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Murine macrophage precursor characterization 
I. Production, phenotype and differentiation of 
macrophage precursor hybrids* 

This study reports on the earliest stages of mononuclear phagocyte differentia- 
tion. A crucial question in this developmental process is whether mature 
macrophage (Ma)  heterogeneity is already appointed at the precursor cell level. 
For this purpose, we produced clonal populations of mononuclear phagocytes 
from bone marrow culture by somatic cell hybridization with two hypoxanthine, 
aminopterin, thymidine-sensitive myeloid cell lines. A panel of 22 stable hybrids 
was obtained from these fusions. Differentiation stage analysis of the hybrids 
indicated that all cell lines had immature mononuclear phagocyte characteristics. 
The hybrids exhibited typical myeloid morphology and mainly nonadherent 
growth. Mature MQ, features, such as expression of the cell surface antigens 
Mac-1, Mac-2 and F4180, phagocytosis of latex beads, and expression of 
nonspecific esterase and acid phosphatase activity, were virtually absent. The 
immature MQ, markers Thy-1, MIV25 and MIV52, on the other hand, were 
readily expressed, although heterogeneity was observed among different hybrid 
cell lines. 
We then analyzed the differentiation potential of seven hybrids by culture of the 
cells in the presence of post-lipopolysaccharide serum supplemented with 
interferon-y and found that the expression of mature MQ, characteristics was 
induced. However, the various hybrids showed divergent patterns of mature MQ, 
marker induction. ROC2 cells, for instance, showed extensive morphological and 
phenotypical differentiation without concomitant induction of phagocytosis. In 
contrast, W1C4 cells showed significant induction of phagocytosis without 
simultaneous increase of phosphatase and esterase activity. R l C l  cells were 
unique in the strong induction of Ia antigen expression. 
Together, our data indicate that (a) early MQ, differentiation stages can be 
rescued by somatic cell hybridization, and that (b) the obtained cell lines are able 
to mature according 

1 Introduction 

Mononuclear phagocytes originate from the BM, where 
precursors develop from pluripotent hemopoietic stem 
cells [l]. Monocytes are transported via the peripheral 
blood and mature to MQ, upon entrance of the various 
tissues. Mature McP constitute a heterogeneous population 
with regard to functional, morphological and phenotypic 
aspects (for reviews see [2-41). However, consensus about 
arranging mononuclear phagocytes in discrete subsets, as 
can be done for lymphoid cells, has not been reached. It 
remains to be conclusively established whether specialized 
subsets exist, or, alternatively, the mononuclear phagocyte 
lineage as a whole forms a continuum in which different 
activation and maturation stages, induced by extrinsic 
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to divergent differentiation' programs. 

factors, perform distinct immunological functions. Argu- 
ments have been provided for both views [3-71. Further- 
more, the question may be raised whether mononuclear 
phagocyte heterogeneity is already appointed at the pre- 
cursor level, as has been suggested previously [5, 8, 91. 

To address these questions, MQ, and their precursors have 
to be analyzed at the clonal level. An attractive approach is 
immortalization of single cells through hybridization with a 
suitable tumor cell line. In this way, representatives of 
different mature MQ, populations were immortalized by 
using a mature McP cell line as fusion partner [ 10-131. The 
resulting mature MQ, hybrids showed extensive hetero- 
geneity with respect to phenotypes and functional capaci- 
ties, such as phagocytosis, antigen presentation, IL 1 and 
PG secretion. Even during prolonged culture of the various 
mature MQ, hybrids, the distinct phenotypes are stably 
maintained. Possibly, the distinct mature MQ, hybrids 
represent naturally occurring McP populations. Further, the 
phenotypical diversity of these hybrids suggests that the 
different mature MQ, phenotypes are predetermined, 
rather than induced by extrinsic factors, as the hybrids are 
kept under identical culture conditions. 

In the present study, we have investigated whether MQ, 
heterogeneity is already appointed at the precursor level.To 
enable clonal analysis of McP precursor stages, we used 
somatic cell hybridization of BM-derived mononuclear 
phagocytes with myeloid tumor cell lines. By choosing 
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tumor cell lines with an immature phenotype as fusion 
partners, we aimed at specific immortalization of M a  
precursors. We analyzed the hybrids obtained with regard 
to several aspects indicative of M a  maturity, e.g. ,  morpho- 
logy, expression of mature and immature markers recog- 
nized by mAb, expression of nonspecific esterase and acid 
phosphatase, and phagocytosis of latex beads. In addition, 
the potential of the hybrids to undergo terminal differen- 
tiation upon induction with several agents was investi- 
gated. 

The present data indicate that: (a) M a  precursors can be 
immortalized by somatic cell hybridization; (b) the result- 
ing M a  precursor hybrids retain the capacity to differen- 
tiate; and (c) different hybrids follow divergent differentia- 
tion pathways upon induction with an identical stimulus. 

2 Materials and methods 

2.1 Mice 

Male and female BALB/c mice were purchased from Olac 
(Bicester, Oxon, GB). Animals were kept under routine 
conditions and killed at 15-20 weeks of age. C57BL/6J 
mice were used for the production of post-LPS serum 
(PLS). These mice were obtained from the Netherlands 
Energy Research Foundation (ECN, Petten, The Nether- 
lands). 

