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Extramedullary hematopoiesis is a characteristic feature of 
hepatoblastoma (HB). We investigated 15 HB to characterize 
intratumoral hematopoietic foci and to find clues to the patho- 
physiology of their formation. By conventional histology and 
immunohistochemistry, we found erythroblasts in all and 
megakaryocytes in 10 of the HB, whereas granulocyte and 
monocyte precursor cells could not be identified in hematopoietic 
foci of any tumor. Only a minority of erythropoietic cells in these 
foci contained fetal Hb (HbF). We recently found that HB cells 
produce IL-1P and thus stimulate stromal cells to secrete IL-6. 
We therefore searched for other hematopoietic cytokines in HB. 
Supernatants of primary HB cultures were subjected to ELISA, 
bioassayed, and immunoblotted. We detected erythropoietin 
(EPO) in 11 of 15, stem cell factor (SCF) in 7 of 11, granulocyte 
colony-stimulating factor (G-CSF) in 4 of 15, granulocyte1 
macrophage colony-stimulating factor (GM-CSF) in 6 of 15, 
IL-3 in 1 of 12, leukemia inhibitory factor (LIF) in 1 of 9, and 
macrophage colony-stimulating factor (M-CSF) in 1 of 8 condi- 
tioned media. With immunoenzymatic labeling we localized 
EPO and SCF to the cytoplasm of epithelial HB cells, whereas 

stromal cells and cells of immature fibrous tissue of mixed HB 
expressed SCF, G-CSF, GM-CSF, LIF, and M-CSF. EPO and 
SCF could also be detected in extracts of epithelial HB cells. We 
conclude that, in HB, erythropoiesis and megakaryopoiesis but 
not the granulocyte-macrophage lineage is induced by fetal and 
embryonal tumor cells in cooperation with strornal cells by 
locally secreted cytokines. (Pediatr Res 38: 555-563, 1995) 

Abbreviations 
HB, hepatoblastoma 
EPO, erythropoietin 
SCF stem cell factor 
G-CSF, granulocyte colony-stimulating factor 
GM-CSF, granulocyte/macrophage colony-stimulating factor 
M-CSF, macrophage colony-stimulating factor 
LIF, leukemia inhibitory factor 
CD, cluster of differentiation (leukocyte typing) 
HbF, fetal Hb 
APAAP, alkaline phosphatase anti-alkaline phosphatase 

HB is a highly malignant epithelial neoplasm of the liver. It 
is the most common hepatic tumor of childhood and affects 
infants and children mostly in the first 3 y of life (1). According 
to the most widely used histologic classification of Ishak and 
Glunz (I), pure epithelial Hb are distinguished from mixed Hb 
containing both epithelial and mesenchymal components. The 
epithelial tumor components usually consist of areas resem- 
bling either embryonal or fetal liver. Mixed HB additionally 
contain mesenchymal tissue with foci of immature spindle 
cells, more mature fibrous septa, and osteoid (1, 2). Foci of 

extramedullary hematopoiesis are a characteristic histologic 
feature of HB (1,2). They are consistently associated with fetal 
tumor areas (1) but also seem to occur in less differentiated 
embryonal tumor tissue (2). Histologically, they contain eryth- 
ropoietic cells and sometimes megakaryocytes (2). The molec- 
ular pathomechanisms leading to extramedullary hematopoie- 
sis in HB are still undefined. As in fetal liver (3) foci of 
hematopoiesis are often seen in tumor sinusoids, but can also 
be found in an intimate relationship with the tumor cells. This 
finding suggests that the microenvironment is more important 
for induction of hematopoiesis in HB than are humoral factors 
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neoplastic thrombocytosis and rarely also polycythemia. In a 
recent investigation we found that HB cells can produce IL-1P 
and thereby stimulate the excretion of IL-6 in stromal cells, 
which seems to play a role in the elevation of the patients' 
platelets (8). Because neither IL-1 nor IL-6 are known to 
support erythropoiesis or megakaryopoiesis on their own, we 
now investigated whether other hematopoietic growth factors 
such as EPO, IL-3, G-CSF, GM-CSF, M-CSF (9), LIF (lo), 
and SCF (11) occur in HB. We also studied whether hemato- 
poietic cells other than erythroblasts or megakaryocytes are 
present in HB. Recently, we observed that human HB cells 
from a newly established cell line induce intratumoral hema- 
topoiesis when xenografted in immunodeficient mice (our 
manuscript in preparation). This indicates that they are able to 
attract hematopoietic progenitor cells from the blood stream. 
We therefore searched for multipotential stem cells in the 
tumors and attempted to find further clues to their origin by 
determining the maturity of the intratumoral erythropoietic 
cells. 

