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FIG. 2. Higher-power views of intracellular antigens within the endocytic vacuolar system. Cytocentrifuged cells from 6-day colonies were
stained by 2A1 anti-dendritic cell (a), FAll anti-macrophage (b), and MAC-3 anti-lysosome (c) antibodies. The less-vacuolated dendritic cells
(arrows) stain strongly for 2A1 but more weakly for FAll and MAC-3 antigens. The reciprocal applies to heavily vacuolated macrophages.

for examination with the standard Giemsa hematologic stain
(Fig. 1 a and f). Three cell types were evident. There were
typical macrophages (i.e., large round mononuclear cells
with many cytoplasmic vacuoles). There also were granulo-
cytes (cells with a pale cytoplasm but characteristic irregu-
larly shaped condensed nuclei often assuming a "doughnut"
shape). Then, there were mononuclear profiles (Fig. 1 a and
f, arrows; usually larger than most of the phagocytes, with an
irregular "frilly" shape and few cytoplasmic vacuoles).

After staining with antibodies to MHC class II antigens, the
large cells were stained very strongly and selectively, and the
dendritic processes were clearly evident (Fig. 1 b and g,
arrows). When we applied the M342 (3) or 2A1 (unpublished
data) monoclonal antibodies that recognize cytoplasmic vac-
uoles within dendritic cells and some B cells (but not phago-
cytes), a subset of cells again stained selectively (Fig. 1 c and
h, arrows; Fig. 2a). Granulocytes were further identified with
the RB6 monoclonal antibody (Fig. 1 d and i, arrows). The
FAll monoclonal antibody (22), which identifies a "macro-
sialin" that is abundant in cytoplasmic granules of macro-
phages (21), stained most of the mononuclear cells in the
colonies. However, some FAll-weak presumptive dendritic
cells were also noted (Fig. 1 e and j, arrows; Fig. 2b). A
monoclonal antibody (MAC-3) to a lysosomal membrane
glycoprotein stained the phagocytes strongly relative to the
weak stain on presumptive dendritic cells (Fig. 2c).
The yield of the subset of MHC class II-rich and 2A1

cytoplasmic antigen-positive cells was determined in colo-
nies at different times. At the peak, day 5-6, the presumptive
dendritic cells represented 0.5-1.5% of the progeny (Table 2).

Table 2. Frequency of dendritic cells arising in mixed colonies
generated from MHC class II-negative bone marrow precursors

Day of MHC class II- 2A1-positive
colony assay rich cells, % cells, %

4 0.11 0.09 ND
5 0.55 ± 0.23 0.07 ± 0.04
6 1.47 + 0.34 0.48 ± 0.23
7 1.39 ± 0.28 0.50 ± 0.21
8 0.73 + 0.12 0.21 ± 0.08

Values are the means ± SEM of three experiments in which >400
cells were counted in cytocentrifuged cells harvested from mixed
colonies.

Prior work has shown that the 2A1 and M342 cytoplasmic
antigens appear relatively late in dendritic-cell development,
after the cell has stopped proliferating, whereas MHC class
II is expressed during and after growth (12, 13). We conclude
that GM-CSF induces MHC class IT-negative precursors to
form mixed colonies that contain typical phagocytes (mac-
rophages and granulocytes) plus some dendritic cells, as
assessed by cytologic features and surface and intracellular
antigens.

Separation of Colony-Derived Macrophages and Dendritic
Cells. To verify that all the distinctive markers of dendritic
cells (Figs. 1 and 2) were being expressed by the same
population, we pooled the cells from many colonies and
prepared macrophage- and dendritic-cell-enriched popula-
tions by using adherence criteria. It is known that dendritic
cells, unlike macrophages, do not stick firmly to plastic
surfaces (19, 20, 23).
When colony-derived cells were applied to plastic, the bulk

