MATERIALS AND METHODS

Histology

Table 1. Plasmids and Probes Used for In Situ Hybridization

Fragment

15% fetal calf serum (FCS), 2 mmol/L L-glutamine, 30 pg/mL c-fms PGEM2 ~800 Nel or Hindill EC,ORI
- . MMR pManR431 431 Aval Hincll
penicillin, 100 pg/mL streptomycin, 0.1 mmol/g-mercaptoethanol, MSR JALS 1444 Hindi Xbal
and 1 X 10® U leukemia inhibitory factor (LIF) (ESGRO, Amrad, P '
A . . PU.1 pOK PU.1S 1,100 e Xhol
Melbourne)/mL. ES cells were passaged by digestion with 0.25%
trypsin (37°C; 3 to 5 minutes). The cells were washed in LIF-containing POKPU.1A Xhol B
' ’ S100A8 pCP 14 300 EcoRI —

medium. Cells that were to be differentiated were resuspended in
differentiation medium (DMEM supplemented with batch-selected 15%
FCS (CSL, Melbourne, Australia), 0.1 mmol/L nonessential amino
acids (GIBCO), 0.1 mmol/L3-mercaptoethanol, 5< 10°* U/mL of

Lysozyme pBS 300 Psti EcoRI
S100A9 pGEM 300 Xbal Psti
F4/80 pBS F4/80 630 Kpnl Spel
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ing with neutral red or hematoxylin as required. Unstained slides wereexpressin@-fmsmRNA were detected first in the yolk sac at 9.5
viewed with Nomarski optics and the stained sections with bright field dpc as isolated individual cells rather than clusters associated
on an Olympus microscope (AX70). with blood islands, which develop in the yolk sac at 8.0 to 8.5
dpc. Among numerous embryos examined, we have never
observed any in which the first appearancecdis-positive
'cells in the head of the embryo is clearly delayed relative to the

incubated with ice-cold methanol containing 0.5% (vol/vohQH to ??IC;::;rZ?ii).nAisrlstlcj)nlweg’ ;hrit?fll)s ?sztlrztcf(?ur:nZ?rr:gé??nz?r:zjgt:érhe
guench any endogenous peroxidase activity. Nonspecific protein bind- Y . 8 o Y-
ing was blocked by incubating the cells with 10% FCS in PBS for 10 Figure 1A shows an embryo at 10 dpc, in which positive cells
minutes at room temperature. The primary rat antimouse F4/gcAfeé evident in the head. In some embryos at this time,
antibody (as rat hybridoma supernatant) was diluted 1:100 in PBL-fms-positive cells are particularly concentrated in a band
containing 10% FCS and then added to the cells for 60 minutes at roonoverlying the developing heart (not shown; but see a similar
temperature. The primary antibody was detected with a secondarpattern with the MITF gene in Fig 4F). By 10.5 dpzfms-
antirat horseradish peroxidase-linked antibody for 60 minutes at roonpositive cells were first detected in the liver (Fig 1B), consistent
temperature. A solution of 0.5 mg diaminobenzidine (DAB) sub- yiih the appearance of macrophage-like cells defined by other
strate/mL (Sigma) supplemented with 1 pL/mL of 30%J-was added criterial® Macrophages have been shown previously to be

to detect the antibody for a maximum of 10 minutes. Cells were _ . . . . .
monitored during this time for the emergence of an orange-brown stainfrju_:tlvEIy mvoweq _m removing apoptotic cells to form a foot
which indicated the presence of the surface antigen F4/80. with separate digits>?° To assess whetherfmsmRNA was
associated with fetal phagocytes, we concentrated particularly
Photography on the distribution in this site. The infiltration of the limb buds
Photographs of whole mounts were taken on a Leica dissectin®?y ¢-fms-positive cells was actually evident well before the
microscope with cold lamp side illumination using Kodak Tée4 film. onset of cell death between the digits, at 10.5 dpc, when they
Photographs of sections were taken on an Olympus AX70 microscop@ccumulate in the apical ectodermal ridge (AER). At 12.5 dpc,
using Kodak daylight film under Nomarski optics (unstained) or bright c-fms-positive cells still delineated the AER and they also
field (stained sections), and finally the photographs of cells in cultureaccumulated in the anterior “necrotic” zone (Fig 1C). When the
were taken onan jnverted Olympus microscope using Kodak T160 filmsg|| death commences between the digitimsprovides a clear
and Nomarski optics. marker for phagocytic cells that infiltrate the interdigital region
Flow Cytometry from the marginal sinus (Fig 1D). At higher magnification,
) ) . many c-fms-positive cells in this site contain inclusions of
Embryos were disaggregated using a modified method of Yoder e}ngested pyknotic nuclei (not shown).

al4#4Briefly, the yolk sacs (10 to 13.5 dpc), embryos (10.0 and 11.5 dpc), . .
or fetal livers (10.5 to 12.5 dpc) were dissected free and washed in PBS. By 11.5 to 12.5 dpc, the degree of penetration of the probe in

They were then drawn through an 18G (yolk sacs 11.5 to 13.5 dpc) oWhole mount in situ hybridization starts to become limiting. To
23-gauge needle and transferred to a petri dish and incubated with 0.19f1Prove the penetration, some embryos were cut midsagitally
collagenase D; 0.2% dispase (Boehringer) in PBS/20%FCS for 6doefore hybridization. This approach allowed the visualization of
minutes at 37°C. Dispersed cells were drawn through a 23-gauge needefms-positive cells lining all of the ventricular surfaces in the
into a syringe, pelleted by centrifugation, washed in PBS, and countedprain (Fig 1E). Sectioning of the uncut whole mounts showed
If required, the cells were cultured in medium containing 30° Cetus the association af-fms-positive cells with developing neuronal
U/mL of re;:sombinant human CSF-1 (Chiron Corp) in bacteriological cells throughout the body, including developing ganglia along
petri dishes" . .