METHODS 

Patients. Fifteen children aged 6-54 mo underwent laparot- 
omy for excision of HB. No patient had received preoperative 
chemotherapy. One case was a recurrent tumor 2 y after the 
first excision (patient 15). Tumors confined to one lobe of the 
liver were resected; more extensive ones were biopsied. After 
surgery all children received chemotherapy according to the 
protocol of the Pediatric Liver Tumor Study HB89 of the 
German Society for Pediatric Oncology and Hematology (12). 
Tumors not primarily excised were resected at second look 
surgery followed by adjuvant chemotherapy. Before treatment, 
blood cell counts were determined, and serum was drawn from 
all patients and stored at -20°C. Tumor material was trans- 
ferred into cold RPMI 1640 medium (GIBCO, Berlin, Ger- 
many) under sterile conditions immediately after excision and 
maintained at 4OC. For control of immunohistochemistry we 
used patients' normal liver tissue and fetal liver from a spon- 
taneous abortion (26th gestational week). Informed consent 
was obtained from the parents of all patients. 

Histologic preparations. Representative samples from all 
tumors were fixed in 3.5% formaldehyde and embedded in 
paraffin. Sections (5 pm) were stained with hematoxylin/eosin, 
Giemsa, periodic acid-Schiff, Goldner, and Bielschowsky's 
reticulin stains. Histologically, the slides were examined for 
the distribution of epithelial and mesenchymal tumor compo- 
nents, the tumor cells' differentiation, and the occurrence of 
hematopoiesis. The tumors were classified as proposed by 
Ishak and Glunz (1). Adjacent pieces from the tumors were 
suspended in Hanks' balanced salt solution (GIBCO), snap- 
frozen, and stored at -80°C. Cryostat sections (8 pm) were cut 
from these samples, dried, wrapped in aluminum foil, and 
stored at -20°C until further use. Cryostat sections of each 
tumor as well as blood smears from a healthy adult and a 
4-h-old premature newborn of the 29th gestational week fixed 
in 75% ethanol for 5 min were stained for HbF using a 
commercially available staining kit (Sigma Chemical Co., 
Deisenhofen, Germany) with which the cells are treated with 

sodium citrate (0.7 mol/L) before staining with hematoxylin/ 
eosin. 

Cytologic preparations. Tumor pieces were minced, sus- 
pended in RPMI 1640 medium, and passed through a metal 
sieve. The cell suspensions were separated from debris by 
density gradient centrifugation on Ficoll-Paque (Pharmacia, 
Freiburg, Germany) and washed in PBS (56.8 mM Na2HP04, 
17.9 mM KH2P04, 75 mM NaC1). Cytospins were prepared on 
a cytospin-2 centrifuge (Shandon, Astmore, UK) at 130 X g, 
air dried, and stored at -20°C. To store material for later 
analysis tumor cells were resuspended in RPMI 1640 medium 
with 20% FCS (GIBCO) and 10% DMSO (Sigma Chemical 
Co.), frozen in 2-mL aliqots, and stored in liquid nitrogen. For 
controls of antibody specificity, bone marrow cells from a 
healthy adult human donor were prepared in the same manner. 
Cells from a culture of hepatoma cell line Hep G2 (ATCC, 
Rockville, MD) were washed in PBS before cytocentrifuga- 
tion. 