of the granulocytes and some of the dendritic cells were
nonadherent and could be removed by swirling the plates.
When we gently pipetted buffer over the remaining adherent
cells, most of the dendritic cells were dislodged as verified by
double labeling for MHC class II and the 2A1 intracellular
dendritic cell antigen (Fig. 3 a-c; e.g., cells at arrows), but not
the FAll macrophage granule antigen (data not shown). The
vacuolated phagocytes remained firmly attached and could
only be dislodged after warming the cultures in PBS supple-
mented with 10 mM EDTA. Almost all the cells in the firmly
attached population (Fig. 3d) had low or absent MHC class
TI (Fig. 3e), and expressed the FAll antigen that is abundant
in macrophage granules (Fig. 3f), but lacked 2A1 (data not
shown). In addition, macrophages expressed much higher
levels of the lysosomal membrane glycoprotein detected by
the MAC-3 monoclonal antibody than did dendritic cells (data
not shown). With additional GM-CSF, we could not convert
the phagocytes to dendritic cells or vice versa.

Function of Colony-Derived Dendritic Cells and Macro-
phages. The enriched populations (nonadherent, weakly ad-
herent, and firmly adherent) were then evaluated for immu-
nostimulatory activity by using the MLR as a test system. In
the MLR, leukocytes from one strain of mice, particularly
dendritic cells (25, 26), initiate a strong proliferative response
in T cells from other strains that differ in MHC. Stimulation
of the MLR requires presentation of the foreign MHC prod-
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FIG. 3. Two-color immunofluorescence to test for coexpression ofMHC class II and other antigens in enriched bone-marrow-colony-derived
dendritic cells and macrophages. Cells were double-labeled for MHC class II and either the 2A1 antigen of dendritic-cell intracellular granules
(unpublished data) or the FAll antigen of macrophage intracellular granules (21). (a and d) Phase-contrast images of the cytocentrifuged cells
fixed in acetone. (b and e) MHC class II monoclonal antibody N22 (24) (ATCC HB225). (c and f) Double-labeled cells with rat monoclonal
antibodies to intracellular antigens (2A1 and FAll, respectively). (a-c) Loosely attached dendritic cell-enriched population. (d-J) Firmly
attached macrophage-enriched population. (b and c) The dendritic-cell fraction stains strongly for MHC class II and 2A1 intracellular antigens.
Two such dendritic cells are indicated by arrows. (e and f) The macrophage fraction expresses little or no MHC class II but high levels of the
FAll intracellular antigen (a single class II-rich profile is indicated by arrows). The staining sequence was N22 hamster anti-mouse class II,
biotin-conjugated rabbit anti-hamster immunoglobulin (Jackson ImmunoResearch), Texas red-streptavidin (Biomedia, Foster City, CA), 2A1
or FAll rat monoclonal antibody, and fluorescein-conjugated mouse anti-rat immunoglobulin (Boehringer Mannheim). (x250.)

uct plus other accessory functions [e.g., the ligation of
several adhesion or costimulatory molecules including CD2,
CD11a, and CD28 (1)].
The nonadherent cells from the colonies (containing gran-

ulocytes and dendritic cells) and the loosely adherent cells
(containing primarily dendritic cells; Fig. 3 a-c) were very
much enriched relative to the bulk or unfractionated popu-
lation in MLR stimulating activity (Fig. 4, compare data for
weakly adherent and nonadherent GM-colony populations
with that for the bulk GM-colony population). The strongly
adherent GM-colony macrophages were inactive. The
weakly adherent dendritic-cell component was indistinguish-
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able from splenic dendritic cells in MLR stimulating activity
(Fig. 4, compare weakly adherent GM-colony population and
spleen dendritic cells). Some of the methylcellulose colonies
were not of the "mixed" type but contained either typical
macrophages and granulocytes as described (15). When cells
from these colonies were tested, no MLR stimulating activity
was apparent.