The cells were stained as described previdtistxcept that 5% rat th.e t.)OdY wall (Fig 1F), t_h_e dev.eloplng eye, and along the dorsal

midline in close apposition with the neural tube (not shown).

serum was used for blocking rather than purified 1gG. Aafms . . L
monoclonal antibody was used as 1/100 dilution of hybridoma superna:rhe pattern of expression otfmsin the vicinity of the dorsal

tant?” commercial reagents were goat antirat FITC F@abagments ~ Midline is reminiscent of migrating neural crest cells identified
(Serotec, Oxford, UK), anti-F4/80 PE/Cy5 antibody (Serotec), andwith markers such as-kit and trp-2,%8 raising the possibility
anti-Mac-| PE antibody (Caltag, Burlingame, CA). Note that the three that at least some of thefms-positive cells could be melano-
rat antibodies are each IgG2B and effectively act as isotype controls fOCytes. However, the distribution of these cells was not affected
each other. Analyses were performed on a FACSCalibur flow cytometepy the dominantmi/mi mutation in the microphthalmic mouse,
(Becton Dickinson, San Jose, CA), and samples were analyzed usinghich prevents migration of-kit and trp-2—positive melano-
the associated CellQuest software. cytes (K.M. and D.A.H., unpublished results).
RESULTS To confirm further the likely identity o€-fms-positive cells

and phagocytes, we analyzed serial sections of the whole
mounts. As in the footpad, throughout the badfms-labeled
cells were stellate in appearance and either within vessels or
very closely associated with them, indicating their likely origin

The detection ofc-fms-positive cells in the developing in the vasculature (Fig 1D and F). In most sections examined,
mouse embryo by in situ hybridization was reported previ-many labeled cells were clearly involved in active phagocytosis
ously?® Although it was inferred, no independent marker or and contained ingested pyknotic nuclei that stained intensely
phenotypic characteristic confirmed the identity ofms- with neutral red (Fig 1G). In the liver, macrophages are known
positive cells as phagocytes. As a baseline for the examinatioto be associated with hematopoietic islafiti€onsistent with
of other putative macrophage markers, we performed a moreestriction ofc-fmsto the macrophage lineage, most stellate
extensive analysis of the appearance of this marker. Cellse-fms-positive cells in this organ were associated with clusters

Immunocytochemistry

ES cell-derived macrophages were fixed in 4% PFA/PBS (Sigma) fo
30 minutes at room temperature. The cells were then washed in PBS a

Location of c-fms—Positive Cells by Whole-Mount In Situ
Hybridization Shows a Large Population of Phagocytes
in the Embryo
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of hematopoietic cells that are clearly distinct from parenchy- Embryo 10.5d.p.c. Liver 10.5 d.p.c.
mal cells (Fig 1H).

Thec-fms-positive cells that were detected in this study were
more numerous and widespread than the cells that wen
previously reported to express F4/80 antig&Rrevious immu-
nocytochemical localization of F4/863(D.A.H., unpublished
results) detected small numbers of positive cells in the yolk sacg
around 9.5 dpc and the first positive cells in the liver associate(
with the onset of erythropoiesis in that site at 10.5 dpc. We were=
first able to detect F4/80 mRNA in the liver at 11.5 dpc, but the
level of expression remained low and did not contrast well with
background staining due to the long exposure times required t
detect the signal (not shown). On this basis, the expression ¢
detectable F4/80 mRNA appears to be a relatively late marke
for monocytopoiesis associated with the onset of hematopoiesi_
in the liver. An internal positive control confirming the rela- ¢
tively low expression of F4/80 mRNA was the detection of =
significant numbers of strongly positive maternal macrophage
in the placenta (not shown).
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c-FMS Protein Is Coexpressed on Isolated Embryonic Cells
With Other Myeloid Markers, Mac-1 (CR3) and F4/80

Whole-mount in situ hybridization is difficult to adapt to
simultaneous localization of more than one marker on a 2
dispersed population of cells. As an independent way to confirn =
that the protein product a-fmsmRNA is expressed and that it
is coexpressed with other myeloid markers, we digested em
bryos with collagenase and dispase and examined the expre
sion of surface markers by flow cytometry. Cells were isolated
from the embryonic liver and the remainder of the embryo at
10.5 dpc and analyzed by double-labeling with an antfs Fig 2. FACS profiles of embryonic cells. The cells were isolated
monoclonal antibody in combination with either anti-F4/80 or from the liver of 10.5 dpc embryo or from the rest of the body and
anti-Mac-1 (which recognizes the type IIl complement receptor,stained by immunofluorescence for each of the antibody markers
CR3). At 10.5 dpc, in the liver (Fig 2), just over 50% of the shown as described.in Materials ar?d.Methods. Three antibodies are