Primary cell cultures. Fresh pieces from all tumors were 
finely minced and incubated with RPMI 1640 medium, 10% 
FCS, and collagenase type B (200 U/mL; GIBCO) for 2 h 
under sterile conditions. Cell suspensions were washed and 
cultured with RPMI 1640 medium containing 10% FCS 
(GIBCO) in 25-cm2 plastic flasks (Nunc, Wiesbaden, Germa- 
ny). Supernatants were collected after 72 h, cleared by centrif- 
ugation, and stored at -20°C. After outgrowth of tumor cells, 
these were detached with trypsin-EDTA (GIBCO) and in part 
used for preparation of cytospins, whereas other cells were 
recultured in identical conditions as previously described. 

Antibodies. Mouse MAb were obtained from the following 
sources: Erythrocyte membrane K- (clone BS 4.9, M- (clone 
BS 57), and N-antigens (clone BS 42; Biotest Pharma, 
Dreieich, Germany); anti-leukocyte common antigen CD45 
(clone BMA 10; Behringwerke, Marburg, Germany), anti- 
thrombocyte membrane CD31 (clone BAG 85D10) and CD41 
(clone BAG 75E5), anti-granulocyte precursor cells CD33 
(clone 3W246) and CD34 (clone TUEK 3), anti-monocytel 
macrophage CD14 (clone TUEK 4), anti-T cells CD7 (clone 
VIPCD7), anti-B cells CD19 (clone B4) (all generously pro- 
vided by Dr. M. R. Hadam, Medical School Hannover, Ger- 
many); anti-IL-3 (clone BO 282, Genzyme, Boston, MA); 
anti-G-CSF (clone Ab-1, Dianova, Hamburg, Germany); anti- 
GM-CSF (clone BW 6991779, gift from Dr. R. Kurrle, Be- 
hringwerke, Marburg, Germany); anti-LIF (clone 8Bl1, kindly 
provided by M. Huang, Medical School Hannover, Germany) 
and anti-SCF (clones 4B10, 8Gl1, and 10E.5, generated in our 
laboratory) (13), anti-cytokeratin (CK 1, clone LP34, Dako- 
patts, Copenhagen, Denmark; and clone Lu-5, Boehringer, 
Mannheim, Germany), anti-vimentin (clone V9[1], Dakopatts). 
Polyclonal rabbit antibodies were from the following sources: 
anti-M-CSF (BL-MCP, Genzyme), anti-EPO (KalO, kindly 
provided by Dr. I. Rich, Ulm, Germany). 

Zmmunochemistry. Cryostat sections and cytospins were 
stained using the APAAP technique essentially as previously 
described (14). Briefly, slides were thawed while still wrapped 
in aluminum foil, fixed in ice-cold acetone for 10 min, and 
preincubated in normal rabbit serum (1:20) for staining with 
MAb and in normal human serum (1:20) for polyclonal anti- 
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bodies for 10 min. Twenty-five microliters of MAb or poly- 
clonal rabbit antibody then were applied at a pretested dilution 
for 1 h. Thereafter the slides were washed in Tris buffer (0.2 M, 
pH 7.4) three times. In case of rabbit primary antibodies, this 
was followed by an incubation with polyclonal mouse-anti- 
rabbit Ig-serum (1:1000) (Jackson Immunoresearch Laborato- 
ries, West Grove, PA) for 1 h. These slides were then covered 
with normal rabbit serum for 20 min after thorough washing. 
All slides were then incubated with rabbit anti-mouse Ig-serum 
(Dakopatts) (1:500) for 1 h, followed by APAAP complex 
(Dakopatts) (1:lOO) for 1 h. Incubation with the latter two 
reagents was repeated once for staining cryostat slides and 
twice for cytospins for 30 min. Thereafter slides were washed 
with Tris buffer (0.2 M, pH 9.2, containing 1 mM MgC1, and 
1 mM ZnC1,) for activation of alkaline phosphatase. For 
detection of immunostaining, the following solution was 
freshly prepared: 20 mL of 0.2 M Tris buffer, pH 9.2, with 1 
mM MgC1, and 1 mM ZnC1, was mixed with 20 pL of 1 M 
levamisole (Sigma Chemical Co.) and 5 mg naphthol-AS- 
biphosphate (Sigma Chemical Co.) in 100 pL  dimethylform- 
amide (Merck, Darmstadt, Germany). Then 250 pL of new 
fuchsin (Merck; 366 mg dissolved in 25 mL of 2 N HC1) were. 
added, and the solution was diazotized with 250 pL of 0.6 M 
NaNO, (Merck). Slides were incubated with this solution for 
30 min. The reaction was stopped by rinsing with deionized 
water, followed by counterstaining in haemalaun (Merck) for 
45 s. The slides were again rinsed in water, air dried, and 
mounted with glycerol gelatin (Merck). Positive reaction re- 
sulted in bright red cytoplasmatic staining, whereas nuclei 
were counterstained blue. For negative control the same reac- 
tion without application of the primary antibody was per- 
formed on corresponding slides of all cryostats and cytospins. 