DISCUSSION
Bowers and Berkowitz (27) first reported that dendritic cells
could be generated from MHC class II-negative precursors in

.2 0 Spleen dendritic cell
V

Cells from GM colony

* Bulk population
v Nonadherent population
A Weak adherent population

* * Strong adherent population

Cells from M colony
O Bulk population

* Cells from G colony
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FIG. 4. MLR stimulating activity of various cell types derived from GM-CSF-induced bone marrow colonies. GM-CSF was used to induce
the formation of colonies from MHC class II-negative precursors as in Fig. 1. Cells from mixed colonies (containing both macrophages and
granulocytes, GM colony) or from pure macrophage (M colony) and granulocyte (G colony) colonies were plucked from the methylcellulose
semi-solid cultures, washed, mitomycin C-treated, and used to stimulate an allogeneic MLR in 3 x 105 purified T cells from C3H H-2k mice.
The cells in the mixed GM colonies were separated into fractions as in Fig. 3. The nonadherent fraction contains both granulocytes and dendritic
cells, the weakly adherent fraction is primarily dendritic cells, and the strongly adherent fraction is primarily macrophages. The MLR was
monitored by measuring DNA synthesis in the T cells ([3H]thymidine uptake) at 72-90 h of culture.
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serum-free suspension cultures of rat bone marrow. By
adding GM-CSF, much larger numbers of granulocytes,
macrophages, and dendritic cells can be generated (13). Reid
et al. (16) observed that bulk populations of human bone
marrow or blood cells would generate mixed colonies of
macrophages and dendritic cells upon supplementation with
a lectin-stimulated leukocyte-conditioned medium that likely
contained GM-CSF. Recently, Reid et al. (17) have docu-
mented that GM-CSF and tumor necrosis factor work to-
gether to generate colonies containing macrophages and
dendritic cells or dendritic cells only.
Here we show that dendritic cells share a common MHC

class II-negative colony-forming precursor with phagocytes
(granulocytes and macrophages), by using the classical GM-
CSF semi-solid bioassay. We were unable to detect pure
dendritic-cell colonies. In mixed colonies, the dendntic cells
were enumerated and distinguished from typical phagocytes
by the following features: a dendritic or veiled morphology,
weak adherence to plastic, and distinct antigenic markers
including high levels of MHC class II products and new
intracellular antigens. Since this small subset of dendritic
cells could be enriched by adherence methods, it was pos-
sible to study the T-cell stimulating activity of different cell
types from mixed colonies and from pure macrophage and
granulocyte colonies. The MLR stimulating activity of col-
ony-derived dendritic cells was very strong and comparable
to that seen in mature lymphoid dendritic cells, whereas the
phagocytes lacked detectable activity (Fig. 4). Therefore, by
the criteria that we have studied, the dendritic cells differ
markedly from the macrophages and granulocytes that are
also arising from MHC class II-negative progenitors within
individual colonies.
The extent to which this distinct immunostimulatory, dif-

ferentiation pathway occurs in bone marrow in vivo is un-
clear. Typical dendritic cells have not been identified in fresh
bone marrow suspensions and are rare in blood, whereas
mature granulocytes and macrophages are found in both
sites. In vivo, dendritic cell development may not proceed to
the same extent in marrow as in these semi-solid colony-
forming systems. Prolonged exposure to GM-CSF, or other
cytokines yet to be identified, may be required to induce the
full development of MHC class II-rich immunostimulatory
dendritic cells.

We thank Judy Adams for the composite micrographs. This work
was supported by grants from the Ministry of Education, Science and
Culture of Japan for Joint Research in International Scientific
Research (03044086), the Mochida Memorial Foundation of Medical
and Pharmaceutical Research, the Shimizu Foundation for Immu-
nological Research, and National Institutes of Health (Grant
A113013).

1. Young, J. W., Koulova, L., Soergel, S. A., Clark, E. A.,
Steinman, R. M. & Dupont, B. (1992) J. Clin. Invest. 90,
229-237.