.. the same rat IgG2b isotype. No staining above the autofluorescence
c-fms—posmve cells also expressed detectable F4/80, and morgackground was observed with an irrelevant antibody of the same
than 60% coexpressed Mac-1. In nonhepatic tissues, the propoiotype. The unstained cells in the upper two panels were stained
tion of c-fms-labeled cells (1.5% to 2.0% of the total) was with second antibody alone. Numbers on each panel represent the
greater than in the liver as expected from the mRNA Iocaliza—ﬁ]el;fcz::;gzotfogleo?;gi Ei'l'lsp\?\/‘;‘;'igﬁ:tg“i:ge:é:héz tehr?n?e”n‘idf;;
tion. Consistent with the localization of the F4{80 MRNA, less overall pattern is representative of two independent ‘():ell isolations
than 20% coexpressed detectable F4/80 antigen, and even ffhm alitter of pooled embryos at 10.5 dpc.
these, the level of expression was very low. By contrast, more

than 70% coexpressed high levels of Mac-1. Compared with th@ave endocytic receptors in common with adult macrophages.
remainder of the embryo, the liver was enriched for a popula-To extend knowledge of the endocytic capacity of embryonic
tion of cells that expressed Mac-1, but notfms which  phagocytes, we localized the macrophage mannose receptor
probably reflects early stages of granulocyte differentiation. IN(MMR)4® and macrophage scavenger receptor (MSR)
cells isolated from both the liver and embryo, the percentage ogmbryos from 9.5 to 13.5 dpc. At all stages examined,
cells coexpressing-fmswith F4/80 or Mac-1 was increased by MMR-positive cells were as abundant in the yolk sac and
overnight culture in CSF-1 containing medium (data notempryo asc-fms-positive cells and the perivascular locations
shown). This observation could be due to cell growth and/orand cellular morphologies of labeled cells were indistinguish-
reversal of the partial loss of these surface markers duringyple either at the gross level (Fig 3A and B) or on examination
enzymatic digestion and isolation. For this reason, the analysigf sections (not shown). By contrast, MSR mRNA expression
cannot be viewed as quantitative and serves primarily to provgyas much more restricted. Positive cells were detected in the
that the majority ofc-fms-positive cells also express other heart, liver (Fig 3C), limb buds, and all over the body, but the
myeloid cell markers. numbers were clearly less than observed uskfigisor MMR
probes and the expression appeared restricted to larger cells,
more closely resembling the abundance of F4/80. Examination
of sections of these embryos confirmed a distribution and
morphology of MSR-positive cells consistent with restriction to
The coexpression of Mac-1 antigen (CR3) with ¢c-FMS largerc-fms-positive cells that are actively involved in phagocy-
antigen shows that at least some of the embryonic phagocytessis of pyknotic cells (Fig 3D; compare with Fig 1G and H).