Double immunostaining for EPO and SCF. Cytospin prep- 
arations of the HB were investigated by double immunofluo- 
rescence staining using as primary antibodies a polyclonal 
rabbit antibody against EPO, a murine anti-SCF IgA-MAb 
(10E5), and a IgG-MAb against cytokeratins (Lu-5), respec- 
tively, to localize the two cytokines to the epithelial HB cells. 
As secondary antibodies we used species- and subclass-specific 
antisera directed against Ig from rabbit and mouse that were 
conjugated with FITC or Texas Red, respectively. Anti-rabbit- 
Ig-FITC and anti-mouse-IgG-Texas Red were purchased from 
Vector Laboratories (Burlingame, CA), and anti-mouse-IgA- 
FITC from Sigma Chemical Co. The antibodies were used in a 
concentration of 5 pg/mL. The double-staining was photo- 
graphed with an Olympus fluorescence microscope equipped 
with filter units for FITC and Texas Red. 

Lysis of HB cells. For control of immunostaining and for 
determination of EPO in HB cells, frozen cells of tumors nos. 
1, 2, 6, 7, and 10-15, and cells from tumor cell line Hep G2 
were thawed, suspended in PBS, and the total amount of vital 
cells of each sample was determined by trypan blue exclusion. 
After centrifugation for 30 min, ice-cold lysis buffer consisting 
of PBS with 1% Nonidet P-40 (Sigma Chemical Co.) was 
added to cell pellets (2 p ~ / 1 0 ~  cells). Cells' nuclei and debris 
were removed by centrifugation at 13 000 X g for 10 min. The 
supernatants were diluted with PBS, so that 1 mL of solution 
corresponded to lo6 cells. 

Analysis for cytokines. Supernatants of primary HB cultures 
were analyzed for IL-3, LIF, G-CSF, and GM-CSF with 
ELISA test kits (British Biotechnology, Oxford, UK). ELISA 
for EPO was performed using a commercially available test kit 
(Medac, Hamburg, Germany) on supernatants of primary HB 
cultures, of a culture of tumor cell line Hep G2, and lysates of 
HB cells from tumor nos. 1,2,6,7, and 10-15. SCF was tested 
in a newly established sandwich-ELISA (15). Patients' sera 
and control sera from healthy children of the same age were 
analyzed for IL-3, SCF, LIF, G-CSF, and EPO. The commer- 
cially obtained ELISA assays were used according to the 
manufacturers' instructions. All measurements were performed 
at least in duplicate. Sensitivity of the tests was 32 pg/mL for 
IL-3 and LIF, 25 pg/mL for SCF, 78 pg/mL for G-CSF, 15 
pg/mL for GM-CSF, and 0.6 IU/mL for EPO. 