2. Breel, M., Mebius, R. E. & Kraal, G. (1987) Eur. J. Immunol.
17, 1555-1559.

3. Agger, R., Witmer-Pack, M., Romani, N., Stossel, H., Swig-
gard, W. J., Metlay, J. P., Storozynsky, E., Freimuth, P. &
Steinman, R. M. (1992) J. Leuk. Biol. 52, 34-42.

4. Steinman, R. M. (1991) Annu. Rev. Immunol. 9, 271-296.
5. Matzinger, P. & Guerder, S. (1989) Nature (London) 338,

74-76.
6. Mazda, O., Watanabe, Y., Gyotoku, J.-I. & Katsura, Y. (1991)

J. Exp. Med. 173, 539-547.
7. Inaba, M., Inaba, K., Hosono, M., Kumamoto, T., Ishida, T.,

Muramatsu, S., Masuda, T. & Ikehara, S. (1991) J. Exp. Med.
173, 549-559.

8. Witmer-Pack, M. D., Olivier, W., Valinsky, J., Schuler, G. &
Steinman, R. M. (1987) J. Exp. Med. 166, 1484-1498.

9. Heufler, C., Koch, F. & Schuler, G. (1987) J. Exp. Med. 167,
700-705.

10. Naito, K., Inaba, K., Hirayama, Y., Inaba-Miyama, M., Sudo,
T. & Muramatsu, S. (1989) J. Immunol. 142, 1834-1839.

11. MacPherson, G. G. (1989) Immunology 68, 102-107.
12. Inaba, K., Steinman, R. M., Witmer-Pack, M., Aya, K., Inaba,

M., Sudo, T., Wolpe, S. & Schuler, G. (1992) J. Exp. Med. 175,
1157-1167.

13. Inaba, K., Inaba, M., Romani, N., Aya, H., Deguchi, M.,
Ikehara, S., Muramatsu, S. & Steinman, R. M. (1992) J. Exp.
Med. 176, 1693-1702.

14. Scheicher, C., Mehlig, M., Zecher, R. & Reske, K. (1992) J.
Immunol. Methods 154, 253-264.

15. Metcalf, D. (1988) The Molecular Control of Blood Cells
(Harvard Univ. Press, Cambridge, MA).

16. Reid, C. D. L., Fryer, P. R., Clifford, C., Kirk, A., Tikerpae,
J. & Knight, S. C. (1990) Blood 76, 1139-1149.

17. Reid, C. D. L., Stackpoole, A., Meager, A. & Tikerpae, J.
(1992) J. Immunol. 149, 2681-2688.

18. Drexhage, H. A., Mullink, H., de Groot, J., Clarke, J. &
Balfour, B. M. (1979) Cell Tissue Res. 202, 407-430.

19. Freudenthal, P. S. & Steinman, R. M. (1990) Proc. Natl. Acad.
Sci. USA 87, 7698-7702.

20. Schuler, G. & Steinman, R. M. (1985) J. Exp. Med. 161,
526-546.

21. Rabinowitz, S. S. & Gordon, S. (1991) J. Exp. Med. 174,
827-836.

22. Smith, M. J. & Koch, G. L. E. (1987) J. Cell Sci. 87, 113-119.
23. Steinman, R. M., Kaplan, G., Witmer, M. D. & Cohn, Z. A.

(1979) J. Exp. Med. 149, 1-16.
24. Metlay, J. P., Witmer-Pack, M. D., Agger, R., Crowley,

M. T., Lawless, D. & Steinman, R. M. (1990)J. Exp. Med. 171,
1753-1771.

25. Steinman, R. M. & Witmer, M. D. (1978) Proc. Natl. Acad.
Sci. USA 75, 5132-5136.

26. Inaba, K. & Steinman, R. M. (1984) J. Exp. Med. 160, 1717-
1735.

27. Bowers, W. E. & Berkowitz, M. R. (1986) J. Exp. Med. 163,
872-883.

3042 Immunology: Inaba et al.

D
ow

nl
oa

de
d 

at
 R

oc
ke

fe
lle

r 
U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

S
ep

te
m

be
r 

21
, 2

02
0 