c-fms c-fms

Mannose Receptor mRNA Colocalizes With c-fms, Whereas
the Scavenger Receptor mRNA Is Restricted to a Subset
of Phagocytes
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PU.1 mRNA Is Not Expressed at Detectable Levels Fig 1. (see page 132) Localization of cells expressing c-fms mRNA
in All Embryonic Phagocytes in the e_}mb_ryo. In gll_ pa_nels, c-fms inRNA was chalized by whole
mount in situ hybridization as described in Materials and Methods.
As noted earlier in this report, the Ets family of transcription The blue-purple reaction product indicates sites of expression of the
factors is implicated in myeloid differentiation. Clearly, if PU.1 C'fngsd’;‘zNA- In Page's g’ G, and H, ”:je S_tfi:”ed emlbfyé’s were
controls the differentiation of fetal phagocytes, it should be ex-z?n;s Air{rsﬁ;:%nzna Er:epcrzs;:fggén:m;"i‘:i'tpa;'z;t;‘Frtir'osgiri |I4n
pressed before-fmsand other myeloid markers. Wholestmt in - 50 ym: heart (*), forelimb (fl), hindlimb (hl), neural tube (nt). (A)
situ hybridization failed to detect any PU.1-positive cells at 9.5Embryo 10.5 dpc. Localization of ¢c-fms mRNA shows a very extensive
dpc in the yolk sac or embryo (not shown) whardms is |Sp;0|k|§d rl)lati_tei;nltgroliiclhout the_erlnblrya Each Spocti is Tisi?g'f{
i i R . r rti r ncentrated in t
readily detected (Fig 1A?' In fact, cells qxpressmg PU'.l n.]RN.Aaaroir?d fﬁe br:nceheial caercﬁleas,ea'r)lz alcounag t);u(e:odorzal :ﬂ?ﬁline, al‘tahoizr;
were not detectable until the onset of liver hematopoiesis (Fig s is not evident in asingle focal plane. (B) Embryo 11 dpc. The head
4Aand B). It must be emphasized that the absence of detectablg the embryo was removed before staining. At a slightly more
PU.1 mRNA in the earlier embryo does not indicate total absencedvanced stage than (A), the rapid appearance of c-fms-labeled cells
and is clearly constrained by the Sensitivity of the method. In allis evident ii1 the liver (). The fine speckled pa_ttern of Ia_beled cells_is
experiments, embryos are incubated ingtaning reagents until g’ore prominent throughout the embryo than in (4), but is less readily
. . emonstrated in a single focal plane. (C) Hindlimb of 12.5 dpc embryo
any signal detected becomes maximal, or the background “nonsp&nowing accumulation of c-fms-positive cells at the apical ectoder-
cific” staining becomes evident. A number of cells detected in themal ridge (aer) (arrowheads) and infiltration between the digits
liver at this time were clearly phagocytisuggesting that the (arrows). (D) A section through the limb bud of 12.5 dpc embryo
populations of PU.1 and-fms-positive cells do overlap, but §h9wing the positive cells leaving the marginal sinus (ms) and
. . : infiltrating the mesenchyme. (E) Whole mount of the head of a
c-fmsis more widespread (Fig 4C). Apart from the absence themisected 12.5-dpc embryo. Numerous c-fms-positive cells are
detectable PU.1 in the yolk sac, PU.1 mRNA was detectable irlining the ventricular surfaces of the brain, including telencephalon
considerably fewer cells in the brain tharfms although the  (tel), diencephalon (dic), midbrain (mb), and hindbrain (hb). (F)
signal intensity was comparable where it was expressed (notection through the body wall of an 11.5-dpc embryo. Numerous
ShOWI’I). Another site in which it was clear that PU.1 was notc-fms—po_SItl_ve cells accumulate particularly along the _dorsal rpldllne
A X X § (d). In this field, they can be seen to be closely associated with the
detectable in alt-fms-expressing cells was the limb. The first \ascyjar spaces adjacent to the neural tube, but are also infiltrated
detectable PU.1-positive cells in the distal part of the limbswithin the premuscle mass (pmm) and the epidermis (e). (G) High
appeared at 12.5 dpe-fmscells were detectable there from power view of c-fms-positive cells from a section of brain at 11.5 dpc
105 de) and remained at the margins (Fig 4D) atthe time Wheﬁhows clear ev_idence th_alt man)_/ Iab_eled _cells have c_angulfed dying
", . . . .. cells and contain pyknotic nuclei stained intensely with neutral red.
c-fms-positive phagocytes had already invaded the interdigita H) High-power view of c-fms-positive cell present in the liver shows
spaces (see Fig 1C). This pattern of PU.1 expression in the limbteiiate morphology and intimate association with smaller hematopoi-
buds was very similar to that of MSR, which also accumulatesetic cells (double arrows).
at the limb bud margins comparatively late at 12.5 dpc. In
summary, PU.1 mRNA is not expressed at detectable levels in all
c-fms-positive cells, and the pattern of expressi@oissistent with
restriction to a subset of cells arising later in development. was not detectable in the yolk sac or embryo until 10.5 dpc,
when its expression was restricted to sparse large cells in the
MITF Is an Early Phagocyte Marker liver (Fig 5A). From 11.5 dpc, lysozyme-positive cells were
Of the markers examined thus far, otfims MMR, and CR3  present outside the liver, but were not as abundant as even
appear to be expressed on early phagocytes. Presumably, tMSR-positive cells. Sections of the stained embryos indicated
expression of these genes is controlled by transcription factorbeterogeneous levels of expression of the gene, with strongly
expressed specifically in these cells. Other than PU.1, there are femnd weakly positive cells. The former were generally larger
transcription factors known to be restricted to the macrophageells, examples were observed in greatest concentration in the
lineage. Other studies in our laboratory have implicated factors in theericardial wall, the peritoneal cavity, and also in the sinusoids
basic helix-loop-helix-ZIP family in transcriptional regulation of of the liver, and many were clearly actively involved in
macrophage-specific genes, includiegms Among this family,  phagocytosis of dying cells (Fig 5B).
mutations in the MITF have been shown to cause osteopetrosis, a Two members of the S-100 gene family, S100A8 and
phenotype also associated with deficiency in CSF-1. Like the PU.B100A9, have been identified as markers of an early stage of
transcription factor, MITF has been shown to be expressed in adutiifferentiation in bone marrow macrophage differentiation in
macrophages and osteocl&dté/e, therefore, investigated whether vitro. The initial report of cloning of these genes in mice (then
MITF mRNA is also expressed in the embryo. Figure 4E and Freferred to as MRP8 and MRP14) reported the expression of
shows that MITF mRNA, likec-fmsmRNA, was detectable on both mRNAs in fetal liver by RT-PCR so we considered them
numerous cells in yolk sac and at the same time in the head analso as possible markers for later stages of myeloid develop-
in the characteristic band of cells above the early developingnent. As with lysozyme, neither of these S-100 genes was
heart. The location, morphology, and apparent phagocytic activity ofletectable anywhere in the embryo or yolk sac until 11.5 dpc
the labeled cells was consistent with identitysabstantial overlap  (Fig 6) when the first positive cells appeared; at 11.5 dpc, the
of the MITF andc-fms-expressing populations. level of expression in individual cells in the liver was so high
that the staining was evident to the naked eye. Sections of the
11.5-dpc liver showed that the dense foci of stain observed in
the whole mounts with S100A8 reflected aggregates of small
The secretory product, lysozyme, is widely expressed inintensely staining cells (Fig 6C). Conversely, staining for
macrophages in adult mice. In the embryo, lysozyme mRNAS100A9 mRNA, which was clearly less intense in whole

Identification of Additional Markers Associated With
the Onset of Hematopoiesis in the Embryonic Liver
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Fig 3. Localization of cells expressing mRNAs encoding endocytic
receptors in the embryo. (A) Localization of MMR mRNA at 9.5 dpc.
Individual labeled cells appear in a diffuse speckled pattern (arrows)
throughout the yolk sac. (B) Localization of MMR mRNA in 11.5 dpc
embryo. MMR-positive cells are distributed very similarly to c-fms-
positive cells (Fig 1A) at the same time point as diffuse speckled
pattern throughout the embryo. In this focal plane, the particular concen-
tration of MMR-positive cells along the dorsal midline flanking the neural
tube is evident. The darkened appearance of the liver,immediately below
the forelimb bud (fl) is due to numerous MMR-positive cells, which are out
of focus in this plane (hl, hindlimb bud). (C) Localization of the MSR mRNA
at 10.5 dpc. The first labeled cells can be detected in the liver (I) at this
time, immediately below the heart (*). At this time point, few MSR-
positive cells could be detected elsewhere in the embryo. (D) The section
through the liver of an 11.5-dpc embryo stained for MSR mRNA. Some
positive cells are associated with aggregates of hematopoietic cells (to
the left of field), but many are clearly filled with engulfed cells (arrow).
Most MSR-positive cells elsewhere in this embryo are large and contain
neutral red-positive inclusions (not shown). Bar in panels A through C
represents 250 pm and in panel D, 20 pm.