Determination of M-CSF with immunoblot. For determi- 
nation of M-CSF in HB cultures an immuno-dot-blot was 
performed essentially as described elsewhere (16). Briefly, 5 
pL of supernatants from culture nos. 2, 4, 5, 6, 10, 11, 14, and 
15, various dilutions of rhM-CSF (a  Therapeutics, Los Ange- 
les, CA), and control medium were blotted onto strips of 
nitrocellulose filter (Millipore, Eschborn, Germany) and air- 
dried. After preincubation with Tris buffer (50 mM, pH 7.4) 
containing 3% milk powder and 0.05% Tween 20 (Sigma 
Chemical Co.) for 30 min, the strips were incubated with 
anti-M-CSF antibody (1:5000) for 1 h at 37°C. After washing 
three times with Tris buffer, the filters were covered with 
mouse anti-rabbit Ig-serum (1:1000). For visualizing APAAP 
staining (14) was performed on the filters according to the 
above description. For development the filters were incubated 
in Tris buffer (0.2 M, pH 9.2, containing 1 mM MgCI, and 1 
mM ZnC1,) with nitro blue tetrazolium (Sigma Chemical Co.) 
(0.33 mg/mL) and 5-bromo-4-chloro-3-indolyl phosphate (Sig- 
ma Chemical Co.) (0.17 mg/mL dimethylformamide) for 30 
min. The reaction was stopped by washing the filters in 10 mM 
Tris buffer, pH 7.5, containing 1 mM EDTA (Merck). 

Western blot analysis of cellular extracts for SCF. Cells 
from HB nos. 1, 2, 6, 7, and 10-15 were washed three times 
with ice-cold PBS and lysed with 20 mM Tris-HC1, pH 7.4, 50 
mM NaCI, 1% Nonidet P-40, containing 1 mM phenylmeth- 
ylsulfonyl fluoride, 1 mg/mL leupeptin (Boehringer), and 100 
U/mL aprotinin (Calbiochem, Bad Soden, Germany) for 30 
min on ice. For lo7 cells, 1 mL of lysis buffer was used. Debris 
was removed by centrifugation for 10 min at 13 000 X g and 
4"C, and soluble proteins were separated by electrophoresis on 
12% SDS-polyacrylamide gels. Proteins were blotted on nitro- 
cellulose. After blocking with 5% nonfat milk in PBS for 10 h 
at 4"C, the filters were incubated with anti-SCF antibodies 
8Gl l  and 10E5, respectively (1:1000 dilution of ascites). 
Binding of the primary antibody was detected by APAAP 
staining. The filters were developed using nitro blue tetrazo- 
lium/5-bromo-4-chloro-3-indolyl phosphate substrate (see 
above). 

Proliferation assays for G-CSF and GM-CSF. For deter- 
mination of bioactivity of G-CSF and GM-CSF in HB super- 
natants, proliferation assays using the G-CSF-dependent mu- 
rine myeloblastic cell line NFS-60 (provided by Dr. W. Farrar, 
National Institutes of Health, Washington DC) and the GM- 
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CSF-dependent human myeloid leukemia cell line GMISO 
(gift of Dr. S. Oez, Nuremberg, Germany) were performed as 
described elsewhere (17, 18). Cells from these cell lines har- 
vested in exponential growth were plated in a 96-well micro- 
titer plate (Nunc) at a density of 1 0 5 / m ~  in RPMI 1640 me- 
dium with 10% FCS and various dilutions of the HB 
supernatants, recombinant human G-CSF or GM-CSF (Am- 
gen, Thousand Oaks, CA), and medium controls respectively. 
After incubation for 48 h at 37OC the cells were exposed to 0.5 
pCi of [3~]thymidine (Amersham, Brunswick, Germany) per 
well for 4 h and then harvested onto glass-fiber strips. [ 3 ~ ] ~ h y -  
midine incorporation was measured with a 2000 CA Tri-carb 
liquid scintillation counter (Canberra Packard, Frankfurt, Ger- 
many), and the amounts of bioactive G-CSF or GM-CSF were 
calcilated from the standard curves by probit analysis. Figure 1. Erythropoietic focus in a fetal area of hepatoblastoma. Hematoxy- 

linleosin; bar = 50 Fm. 