2.2 Antisera and conjugates 

The specifications of the mAb used in the present study are 
described in Table 1. Culture SN from hybridoma cell lines 

lines grown in RPMI 1640 or DMEM (Flow Laboratories, 
Irvine, Scotland) with 10% FCS or SERUM-PLUS (KC 
Biological, Lenexa, KS) were used. As second-stage anti- 
bodies, we applied affinity-purified sheep anti-rat Ig 
P-galactosidase conjugate (Radiochemical Centre, Amer- 
sham, GB) or rabbit anti-rat (IgG + IgM) P-galactosidase 
(Zymed Laboratories, San Francisco, CA). 

2.3 Ma-CSF (M-CSF)-stimulated BM culture 

BM-derived mononuclear phagocytes (BMDM) were 
obtained by culturing BM cells at 1 x lo5 cells/ml under 
10% CO;! in DMEM supplemented with 20% L cell- 
conditioned medium (LCM) as a source of M-CSF, 10% 
FCS or 10% SERUM-PLUS7 penicillin and streptomycin. 
LCM was harvested after culturing a confluent layer of 
L cells for 5 days in DMEM with antibiotics. As a source of 
immature BMDM, nonadherent cells were isolated after 
4 days of culture in plastic flasks (Costar, Cambridge, MA) 
[35]. This population consisted of about 55% mononuclear 
cells and 45% mature and immature polymorphonuclear 
cells. Lymphoid and erythroid contamination of this pop- 
ulation was < 5 % .  Relatively mature BMDM were isolated 
from Teflon culture bags [36] after 7 days of culture. This 
population consisted of approximately 65% mature and 
35% immature mononuclear phagocytes (monocytedbla 
and monoblasts plus promonocytes, respectively; [37]). 

2.4 Cell lines 

The myeloid cell lines FWB-TG and WEHI-TG, used as 
fusion partners for the generation of hybrids, are the 

Tablel. mAb 

Antibody 

2.4G2 
30-Gl2 
53-7.3.13 
53-6.72 
59-AD 2.2 
B2A2 
ER-TR6 
F480 
H129.19 
H129.37 
H129.121 
IM7.8.1 
MU42 
MlnO 
Mlfl5 
M3B8 
M3/84 
MY114 
MIV25 
MIV 43 
MIV 38 
M I V  52 
MIV 55 
MECA-20 
MEL-14 
RA3 6B2 
RB6 8C5 

Antigen 

FCRII 
T-20 
Ly-1 
Ly-2 

Thy- 1 
Heat-stable Ag 

FW80 Ag 
MT4 

LFA-la 
'Ifansferrin receptor 

PgPl 
Class I MHC 
Mac-1, CR3 

Heat-stable Ag 
Ma02 
Mac-3 

Class II MHC 
MIV25 Ag 
MIV43 Ag 

MIV52 Ag 

Homing receptor 

Gr-1 

ER-TR6 Ag 

MBR-2 

MBR-1 
MECA-20 Ag 

B-220 

Specificity 

M#, granulocytes, B cells 
Leukocytes 
Tcells. B cell subset 
Suppressor/cytotoxic Tcells 
Tcells, hemopoietic stem cells, myeloid cells 
Most hemopoietic cells 
M#, interdigitating cells, Tcells, epithelium 
M# 
Helper Tcells, some monocytes/M# 
Leukocytes, hemopoietic precursors 
Cells in cycle 
Hemopoietic cells, esp. phagocytes 
All tissues 
Non-fixed M#, granulocytes, natural killer cells 
Erythrocytes, erythmblasts 
M a ,  dendritic cells, epithelium 
McD, dendritic cells, epi-, endothelium 
Immunologically reactive cells 
McD precursors, granulocytes, B and Tcells 
Hemopoietic cells 
Mature MQ, endothelium, B cells, exythrocytes 
M@ precursors, hemopoietic cells 
Mature M a ,  endothelium, B cells, erythrocytes 
Endothelium 
Recirculating lymphocytes 
B cells, myeloid cells 
Granulocytes 
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formed similarly, without PLS plus IFN. Adherent cells 
were isolated from plastic flasks either by repeated pipet- 
ting or by incubating the cultures with 0.02% disodium 
EDTA in PBS for 10 min at room temperature.With respect 
to the characteristics studied here, no differences were 
observed between the populations isolated by either 
method. 

HGPRT-negative variants of RMB-1 and WEHI3B, re- 
spectively [38-401. These cell lines were kindly provided by 
Dr. Ad GeurtsVan Kessel and cultured under 10% C02 in 
DMEM supplemented with 10% FCS or 10% SERUM- 
PLUS and antibiotics. The mature M@ cell line 
RAW309Cr.1 [41] and the pre-T cell line RLD-1 [42] were 
used as control cell lines in phagocytosis experiments. 
These cells were cultured as described above. 