Fig 4. Localization of cells expressing MITF and PU.1 mRNAs in
the embryo. (A) Localization of cells expressing PU.1 mRNA in the
11.5-dpc embryo. PU.1-positive cells are particularly concentrated in
the liver (l). They can be detected as a fine speckled pattern through-
out the embryo, especially flanking the neural tube at the bottom of
the field. (B) Localization of PU.1-positive cells in a sagittal section of
12.5 dpc embryo confirming that each focus of stain represents a
single labeled cell, in this case located at intervals along the dorsal
midline in mesenchyme surrounding the spinal cord. (C) A section
through the same embryo as in (B) at higher magnification. Each of
the cells expressing PU.1 mRNA in this region contains multiple foci
of neutral red staining indicating phagocytosis of pyknotic cells. (D)
Localization of cells expressing PU.1 mRNA in an embryo at 12.5 dpc
showing accumulation of the positive cells at the limb margins. Note
the distinction from the pattern obtained with c-fms in Fig 1D. (E)
Localization of MITF mRNA in the embryo. This panel shows an
embryo still surrounded by the yolk sac at 9.5 dpc. The yolk sac
contains numerous scattered positive cells. The band of positive
staining flanking the yolk sac represents expression of MITF in
trophoblasts. At higher magnification, the pattern is indistinguish-
able from MMR (3A) or ¢-fms.? (F) At 10 dpc, mi-positive cells spread
from the brain throughout the body. Bar in panels A, D, and F
represents 250 pm, and in panels B and C, 20 pm.
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Fig 5. Localization of cells expressing lysozyme mRNA in the
embryo. (A) Panel shows a 10.5-dpc embryo in which lysozyme
mMRNA has been detected by whole mount in situ hybridization. The
majority of labeled cells at this stage of development can be seen in
the liver (l); the band observed in the heart is due to nonspecific
trapping. A small number of cells can be seen in this focal plane in the
forelimb bud, but few cells are detected elsewhere in the embryo in
any focal plane. (B) A section through the liver of one of the embryos
stained in (A) demonstrates that the majority of labeled cells have
inclusions that stain with neutral red (arrow) and are evidently
involved in phagocytosis of dying cells. Bar in (A) represents 250 pm
and in (B), 20 pm.

iR

Fig 6. Expression of S-100 proteins in the embryo. (A and B)
Localization of mRNA encoding the S100 proteins MRP8 (A) and
MRP14 (B) showing that both are expressed only in the liver of 11.5
dpc embryo. (C and D) Sections through the liver of embryos probed
for MRP8 (C) and MRP14 (D) expression. Panel (C) is counterstained
with hematoxylin. Note the difference between the two markers. In
(C), MRP8-positive cells are small and clustered, whereas in (D), cells
expressing MRP14 mRNA appear fewer in number, larger, and often
contain inclusions suggesting active involvement in phagocytosis.
Bar in (A) and (B) represents 250 um and in (C) and (D), 20 uwm; yolk
sac (ys), abdominal wall (abw), and peritoneum (pe).

133

Fig 7. Localization of c-fms mRNA in PU.1 knockout animals. (A
and B) Comparison of c-fms mRNA localization in wild-type (A) or
PU.1(—/-) (B) 11.5 dpc littermates. Note the speckled pattern through-
out the embryo representing individual c-fms-positive cells, particu-
larly concentrated in the liver (I). The apparent difference in intensity
of staining of individual cells is not significant and is due to the focal
plane and lighting. (C and D) Saggital sections through a PU.1(—/-)
embryo stained as in (B), showing that cells expressing c-fms in the
liver and limb buds have similar morphology and location to those in
wild-type mice (see Fig 1). Bar in (A) and (B) represents 250 pm and in
(C) and (D), 20 pm.

D3.9PUA -/~ D3.15PU.1 -

Fig 8. Differentiation of PU.1(—/-) ES cells. ES cells were culti-
vated under conditions optimized for production of macrophages as
described in Materials and Methods. (A) Comparison of the develop-
ment of embryoid bodies at day 8 of differentiation. Note that the two
PU.1(—/-) ES cells have generated smaller embryoid bodies than
either the (+/+) or (+/-) lines at this stage of differentiation. (B) After
31 days of differentiation, each of the lines of ES cells produced
adherent cells with morphology resembling macrophages. The yield
of macrophage-like cells was considerably lower at this time point in
the (—/—) cells. The cells were harvested, replated, and incubated
with latex beads as described in Materials and Methods. Panel shows
adherent cells from each culture as indicated; black staining repre-
sents the uptake of latex beads. (C) An independent experiment to
(B). In this case, adherent cells generated from differentiated ES cells
were incubated first with latex beads, then fixed, and stained using
an indirect immunoperoxidase method for expression of F4/80 anti-
gen. In the (+/+4) and (+/-) cultures, the brown reaction product
demonstrating positive staining for F4/80 antigen is clearly evident
on all phagocytic cells. In the two (—/-) lines, staining can be seen
particularly in larger cells (eg, in the panel showing D3.15 cells), but
was generally not sufficiently strong to permit photographic reproduc-
tion. Original magnification for (A) was 4x and for (B) and (C), 20x.
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mounts, appeared in sections to be restricted to phagocytic celisull ES cells (Fig 8C), but the expression was much weaker than
resembling those expressing lysozyme or MSR mRNA. With-in wild-type or heterozygous cells, and only some oeXpressed
out double-labeling, it is not possible to make a definitive the marker.