RESULTS 

Eleven HB were purely epithelial, whereas four contained in 
addition mesenchymal elements and osteoid and were therefore 
classified as mixed HB. In 2 of the 15 tumors, the epithelial 
element consisted exclusivley of cells resembling fetal hepa- 
tocytes, whereas in two other cases, the epithelial component 
had a pure embryonal appearance. In the remaining tumors, the 
epithelial component displayed both fetal and embryonal dif- 
ferentiation with fetal cells predominating in seven cases and 
embryonal in four (Table 1). Hematopoiesis was detectable in 
all HB morphologically and immunohistochemically . Hemato- 
poietic cells were arranged in typical foci in 11 tumors (Fig. 1) 
and were found dispersed throughout the tissue as single cells 
or in clusters of two to four cells in four tumors. They were 
usually located within sinusoids, but also occurred between 
epithelial tumor cells. Notably, in HB nos. 6 and 15 we found 
large numbers of hematopoietic cells between tumor cells of 
purely embryonal areas. Hematopoietic cells were not detected 
in mesenchymal tumor areas of the mixed HB. The majority of 
hematopoietic cells could be identified as erythroblasts (posi- 
tive for BS 42 and in part also for BS 45 and BS 57) (Fig. 2). 
In embryonal areas the erythropoietic cells seemed not to be 

arranged in such well defined foci as is found in fetal tissue. 
There was no correlation between the amount of erythroblasts 
and the differentiation of surrounding tumor cells. Histochem- 
ical staining revealed that the vast majority of erythroblasts did 
not contain HbF, but interestingly, the relative proportion of 
HbF-positive cells was larger in embryonal than in fetal tumor 
areas. 

Megakaryocytes could be detected in 10 HB and stained 
positive for CD31 and CD41. They were usually located 
separately from erythroblastic foci (Fig. 3). Single hematopoi- 
etic progenitor cells were stained with anti-CD34 MAb, which 
also reacted with endothelial cells. However, the density of 
these progenitor cells was low. Granulocyte precursor cells 
were not found, inasmuch as hematopoietic foci were negative 
for anti-CD33 MAb. This antibody and the anti-CD14 MAb 
identified single monocytes and macrophages disseminated 
throughout the tumor tissues. These cells as well as CD7' T 
cells and to a lesser extent CD19+ B cells were increased in 
mixed HB and accummulated in necrotic areas but were not 
found in hematopoietic foci. Only in HB no. 15 a few large 
erythropoietic foci contained some monocytes. In contrast, 

Table 1. Results of conventional histology and immunohistochemistry of 15 HB 

Hematopoietic cells 

HE Histology Hematopoiesis Erybl. Megak. Gran.Prec. Mono. 

Mixed, fet > ernb 
Mixed, ernb > fet 
Mixed, ernb > fet 
Epith, fet 
Mixed, fet > ernb 
Epith, emh 
Epith, ernb 
Epith, fet 
Epith, fet > ernb 
Epith, fet > ernb 
Epith, fet > ernb 
Epith, ernb > fet 
Epith, fet > ernb 
Epith, fet > ernb 
Epith, ernb > fet 

Small foci 
Sparce foci 
Numerous foci 
Numerous foci 
Sparce foci 
Dispersed single cells 
Sparce, single cells 
Numerous foci 
Sparce foci 
Sparce, single cells 
Numerous foci 
Dispersed single cells 
Sparce foci 
Numerous foci 
Numerous foci ~. 

Mixed = mixed subtype, epith = epithelial subtype, fet = fetal areas, ernb = embryonal areas, erybl. = erythroblasts, megak. = megakaryocytes, gran.prec. 
= granulocyte precursor cells, mono. = rnonocytes; + = detected, (+) = rarely detected, - = not detected, * = monocytes not in foci. 
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Figure 2. Immunohistochemical staining with MAb BS 42 identifying eryth- 
ropoietic cells in a fetal hepatoblastoma. APAAP; bar = 50 pm. 
Figure 3. Several megakaryocytes stained with anti-CD41 MAb surrounded 
by fetal hepatoblastoma tissue. APAAP; bar = 50 q. 
Figure 4. Immunostaining of a cytospin preparation of hepatoblastoma cells 
with rabbit polyclonal anti-EPO antibody demonstrating reactivity in the 
cytoplasm of tumor cells. AE'AAP; bar = 50 pm. 

staining of fetal liver showed erythroblasts and megakaryo- 
cytes, but also granulocyte precursor cells and monocytes in 
sinusoids between trabecula of fetal hepatocytes. Hematopoi- 
esis was not found in the patients' normal liver. 