2.5 Generation of M a  precursor hybrids 

BALBlc BMDM obtained after 7days of culture (see 
above) and RMB-TG and WEHI-TG cells were separately 
washed twice in serum-free RPMLThen, lo7 BMDM were 
mixed with either lo7 RMB-TG or 2.8 x lo6 WEHI-TG cells 
and washed another time. Hybridization occurred by gently 
applying 1 ml pre-warmed (37 "C) 71% PEG 4000 (Merck, 
Darmstadt, FRG) in serum-free RPMI 1640 supplemented 
with 5% DMSO to the cell mixture. After 2 min at 37"C, 
the PEG was gradually diluted with 1 O m l  pre-warmed 
serum-free RPMI. Next, the cells were centrifuged (5 min, 
50 x g, room temperature) and resuspended in DMEM 
(a modification) supplemented with 15% FCS, 40 U hybri- 
doma growth factor (IL6) (HGF)/ml as present in human 
endothelium culture SN (HECS) [43], hypoxanthine 
(1 x M), aminopterin (4 X M), thymidine 
(1.6 x M), 2-ME (5 x M) and antibiotics. Cells 
were aliquoted in 24-well tissue culture plates (Costar). 
Selection of hybrids occurred for 3 weeks in the described 
HAT-containing medium, followed by culture for 
1-2 weeks in HT-containing medium. After that period 
hybrid cell lines were cultured in a-DMEM or in DMEM, as 
described for RMB-TG and WEHI-TG. 

2.6 Karyotype analysis 

Metaphase preparations of the parental cell lines and the 
hybrids ROC2, RlB1, RlC1, R2C4, WlC3, W1C4 and 
W6A2 were kindly prepared by Dr. An Hagemeijer and 
co-workers from our department using R-banding with 
acridine orange after heat denaturation [44]. 

2.7 Induction of MQ, differentiation 

For maximal induction of M@ differentiation, we used PLS 
as differentiation-inducing agent [45] supplemented with 
recombinant IFN-y [46]. For the production of PLS, 
C57BL/6J mice were injected i.v. with 400 pg Salmonella 
typhosa LPS-W (Difco Laboratories, Detroit, MI) in PBS 
and blood was collected 6 h later by cardiac puncture of 
CO2-anesthetized animals. SN from transfected CHO cells 
was used as a source of rIFN-y [47]. This was kindly 
provided by Dr. Jan Trapman, Department of Pathology, 
Erasmus University, Rotterdam. Other differentiation- 
inducing agents tested were Con A-stimulated spleen cell- 
conditioned medium (20%), dexamethasone (5 x M), 
E. coli LPS (0.1 pglml), DMSO (1%-2%), and LCM 
(20%). Hybrid and parental cell lines were set into culture 
for 5 days at initial density of 1 x 105-3 x 105 celldm1 in 
DMEM supplemented with 10% SERUM-PLUS, anti- 
biotics and 1% PLS plus 0.5 U, 1 U or 10 U rIFN-ylml as 
differentiation-inducing agents. Control cultures were per- 

2.8 Phagocytosis, nonspecific esterase and acid 
phosphatase activity 

The phagocytic capacities of parental cell lines and hybrids 
before and after induction of differentiation were deter- 
mined as described previously [48]. Nonspecific esterase 
activity was determined according to Li et al. [49] using 
a-naphthylacetate as substrate. Acid phosphatase activity 
was demonstrated according to Loyda et al. [50]. 

2.9 ELISA 

The expression of surface antigens by hybrids and parental 
cell lines was quantitatively assessed by means of a sensitive 
fluorescence micro-ELISA, using target cells coated to 
Terasaki trays with 0.05% glutaraldehyde [51]. As shown 
previously [51], this low glutaraldehyde concentration does 
not influence the detectability of the investigated antigens. 
Briefly, wells were incubated for 1 h with mAb, rinsed 
thoroughly with PBS-Tween 20 (0.05%, v/v), incubated for 
1 h with optimally diluted anti-rat Ig P-galactosidase con- 
jugate, rinsed again and finally incubated for 1 h at 37°C 
with the fluorogenic substrate 4-methylumbelliferyl galac- 
topyranoside.The amount of generated fluorescent product 
was then determined with a scanning microfluorometer. To 
enable comparison of antigen expression by different cell 
lines as well as comparison of data obtained in different 
experiments, the obtained fluorescence values were stan- 
dardized as follows. Day-to-day variables in the ELISA- 
procedure are: (a) cell density on the test plates; (b) specific 
activity of the enzyme conjugate used as second-stage 
reagent.This variability is caused by decreasing enzyme and 
antibody activity with time as well as by variations in daily 
made dilutions; and (c) amplification of the fluorescence 
signal by the scanning equipment. To exclude variations in 
cell density, Terasaki trays were prepared by coating equal 
amount of cells, measured as protein content, to the wells. 
The variation in specific enzyme activity and amplification 
of the fluorescence signal was corrected for by expressing 
the obtained experimental fluorescence values as percent- 
age of an internal positive control. The latter value was 
determined in the same assay by measuring the fluorescent 
product generated on a separate Terasaki tray which was 
saturated with purified rat Ig and subsequently incubated 
with the anti-rat Ig conjugate and fluorogenic substrate. 
Thus, antigen expression is given in arbitrary units (AU), 
implying that for 100AU a fluorescence signal was 
obtained that equalled the internal positive control. Anti- 
gen expression, determined in this way, appeared to be 
constant on different Terasaki trays of a single cell line. 
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3 Results 

3.1 Generation and karyotype of MQ, precursor hybrids 

Mononuclear phagocytes, obtained by culturing BM for 
7 days in the presence of M-CSF (BMDM-7), were hybrid- 
ized with HGPRT-negative variants of the myeloid cell lines 
RMl3-1 and WEHI3B (RMB-TG and WEHI-TG, respec- 
tively). Culture of the hybridized cells in HAT medium 
resulted in the appearance of clonal growth after 
1-2 weeks. The fusion of BMDM-7 with RMB-TG resulted 
in 16 stable hybrids from 60 wells plated, whereas 6 stable 
hybrids were obtained from 60 wells plated with the fusion 
mixture of BMDM-7 with WEHI-TG.The hybrids resulting 
from fusion with RMB-TG (hereafter called R-hybrids) 
appeared to exhibit nonadherent growth and a typical 
immature myeloid morphology (see Fig. 2a, Sect. 3.3.2). 
Similarly, the hybrids gained after fusion with WEHI-TG 
(W-hybrids) showed a myeloid morphology, although most 
of the W-hybrids appeared to grow slightly adherent. 