conclusion, but it would appear that the expression of the two

genes is not coincident. The lack of S100A8 or S100A9- DISCUSSION

positive cells outside the I|V(_er, gt z_ill embryonlc stages analyze(_iThe Expression of c-fims Is a Marker for Early Fetal

suggests that monocytopoiesis in the liver resembles that "E’hagocytes

bone marrow35* These two S-100 markers therefore provide
the clearest distinction between monocytopoiesis in the liver The first part of this study extends an earlier examination of

and production of phagocytes from the yolk sac. the distribution of the mature macrophage markefins in
mouse development. We have presented evidencectfras-
The Presence of Phagocytes in PU:1{) Embryos positive cells probably coexpress other myeloid markers, the

MMR, and the MITF transcription factor. Each of the mRNAs
was detected in cells that are concentrated in the same areas of
the embryo both at a gross anatomical level and in sections,
resemble each other morphologically, and are clearly involved

The expression af-fmsmRNA has been detected previously
in PU.1(—/—)%*' mice despite the observation that fetal liver
cells from these animals are severely compromised in thei
ability to form colonies in CSF-1 and lack expression of more _ | )
mature macrophage markers such as F&780e analyzed the " the phagocytosis of dying cells. Th(_e FACS analysis of cells
knockout embryos by whole mount in situ hybridization using iS°latéd from 10.5-dpc embryos (Fig 2) showed that the
c-fmsas a probe at 10.5 dpc. In keeping with the absence ofn@ority of c-fms-positive cells also expressed Mac-1 antigen
apparent overlap between PU.1 andims expression at this (CD_llb/CR3), further indicating their likely |de_nt|ty and sug-
time (see above), there was no effect of the null mutation on th@€sting that the type Il complement receptor is another early
number or location ofc-fms-positive cells anywhere in the Marker expressed by the majority of these cells. Recent
embryo at this time (Fig 7A and B). Thefms-positive cells immunocytochemical study on Mac-1 expression in the embryo

were present in the same areas as in the wild-type mice: liveconfirms the presence of Mac-1-positive cells in the yolk sac

heart, along the dorsal midline, limbs, brain, branchial archesa"d liver from as early as 9.5 dgtSimilarly, MMR-positive

and under the skin. In sections of the embryos, the morphologe!ls have also been identified in 9.0 dpc yolk s&cSome of
and location of the labeled cells was also unaltered by the nuli"® MMR expression we have observed could be attributed to

mutation (Fig 7C and D). selected endothelial cefi§,but we have seen no evidence of
expression by these cells in sections. The classical endothelial
Differentiation of PU.1¢/—) ES Cells cell marker, flk-1, gives the clear reticular pattern of expression

expected from its association with a capillary network. The
rPattern is quite distinct from the “speckled” pattern of MMR
RNA localization in whole mount in situ hybridization of
embryos at the same age and in sections the capillary endothe-
lial cells labeled with flk-1 are morphologically distinct and
focated differently from the perivascular phagocytes labeled
with MMR or c-fms (P. Koopman, personal communication,
November 1998). Hence, we feel that few, if any, of the cells
expressing detectable MMR mRNA at 9.5 to 11.5 dpc are
endothelial cells. This conclusion does not exclude the possibil-

culture using recombinant CSF-1 and 148We therefore . .

. - . ity of expression of MMR by vascular cells at later stages of
examined whether this approach would permit PY/K) ES development
cells to give rise to macrophage-like cells. The analysis was Figure 1E and F, combined with the immunofluorescence

performed on two independent clones: D3.9 and D3%?215. i -
- L data on isolated cells, indicates the very large numbers of these
Differentiation of the two clones was performed for 31 days and . . .
é1agocytes in the embryo. The proportion of cells expressing

the adherent cells deposited by embryoid bodies were assayé)_ o T o
by immunohistochemistry with F4/80 antibody and phagocyto-C FMS-antigen in disaggregated 10.5 dpc embryos, approxi

0, i i i i -
sis of latex beads. In both knockout clones, the production Otmately 2% on FACS ana_|y5|s (Fig 2), is cer_talnl_y an undergstl
mate, and the numbers increase substantially in the ensuing 2

cystic embryoid bodies was delayed by up to a week relative tc’days. Based on counting cells in sections, we estimate that 5%
the parent ES cells (Fig 8A), but the numbers of clones 0 - :

. . i S to 10% of total cells in the embryo at 11.5 to 12.5 dpc are
examined is clearly not sufficient to allow determination of

whether this was due to the cloning/transfections of the ES Iine%;rgzei);prseosrf]lengarggzgsgz;ez;s tthhee %r;?r?rz:fi; IlsE;lkilget%S el_

or is a consequence of the null mutation. In both of the ES ceIIinde endent early mouse phagocvtes are so numerous that it is
lines, the embryoid bodies eventually produced significant P y phagocy

numbers of cells that adhered to the bacteriological plastic disﬁjlfflcult to bel_leve t_hat their function in development is
: PO redundant or dispensible.