Immunohistochemistry for EPO and SCF showed a diffuse 
and weakly positive reaction in epithelial tumor areas of fetal 
and embryonal differentiation. In the nonneoplastic stroma of 
epithelial HB tissue, fibroblasts stained for G-CSF and also less 
intensively for SCF, GM-CSF, LIF, and M-CSF, whereas 
endothelial cells lining sinusoidal spaces and vessels were 
positive for G-CSF and M-CSF only. The reactivity of imma- 
ture fibrous tissue which was the predominant mesenchymal 

tumor component of the mixed HB was identical to that of 
stromal fibroblasts. In contrast, single mesenchymal cells en- 
closed in osteoid and primitive spindle cells of one tumor 
expressed only G-CSF. IL-3 was found only in single leuko- 
cytes dispersed throughout the tumors. The hepatocytes of the 
patients' livers did not contain detectable amounts of cyto- 
kines. The negative controls on cryostat sections from all 
tumor and liver specimens did not show any staining. 

All specimens were stained for cytokeratins and vimentin. 
Hepatocytes, bile duct epithelial cells, and all fetal and approx- 
imately 80% of embryonal tumor areas showed a strong reac- 
tivity with the anti-cytokeratin MAb and were negative for 
vimentin. In contrast, strong vimentin expression was observed 
in mesenchymal tissue o f  the liver (vessel walls, periportal 
fields), in the tumors' stroma (fibroblasts and endothelial cells), 
and in mesenchymal areas of mixed HB. Distribution of eryth- 
rocytes, platelets, leukocytes, and Kupffer cells in liver tissue 
as well as mature blood cells and progenitor cells in bone 
marrow stained as controls confirmed the specificity of anti- 
body reactions. 

The histologic composition of the HB was reflected in 
cytospin preparations of HB, in which anti-cytokeratin stained 
positive on 90% of fetal and 60% of embryonal tumor cells. In 
contrast, anti-vimentin was negative on HB cells but strongly 
positive on fibroblasts and endothelial cells and in primitive 
spindle cells from the mixed HB. Erythroblasts and monocytes 
were only sparce in these preparations, whereas megakaryo- 
cytes were not detectable. Staining of cell preparations from 
primary HB cultures showed that these cultures contained 
stromal cells (fibroblasts and endothelial cells) and leukocytes 
besides epithelial HB cells. All fetal and approximately 50% of 
embryonal tumor cells showed granular staining in the cyto- 
plasm for EPO (Fig. 4) and SCF. The tumor cells were negative 
for the other cytokines. IL-3, G-CSF, GM-CSF, SCF, LIF, and 
M-CSF were detected in different subpopulations of mesen- 
chymal cells (fibroblasts, endothelial cells, leukocytes), 
whereas these were negative for EPO. Immunoreactivity of the 
different cell types on HB cytospins for cytokines is summa- 
rized in Table 2. Staining of cells from tumor cell line Hep G2 
showed an identical pattern of reactivity in comparison to fetal 
HB cells with positive staining for EPO and SCF only. With 
double immunostaining on HB cytospins using fluorescent 
markers, EPO and SCF, respectively, were clearly identified in 
epithelial tumor cells which were also reactive for cytokeratins 
(Fig. 5). 