The results of the karyotype analysis of seven representa- 
tive hybrids and the parental cell lines are given inTable 2. 

z. 

3 
2 25- 3 
t 5 
m 

m 
0-  

MHC-class I 

n 

Thy1 

Mac-1 

J "1 

Initial analysis of three hybrids, 3 months after fusion, 
showed a doubled chromosome number compared to the 
parental cell lines. After 26 months, only the R lBl  hybrid 
showed significant loss of chromosomes, whereas the other 
investigated hybrids appeared to be stable with respect to 
their chromosome content. Remarkably, hybrid W6A2 
cells contained 93 chromosomes on an average, which is 
more than the double set. 

3.2 Immunophenotype of MQ, precursor hybrids 

3.2.1 General remarks 

The immunophenotype of the hybrids was determined in a 
semi-quantitative micro-ELISA using the panel of mAb 
listed in Sect. 2.2,Table 1. Their phenotype was compared 
with the phenotype of the parental cell lines RMB-TG and 
WEHI-TG, and of BMDM-7. The latter population was 
similar to the one used for fusion. Furthermore, a compar- 
ison was made with nonadherent BMDM-4. This popula- 
tion consisted of mononuclear cells (= 55%) and polymor- 
phonuclear cells (= 45%). 

MHC-class 11 

501 

MIV 25 

7 5 1  

Mac-2 

n 

I In 

MIV 52 

751 50 

F4/80 

n 
I I  . 

Figure I. Immunophenotype of BMDM-7, BMDM-4, R- and W-hybrids and their parental cell lines as determined with ELISA. Each 
dash in the complex bars represents the mean antigen expression for a single hybrid, determined in at least three assays. The level of 
antigen expression by the investigated populations is given relative to the internal positive control in arbitrary units (AU) as described in 
Sect. 2.10. 
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antigen expression was observed on BMDM-4, whereas 
BMDM-7 showed the highest level of class I1 expression. 

Table 2. Karyotype analysis of MQ precursor hybrids and parental 
cell lined 

Cell line Number of chromosomesa) 
3 months after 26 months after 

fusion fusion 

RMB-TG 41 + 1 41 f 1 
R-hybrids 
ROC2 ND 
RlBl 80+1 
RlCl 81 + 3  
R2c4 ND 

WEHI-TG ND 
W-hybrids 
WlC3 80 + 1 
WlC4 ND 
W6A2 ND 

8 0 f 3  
75 f 3 
8 2 f 4  
81 f 1 

41 f 1 

81 f 3  
78 + 3 
93 + 2 

a) Mean number of chromosomes & SD was calculated from three 
to ten metaphases of each cell line. 

The expression of class I and class I1 MHC antigens as well 
as the expression of mature and immature M@ markers is 
given in Fig. 1. The expression of other lympho-hemo- 
poietic markers is given in Table 3. 

3.2.2 MHC antigens 

Class I MHC antigens were present on most R-hybrids as 
well as on two (of six) W-hybrids. I t  should be noted, 
however, that in later experiments (Table 4) class I antigen 
expression was found on W-hybrids that were previously 
scored negative. Class I1 MHC antigens were expressed 
neither by R- nor by W-hybrids. A low level of class I1 

3.2.3 Mature MCP antigens 

As indicators for M@ maturity we investigated the expres- 
sion of Mac-1, Mac-2 and F4/80 Ag (Fig. 1). Comparison of 
the expression of these antigens by the immature BMDM-4 
and the more mature BMDM-7 cells clearly showed an 
increase in expression of these markers during the course of 
M@ differentiation. The BMDM-7 population always 
showed the highest expression of Mac-1, Mac-2 and F4/80 
Ag. None of the mature markers were expressed beyond 
background by any of the R-hybrids.The W-hybrids, on the 
other hand, showed a low, but detectable, level of Mac-1 
and F4/80 Ag expression, whereas Mac-2 was clearly 
absent. 

3.2.4 Immature MCP antigens 

As examples of immature M@ antigens, we examined the 
expression of Thy-1, MIV 25 Ag and MIV 52 Ag on hybrid 
cells (Fig. l).The latter two markers were clearly expressed 
by immature BMDM, present in 4-day BM cultures, but 
hardly or not at all by the more mature BMDM obtained 
from 7-day BM cultures. Thy-1 was expressed at high levels 
by all R-hybrids as well as by the RMB-TG parental line. 
The W-hybrids showed qualitative heterogeneity with 
respect to the expression of Thy-1.Three W-hybrids showed 
Thy-1 expression at a level comparable to the R-hybrids, 
whereas the other 3 W-hybrids showed no expression of 
Thy-1, just as the parental WEHI-TG cells. MZV2.5 Ag was 
differentially expressed by the R-hybrids. Most R-hybrids 
showed a low, but significant level of expression just as 
RMB-TG, whereas some R-hybrids expressed MIV 25 Ag 
at a high level comparable to BMDM-4. The W-hybrids 