and spread with a polar morphology that was indistinguishable

from the cells produced in much larger numbers by the o )

heterozygous or wild-type cell (not shown). The cells producedThe Onget of Myelopoiesis in L|v.e.r Correlates With Altered

from PU.1 null clones resembled macrophages morphologically-XPression of Macrophage-Specific Genes

and were able to ingest latex particles (Fig 8B). Immunoperoxi- In contrast tac-fms MMR, MITF, and CR3, several markers

dase staining detected F4/80 antigen on the adherent cells frocharacteristic of adult macrophages, were only detected once

Totipotent embryonic stem cells can form cystic embryoid
bodies and partly recapitulate normal fetal hematopoiesis i
appropriate culture conditions. Previous studies demonstrate
that production of macrophages from PU.1 null ES cells in the
presence of pokeweed mitogen spleen-conditioned medium (|
source of multiple different colony-stimulating factors) was
grossly deficient compared with heterozygous or wild-type
parent ES cell$? We described an optimized method for
differentiating wild-type ES cells into macrophages in liquid
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hematopoiesis was established in the liver. The mRNA encod- Consistent with the view that embryonic phagocytes can
ing the S-100 proteins, S100A8 and S100A9, was shown to belevelop without PU.1, we produced adherent phagocytic cells
transiently expressed in presumptive myeloid progenitor cellfrom PU.1(~/—) ES cells. Olson et & also produced some
only in the liver, providing a striking marker of this transition. adherent cells in cultures containing a mix of colony-
F4/80 antigen was apparently another late marker. Previoustimulating factors, but dismissed their identity as macrophages.
descriptions of embryonic mononuclear phagocytes used F4/8Qur system for differentiation of ES cells, using recombinant
antibody!® The gene was cloned only recently and encodes anL-3 and CSF-1 rather than a mixed conditioned medium, is
integral membrane protein of unknown funct®rBoth FACS  biased towards macrophage differentiation, but there was still a
analysis (Fig 2) and whole mount in situ hybridization indicated clear reduction in the number of adherent cells produced in null
thatc-fms MMR, and Mac-1 expression precedes the appearcells compared with heterozygous or wild-type cells. It is
ance of F4/80, and that the F4/80 antigen is probably absent, @mportant to recognize that the ES cell differentiation system
at very low levels, on yolk sac—derived phagocytes. Theproceeds via the formation of IL3/CSF-1-responsive colony-
patterns of expression of two other late markers, the secretorjorming units (CFUP%4! The two independent PU.1 null
product lysozyme and MSR (Figs 3 and 5) were broadly similarmytations in mice have been shown to disrupt the appearance of
to that of F4/80, although both mMRNAs appeared particularlyg,ch (CFU) from the yolk sac and livé#416064s0 the reduced
evident on large cells involved in active phagocytosis. Theyie|q of cells seen when PU.1 null ES cells are differentiated in
function of MSR in embryonic phagocytosis appears o beyiiro probably reflects a defect in production of the committed
conserved during evolution, as the phagocyte®iosophila  acrophage progenitors. The in situ hybridization studies,
also express a form of scavenger receptét.This function is particularly of S100A8 and S100A9, imply that early phago-

not indispensable because scavenger receptor null mice do ”B&tes differentiate via a separate pathway (see above), and our
have developmental abnormalitiés Association of lysozyme  £g ¢ differentiation system has not been developed specifi-

expre_ssipn with phagocytosis is compatib_le with its apparenEa”y for their production. If the conditions could be optimized
function in adult mic&® and the low expression of lysozyme in for embryonic as opposed to “definitive” phagocyte produc-

the fetal macrophages has also been reported by dthers. tion, we would predict that production of phagocytes would be
unaffected by the PU.1 null mutation.
PU.1 Transcription Factor Is a Late Marker and Is Not

Required for Embryonic Phagocyte Production Transcription of Macrophage-Specific Genes Is Not Absolutely

The PU.1 null mutation in mice had no discernible effect on PU.1-Dependent
the number or distribution af-fms-positive phagocytes at 11.5

dpc (Fig 7). Olson et & used semiguantitative RT-PCR to The presence of-fms-expressing phagocytes in the PU.1

Ii*/f) mice indicates that PU.1 cannot be absolutely required

examine gene expression in an independent line of PU.1 nu -~ .
) or transcription of the-fmsgene itself. By contrast, deKoter et
animals and found not onlg-fms but also CD11b and CD18 _, . :
al® reported thatc-fms expression was greatly reduced in

(which make up Mac-1 antigen, shown to be coexpressed with ; . :
c-fmsin our study) and GM-CSF receptor were unaltered at thismyelo.Id progenitor cells |so.|ated from 14."5 dpc PU-L()
early stage of development. Hence, although there are somftgtal livers, and”that retroviral transductllon offms partly
differences in the hematopoietic phenotypes and viability of thergscued. the'ab|||ty of the cells to_proliferate, but nqt to.
two published lines of PU.1/—) mice3%4: both probably differentiate, in response to CSF-l. The apparent reduction in
retain the phagocytes we have defined. We have not performe‘a'fm?’ expression in these studies was measured by PCR in
marker studies later in development, but the morphogenicpur'f'e_d lin~ progenitor cells. It remains p035|b_le tha_t the
processes that appear to involve fetal phagocytes occur noffvestigators could have detected normal expressianfofsin