Table 3. Immunophenotypical analysis of MQ precursor hybrids, parental cell lines and BM-derived MQa) 

Antibody Antigen BMDM-7 BMDM-4 RMB-TG R-hybrids WEHI-TG W-hybrids 

B2A2 
IM7.8.1 
M I V  43 
30-G12 
H129.121 
RB6 8C5 

RA3 6B2 

M3184 
H129.37 

2.462 
MIV 38 
MIV 55 

53-7.3.13 

ER-TR6 

MEL-14 

MECA-20 
53-6.72 
H129.19 
M1/75 

HSA 

MIV43 Ag 

Transfemn receptor 
Gr-1 

PgP-1 

T-200 

Ly- 1 
B-220 

ER-TR6 Ag 
Mac-3 

LFA-la 

FcRII 
MEL-14 Ag 

MBR-2 
MBR-1 

MECA-20 As 
Ly-2 
MT4 
HSA 

+ 
+ 
+ 
+ 
+ 

fH 
+H 
H 

fH 
+H 
V 
V 
- 
- 
- 
- 
- 
- 
- 

a) (-) = Relative expression < 5 arbitrary units (AU); (+) = relative expression 5-15 AU; (+) = relative expression > 15 AU; 
H = heterogeneity among different hybrids; V = interexperimental variations observed. 
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Table4. Class1 and immature M@ antigen expression by M@ 
precursor hybrids and parental cell lines selected for induction of 
differentiation 

eetl line Relative expression (AU)a) 
class1 Thy-1 MIV25 MIV52 
4 3  4 3  Ag 

RMB-TG 21 74 32 33 
Roc2 27 72 24 36 
RlBl  25 55 20 11 
RlCl 24 48 3 59 
Rzc4 21 64 14 2s 
WEHI-TG 17 5 2 13 
WlC3 14 61 17 26 
w 1 a  11 4 2 14 
W6A2 26 59 4 12 

a) Data were determined by ELISA and represent the mean of 
three individual experiments. 

appeared to express MIV 25 Ag with similar heterogeneity 
as Thy-1, some W-hybrids exposing MIV25 Ag in fairly 
high amounts and others being negative for this marker, just 
as WEHI-TG. MZV52 Ag was expressed by virtually all 
R-hybrids though at varying levels. All W-hybrids but one 
expressed MIV 52 Ag at only low levels. Taken together, it 
can be concluded that both R- and W-hybrids lack a high 
expression of mature M a  markers. On the other hand, 
immature McP markers are expressed by most hybrids, 
though at varying levels. 

3.2.5 Other lympho-hemopoietic antigens 

Table 3 shows the immunophenotype of hybrids, parental 
cell lines and BMDM populations with regard to other 
markers, informative for the cell types under study. These 
additional phenotyping experiments were undertaken to 
exclude the possibility that the hybrids represent cells of 
other hemopoietic lineages, for instance lymphocytes. 
Antigens expressed by all R- and W-hybrids as well as by 
the reference populations are HSA (recognized by B2A2), 
Pgp-1, MIV 43 Ag,T-200 and the transferrin receptor.These 
are general markers found on most hemopoietic cell types. 
On some hybrids a generally low expression of Gr-1, Ly-1, 
B-220, ER-TR6 Ag and Mac-3 was found. Variability was 
observed in different assays with regard to the expression of 
LFA-1 and MEL-14 Ag. Most likely, this was due to minor 
variations in culture conditions. Mature markers such as the 
FcR type 11, MBR-1 and -2, and MECA-20 Ag were not 
found on the hybrids. These were, on the other hand, 
readily expressed by most cells of the BMDM-7 population 
used for fusion. Ly-2, MT4 and the heat-stable antigen 
recognized by MU75 were neither expressed by any of the 
hybrids, nor by any of the control populations.Thus, it can 
be concluded that both R- and W-hybrids express general 
hemopoietic markers, but virtually no markers character- 
istic for non-M@ lineages. 

3.3 Induction of M a  differentiation 

3.3.1 General remarks 

In the previous part we showed that the hybrid cells are 
arrested at a precursor stage. The question is now whether 
these cells indeed can differentiate into a more mature 
phenotype. Therefore, we attempted to induce terminal 
differentiation of a panel of hybrids.This panel was selected 
on the basis of a divergent expression of McP precursor 
markers (Table 4). Induction of M a  differentiation was 
most evident when PLS was used in combination with 
E N - y  (see below). Application of DMSO, LCM, LPS or 
dexamethasone, well-known differentiation-inducing 
agents for myeloid tumor cell lines, caused no morpholog- 
ical or phenotypical changes, whereas application of 
Con A-stimulated spleen cell-conditioned medium induced 
similar, though less pronounced effects as PLS (data not 
shown). As markers for M a  differentiation we investigated 
the morphology, immunophenotype, phagocytic capacity, 
and nonspecific esterase and acid phosphatase activity of 
induced and control hybrid cells. 

3.3.2 Morphology 

Fig. 2 shows the morphology of ROC2 hybrid cells before 
(Fig. 2a) and after induction of differentiation (Fig. 2b). 
Noninduced cells grew in suspension and had a typical 
myeloid appearance with a fairly basophilic cytoplasm. 
Induced,cells, on the other hand, showed a more mature 
M a  morphology with firm adherence to the culture 
substrate and pronounced pseudopodia. This morphologi- 
cal differentiation was most striking for ROC2 cells. In 
general, virtually all hybrids showed an increase in the 
number of adherent cells in culture uDon induction of 

Figure 2. Morphology of ROC2 hybrid cells before (a) and after (b) 
induction of differentiation using 1% PLS and 1 Ulml IFN-y. 
May-Griinwald Giemsa staining was performed on a cytocentri- 
fuge preparation (a) or on adherent cells cultured on a cover slip 
(b). ~640. differentiation. 
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RMB-TG 

~ 

r cl 0 

ROC2 

m 

0 

r ' 4  0 *oc +". 
WEHI-TG 

*~ 0 

R l B l  

W6A2 

Figure 3. Immunophenotypical changes upon induction of differentiation. In three independent experiments differentiation was induced 
using 1% PLS plus 0.5 U (open bars), 1 U (hatched bars) or 10 U FN-ylml (black bars). Change in expression is given compared to the 
phenotype of control cells in arbitrary units (AU) as described before. Immunophenotypes of induced and control cells were determined 
simultaneously. Some hybrids, which showed significant cell death in the experiment using 10 U IFN-y/ml, were not further evaluated in 
that particular experiment. 
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3.3.3 Immunophenotype 

The phenotypical changes, observed upon induction of 
differentiation, are shown in Fig. 3. In three independent 
experiments the immunophenotypes of control cells and 
cells induced for 5 days with 1% PLS supplemented with 
0.5, 1 and 10 Ulml IFN-y, respectively, were determined. 
The data are compared to simultaneously obtained values 
of noninduced control cells. The induction of mature MQ, 
markers as well as the decrease of expression of immature 
MQ, markers was most obvious for the ROC2 hybrid cell 
line. Especially Mac-1 and Mac-2 expression was highly 
induced, whereas the expression of Thy-1 and MIV52 Ag 
decreased strongly. The expression of the immature marker 
MIV25 Ag decreased or increased, depending on the 
concentration of IFN-y applied together with PLS. MIV25 
Ag expression was also induced by IFN-y only (data not 
shown). Similarly, induction of class I Ag depended on the 
concentration of IFN-y. Class I1 Ag was not induced on 
ROC2 cells. In contrast, both class I and class I1 antigens 
were highly induced on RlCl  cells. R l B l  and R2C4 cells, 
on the other hand, were neither inducible for class I nor for 
class I1 antigen expression by PLS plus IFN-y. The slight 
induction of Mac-1 and F4180 Ag expression was a more 
common characteristic, observed for most hybrids. Similar 
differential changes, though less pronounced, were 
observed for the W-hybrids. On W1C3 cells, for instance, 
MIV25 Ag was induced concomitantly with the induction 
of mature MQ, markers. W1C4 cells, on the other hand, 
showed a much higher induction of class I Ag, while no 
changes in MIV 25 Ag expression were observed. It should 
be noted that the phenotypical changes described here were 
determined on relatively large numbers of cells coated to 
wells of Terasaki trays. Investigation of antigen expression 
at the single cell level, using the immuno-fl-galactosidase 
assay [52], showed that marker changes occurred on the 
vast majority of the cells in the popoulations (data not 
shown). 

3.3.4 Phagocytosis 

The phagocytic capacities of induced and control cell lines 
are shown in Fig. 4. Mature MQ, (RAW309Cr.l) and pre-T 
(IUD-1) cells were included as positive and negative 
controls, respectively. Noninduced R-hybrids showed a low 
level of phagocytosis, whereas control W-hybrids, in gen- 
eral, phagocytosed to a slightly higher extent. Upon 
induction of differentiation, the ability to ingest latex beads 
increased only marginally for the R-hybrids. In contrast, 
the phagocytic capacity of induced W1C4 and W6A2 cells 
increased significantly to a level comparable with the 
mature RAW309Cr.1 cells. 

3.3.5 Nonspecific esterase and acid phosphatase activity 

Finally,we investigated whether, as a sign of differentiation, 
nonspecific esterase and acid phosphatase activity was 
induced in the differentiated hybrid cells. In Tables 5 and 6 
the results of these experiments are given. Control hybrids 
and parental cell lines expressed these mature MQ enzymes 
to a limited extent (termed “dull” in Table 5 and 6). Only 
the control W6A2 hybrid showed a significant percentage 
of cells with a high esterase and phosphatase activity 

40 1 T T  

Figure 4. Phagocytic capacity of control (open bars) and differen- 
tiated (hatched bars) M@ precursor hybrids. For induction of 
differentiation, cells were cultured for 5 days with 1% PLS plus 
1 U/ml IFN-y. RAW309Cr.1 mature MQ and RLD-1 pre-Tcells 
served as positive and negative controls, respectively. Data repre- 
sent the mean of three separate experiments f SD. At least 300 
cells were observed for each determination. 