mally in the PU.1¢/—) null embryos. For example, the digits the lin* population of fetal liver ceIIs.from PU.H/—) animals, .
are formed normally, and in histological sections at 12.5 to 13.02S demonstrated from our observations. Furthermore, the possi-
dpc, phagocytes can be seen between the digits internalizinB”'ty tha_t the PU.1 null mutation altt_ars the dlstr_lbutlonaafms
pyknotic nuclei (not shown). The lack of effect of the PU.1 null 8XPressing cells between ftinand lin~ populations was not
mutation on early embryonic phagocyte production is consistenxcluded. The lonc-fmsexpression and CSF-1 unresponsive-
with the distribution of PU.1 mRNA, which was not detected Ness of the lin cells in these studies might be an indirect
until the onset of liver hematopoiesis and even thereafter, irfonsequence of lack of expression of the GM-CSFR. We and
locations such as the footpad, was detected in only a subset @thers have shown that optimal proliferation of murine macro-
cells expressing-fmsand other early markers. Our conclusion Phage progenitors requires cooperation between GM-CSF and
that PU.1 is not required for embryonic phagocyte production isCSF-1%°Hence, the published data do not demonstrate unequivo-
not incompatible with published evidence that it is absolutelycally that PU.1 directly controlg-fms transcription even in
required for “definitive” myelopoiesis. In fact, there is general adult hematopoiesis. Both the mouse and humémspromot-
agreement that the ability of the fetal liver to produce monocyte-ers have multiple functional binding sites for this factor in the
macrophage progenitor cells and to respond to hematopoietiproximal promotef830-3166hut neither promoter is absolutely
growth factors such as G-CSF, GM-CSF, and CSF-1 is almosPU.1-dependent, and both can be activated by other members of
completely compromised by the PU.1 null mutatfdd4 These  the Ets transcription factor family such as Et&'2dditionally,
studies involve in vitro colony assays, and the analysis ofboth humaf’ and mouse (J. Pollard, personal communication,
embryos later in development>(4.5 dpc) when PU.1 is July 1997)c-fms genes are expressed in trophoblasts from
normally expressed at readily detectable levels in the liver. separate promoters that might also be used by fetal phagocytes.
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MITF emerges from the current study as an alternative 3. Sherr C, Rettenmier C, Sacca R, Rousell M, Look A, Stanley E:
transcription factor that could contribute to regulation of the The c-fms proto-oncogene product is related to the receptor for the
c-fmspromoter. Our demonstration that MITF is coexpressedmononuclear phagocyte growth factor, CSF-1. Cell 41:665, 1985
with c-fmsis consistent with reports of others. We find (Rehli 4 Roth P, Stanley E: The biology of CSF-1 and its receptor. Curr Top
M., D.A.H., unpublished results) that mouse macrophages, liké/'croPiol immunol 181:141, 1992

those of the rat! use upstream promoter(s) of the MITF gene to 1551‘,3281(9 1|;:92The role of interleukin-6 in development. Dev Biol

produce a longer form of the p.roteln than is expressed in 6. Metcalf D: The molecular control of cell division, differentiation,
melanocytes, and we have obtained evidence that an MITRqymitment and maturation in hematopoietic cells. Nature 339:27, 1989
expression plasmid can transactivate the murine and human 7 medvinsky A, Samoylina N, Muller A, Dzierzak E: An early
c-fmspromoters. One argument against a function for MITF in pre-liver intra-embryonic source of CFU-S in the developing mouse.
macrophages is that the microphthalmia mutation/'ri) has  Nature 364:64, 1993
no effect onc-fms expressiof? or on its distribution in the 8. Sanchez M-J, Holmes A, Miles C, Dzierzak E: Characterisation of
embryo (not shown), but clearly does effect melanocytes (théhe first definitive hematopoietic stem cells in the AGM and liver of the
animals are albino). The difference may lie in the fact thatmouse embryo. Immunity 5:513, 1996 _ _
macrophages also express all three of the other members of the®: Cuadros M, Coltey P, Carmen-Nieto M, Martin C: Demonstration
MITF family, TFE3, TFEC, and TFEB: in fact, TFEC is of.a. phggocytlc cell system pelonglng to thg hemopoietic lineage and
- . . originating from the yolk sac in the early avian embryo. Development
macrophage-restricted in its expression and shares many ProXfs .1 =7 1992
mal promotgr elements WlthfmsegAddltlonaIIy, there fire still 10. C,ossmann P, Eggli P, Christ B, Kurz H: Mesoderm-derived cells
oth_er Cand'_date regulators. For example, the m_u”ne (m_anuf)roliferate in the embryonic central nervous system: Confocal micros-
script submitted) and humétc-fmspromoters contain essential - ¢opy and three dimensional visualisation. Histochem Cell Biol 107:205,
conserved motifs that bind members of the C/EBP transcription 997
factor family, which might also contribute to expression of 11. Morioka, Y, Naito, M, Sato, T, Takahashi, K: Immunophenotypic
c-fmsbefore induction of PU.1. and ultrastructural heterogeneity of macrophage differentiation in bone
marrow and fetal hematopoiesis in mouse in vitro and in vivo. J Leukoc
Biol 55:642, 1994
12. Hume D, Perry V, Gordon S: Immunohistochemical localization
Both lines of PU.1¢/—) mice lack mature macrophages as of a macrophage-specific antigen in developing mouse retina: Phagocy-
evidenced by localization of mature macrophage markers suclosis of dying neurons and differentiation of microglial cells to form a
as F4/8(2-4161-64phyt embryonic development and organogen- regular array in the plexiform layers. J Cell Biol 97:253, 1983
esis occurs relatively normally. Based on the data presented 13. Morris L, Graham C, Gordon S: Macrophages in hematopoietic
here, we hypothesize that PU.1l-independent phagocytes afthd other tissues of the developing mouse detected by the monoclonal
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