Table 5. Nonspecific esterase activity of control and differentiated 
MQ precursor hybrids and parental cell lines 

Cell line”) 

RMB-TG 

ROC2 

RlBl  

RlCl 

R2C4 

WEHI-TG 

W1C3 

WlC4 

W6A2 

co 
PI 

PI 

PI 

PI 

PI 

PI 

PI 

PI 

PI 

co 

W 

CO 

co 

W 

co 

co 

co 

% Positive cells 
Exp. 1 Exp. 2 

Dull Bright Dull Bright 

ND 
ND 
100 
49 

ND 
ND 
100 
97 

100 
83 

100 
100 
100 
62 

100 
100 
74 
48 

ND 
ND 

0 
51 

ND 
ND 

0 
3 
0 

17 
0 
0 
0 

38 
0 
0 

26 
52 

98 
98 
98 
52 
99 
Y9 
100 
95 

100 
70 

ND 
ND 
99 
63 

100 
99 
86 
72 

2 
2 
2 
48 
1 
1 
0 
5 
0 
30 

ND 
ND 

1 
37 
0 
1 

14 
28 

a) co =Control cells; PI =induced for 5 days with 1% PLS + 
1 U/ml IFN-y. 

(“bright”). After induction, however, R2C2, ROC4, W1C3 
and W6A2 hybrids demonstrated a considerable increase of 
esterase and phosphatase levels. RlB1, R lCl  and W1C4 
hybrids, on the other hand, did not show an increase of 
enzyme expression. 

4 Discussion 

In this report we demonstrate the possibility to rescue the 
differentiation stage of M@ precursors by somatic cell 
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Table 6. Acid phosphatase activity of control and differentiated 
MQ precursor hybrids and parental cell lines 

Murine macrophage precursor hybrids 23 

(GM) stage of differentiation, since they resemble their 
parental cell lines with respect to the expression of markers 
indicative of MQ, differentiation stage. In this context, we 
have previously shown that RMB cells most likely corre- 
spond to the CFU-GM stage [48,53]. 

Our data suggest that W-hybrids, in general, represent 
slightly more mature stages of differentiation compared to 
R-hybrids since: all W-hybrids express low, but detectable 
levels of the mature markers Mac-1 and F4/80; several 
W-hybrids lack the expression of one or more of the 
investigated precursor markers; most W-hybrids show a 
higher level of phagocytosis of latex beads; and some 
W-hybrids are slighty adherent. 

% Positive cells 

Dull Bright Dull Bright 
Cell linea) Exp. 1 Exp. 2 

RMB-TG 

ROC2 

R l B l  

R l C l  

R2c4  

WEHI-TG 

WlC3 

W1C4 

W6A2 

co ND 
PI ND 
co 98 
PI 90 
C O N D  
PI ND 
co 99 
PI 98 
co 100 
PI 75 
co 100 
PI 100 
CO 100 
PI 96 
co 100 
PI 99 
co 89 
PI 70 

ND 
ND 

2 
10 

ND 
ND 

1 
2 
0 

25 
0 
0 
0 
4 
0 
1 

11 
30 

99 
98 
98 
65 
98 
95 
99 
% 
98 
87 

ND 
ND 
98 
85 

100 
100 
80 
60 

1 
2 
2 

35 
2 
5 
1 
4 
2 

13 
ND 
ND 

2 
15 
0 
0 

20 
40 

a) See Table 5 

hybridization of BM-derived mononuclear phagocytes with 
myeloid tumor cell lines. This approach enables the inves- 
tigation of the complexity of the MQ, precursor pool, as the 
present hybrids represent clonal populations of MQ, pre- 
cursor cells, which occur in the BM only at low frequen- 
CY. 

We define the present panel of hybrids as precursor cell 
lines since they show: the presence of immature MQ, cell 
surface markers; a low levels of expression, or absence of 
mature M@ cell surface markers; weak expression of 
nonspecific esterase and acid phosphatase activity; a low 
level of phagocytic capacity; and myeloid morphology and 
primarily nonadherent growth. The MQ, precursor hybrids 
appear to be arrested around the CFU-granuIocyteMQ, 

The characteristics of both R- and W-hybrid cell lines differ 
markedly from the “mature” BMDM-7 population that was 
used for fusion. A more close phenotypic correlation was 
observed with the “immature” BMDM-4 population. The 
observed difference with the BMDM-7 cells is most likely 
explained by a selective immortalization of MQ, precursors, 
present in the BMDM-7 population, since somatic cell 
hybrids generally express the differentiation-associated 
features of both fusion partners [54-561. However, one 
cannot exclude the possibility that the tumor cell phenotype 
“dominates” the hybrid phenotype [57]. 

We selected a panel of seven hybrids for the investigation of 
their differentiation potential using PLS together with 
IFN-y as inducing agent. Taken together, these hybrids 
show many morphological, phenotypical and functional 
changes upon induction of differentiation (summarized in 
Table 7). Marker changes, when they occur, comprise an 
increase in the expression of mature MQ, characteristics and 
a decrease of immature MQ, characteristics. Noteworthy is 
that the myeloid fusion partners, RMB-TG and WEHI-TG, 
hardly respond to the inducing agents used. 

Not all hybrids obtain, upon induction of differentiation, 
the common MQ, feature of phagocytosis (Fig. 4,Table 7). 
A possible explanation for this apparent discrepancy is the 
relative infmaturity of the hybrid cells, even after induction 
of differentiation. In this context, it should be realized that 
phagocytic activity is acquired by mononuclear phagocytes 

Table 7. Summary of induced differentiation characteristics in MQ precursor hybridsa) 

Increase Increase of Decrease of Increase of Increase of 

stretching antigen expression MCP antigen expression expression 
Cell line of adherence and class I class11 immature mature phagocytosis NSEb) A P h )  

ROC2 
R l B l  
R l C l  
R2c4 
W1C3 
W1C4 
W6A2 
RMB-TG 
WEHI-TG 

+ 
++ 
+ ++ 

++ 
+ ++ 

- 

- 

a) Changes are represented arbitrarily as k (weak), + (moderate), and ++ (strong) 
b) NSE = nonspecific esterase; AP = acid phosphatase. 
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at the monoblastic stage [37]. Monoblasts, however, al- 
ready resemble mature BMDM with regard to the expres- 
sion of the mature MQ, markers studied here [58]. It is 
evident from the changes in marker expression (see Fig. 3), 
that the differentiated hybrid cells do not yet have a fully 
mature MQ, phenotype and, thus, have not yet reached a 
differentiation stage comparable to the monoblast. 

Why do the various MQ, precursor hybrids respond in 
different ways to identical differentiation inducing agents ? 
(see alsoTable 7). R l C l  cells, for instance,were induced to 
express Ia antigens at high levels, whereas ROC2 cells 
changed drastically with regard to morphology and pheno- 
type without concomitant induction of Ia antigen expres- 
sion. ROC2 cells were also induced to express acid phos- 
phatase and nonspecific esterase activities, however, with- 
out accompanying induction of phagocytosis. In contrast, 
W1C4 cells were induced to phagocyte latex beads without 
significant increase in their phosphatase and esterase 
content. It may be argued that these divergent patterns of 
marker changes are a consequence of the artificial immor- 
talization of the MQ, precursor cells. We have, however, at 
least two reasons to assume that this is not the case. As 
shown in Table 2, the chromosome content of all investi- 
gated hybrids but one is stable for more than 2 years of 
culture. Therefore, variation in chromosomal composition 
is no valid explanation of the observed heterogeneous 
differentiation pathways. In addition, extensive analysis of 
mature MQ, hybrids by other investigators led to the 
conclusion that these cell lines are consistent representa- 
tives of normal MQ, populations, notwithstanding their 
artificial origin [ 10-131. Although non-physiological effects 
obviously cannot be ruled out, we feel that the observed 
phenotypical changes in the M a  precursor hybrids most 
likely reflect regular events occurring upon differentiation 
of normal MQ, precursors. Hence, the divergent differen- 
tiation pathways suggest that the immortalized MQ, precur- 
sors constitute a heterogeneous population with respect to 
their differentiation potential. Different differentiation 
programs appear to determine the sequence and level of 
expression of mature MQ, characteristics. Therefore, the 
present data argue in favor of the existence of distinct MiP 
precursor subsets which give rise to different mature MQ, 
subsets. In this context,we speculate that RlCl  cells,which 
highly express Ia antigens upon induction of differentia- 
tion, represent the precursors of the mature MQ, subset 
with a high level of Ia expression, as observed by Walker 
[9]. Previously, other investigators also suggested the 
existence of distinct MQ, precursor subsets using either 
clonal phenotypical analysis of M-CSF-stimulated cultures 
[5, 91, or functional comparison of M@ precursors from 
spleen and BM [8]. 

Can the different MQ, precursor subsets, as represented in 
the MQ, precursor hybrid panel, be phenotypically distin- 
guished at the level of the precursor itself? The M a  
precursor hybrids, altogether, show only slight mutual 
differences with respect to the phenotypical and functional 
characteristics studied here. Significant heterogeneity is 
only observed in the expression of some immature MQ, 
antigens (Table4) as well as some other lympho-hemo- 
poietic antigens (Table 3). The differential expression of 
these antigens, however, shows no obvious correlation with 
the observed pathways of differentiation. For instance, the 
presence or absence of h4IV25 Ag from a particular hybrid 

does not correlate to the ability or disability to express, 
upon induction of differentiation, any of the mature M a  
features listed in Table 7. Hence, the markers used in the 
present study do not decisively discriminate distinct M@ 
precursor subsets. However, the level of expression of 
immature MQ, antigens appears to be a characteristic 
feature of different MQ, precursor subsets. This is suggested 
by the similarity between R2C4 and W1C3 cells. Both 
hybrids display similar differentiation programs (Table 7), 
which suggests that R2C4 and W1C3 represent MQ, precur- 
sors belonging to the same subset. This relationship is 
reflected in the striking phenotypical resemblance between 
R2C4 and WlC3 (Table 4). 

In summary, our report describes the generation of hybrids 
with characteristics of MQ, precursors as determined from 
morphological, phenotypical and functional analysis.These 
MQ, precursor hybrids show only minor mutual differences. 
Upon induction of differentiation, however, populations 
arise with divergent features of mature MQ,. Therefore, 
these results suggest that representatives of distinct MQ, 
precursor subsets have been immortalized. For a further 
phenotypical characterization of the early stages of MQ, 
differentiation, we prepared a panel of mAb, using the 
present MQ, precursor hybrids as immunogens. In the 
accompanying study, we show that the selected antibodies 
can be successfully used for the isolation of MQ, precursor 
cells from murine BM. 

We are grateful to Dr. An Hagemeijer and co-workers for making the 
metaphasepreparations. We thank Mr. Tar Van 0 s  for preparing the 
figures and Ms  Cary Meijerink-Clerk for secretarial assistance. 
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