By ELISA EPO could be detected in 11 of the 15 HB culture 
supernatants, in 2 cultures in high amounts (>80 mIU/mL) 
(Table 3). Hep G2 cells also secreted EPO in culture (28 
mIU/mL). EPO was measurable above detection limits in 
lysates from 5 of the 10 tumors and Hep G2 cells (0.6-1.5 
m1~110~  cells, HB nos. 1, 6, 11, 12, and 14). SCF was found 
above detection limits in 7 of 11 primary HB cultures. Lysates 
from HB cell nos. 6, 13, 14, and 15 and Hep G2 cells also 
contained SCF of approximately 35-kD molecular size as 
detected in Western blot analysis. The anti-SCF MAb 10E5 
stained 50- and 30-kD proteins in the blots from HB cell nos. 
7 and 10. The other cytokines were found in less than half of 
the examined conditioned media, namely IL-3 in 1 of 12, LIF 
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Table 2. Cellular distribution of hernatopoietic cytokines in HB in APAAP staining on cytospin preparations from I0 previously untreated 
tumors 

Cell type EPO SCF IL-3 G-CSF GM-CSF LIF M-CSF 

HB cells + * + * - - - - - 

Fibroblasts - ++ +++ + + + + - 

Endothelial cells - - - - - + + 
Leukocytes - + i- + + + + 
Primitive spindle cells - - - + - - - 

- = negative, + = weak, ++ = moderate, +++ = strong; * = all fetal and approximately 50% of embryonal HB cells. 

in 1 of 9, GM-CSF in 4 of 9, and G-CSF in none. The 
supernatant of the Hep G2 culture was also negative for LIF. In 
bioassays G-CSF could be detected in 4 (3 of these were not 
tested with ELISA) and GM-CSF in 3 of the 15 cultures. Yet 
GM-CSF was not detected in three supernatants which were 
positive with ELISA technique. In one supernatant G-CSF was 
slightly positive in bioassay but not detectable with ELISA. 
One of eight conditioned media was positive for M-CSF when 
examined by immunoblot (approximately 20 pg/mL). 

Ten patients were long-term survivors (3-5 y) without evi- 
dence of disease (six after primary and four after delayed tumor 
resection), whereas five died from recurrent tumor or meta- 
static disease. Initial hematologic examinations revealed plate- 
let counts of >1,000,000/pL in patient nos. 1, 2, and 4 and of 
450 000-999 0001pL in patient nos. 3, 5, and 7-14, whereas 
platelet counts were normal in patient nos. 6 and 15. Fourteen 
children had a moderate, normochromic anemia. No patient 
had polycythemia or leukocytosis, and differential blood cell 
counts were not alterated. Pretreatment serum levels of EPO, 

?igure 5. Double immunostaining of the same hepatoblastoma cells 4 

mti-SCF MAb 10E5 (a, green) and anti-cytokeratin MAb (6, red) in flu01 

G-CSF, IL-3, and LIF were not elevated in any of the patients 
compared with controls. There was no correlation between the 
patients' platelet counts, the amount of hematopoiesis in the 
tumors, and their cytokine production. These findings as well 
as the occurrence of extramedullary hematopoiesis and intra- 
tumoral cytokine production were not related to the patients' 
clinical course. 

DISCUSSION 

HB is an embryonal malignancy of the liver that almost 
exclusively affects very young children (12). Morphologically, 
the epithelial tumor components resemble either embryonal or 
fetal liver tissue (1). Because the liver is the major site of fetal 
hematopoiesis, it is not surprising to find hematopoietic nests 
in HB. Hematopiesis has long been associated with areas of 
fetal differentiation (1, 4), but was also reported to occur in 
embryonal tumor areas (2). In this series we found hematopoi- 
esis in all 15 HB studied. Hematopoietic cells were detectable 
even in pure embryonal tumors, although the latter lacked the 
typical arrangement in discrete foci  a able 1). As in fetal liver 
(3), hematopoietic cells in HB can be found either in sinusoidal 
spaces or directly between epithelial tumor cells (4). Interest- 
ingly, in HB erythroblasts usually do not contain HbF. Al- 
though we were able to demonstrate erythropoietic cells and 
megakaryocytes, we were unable to detect granulocyte or 
monocyte precursor cells in hematopoietic nests. This confirms 
results of studies with conventional histologic techniques (1, 
2). In contrast, embryonal hematopoiesis in the fetal liver also 
comprises the formation of macrophages during early gestation 
(6th wk), whereas granulopoiesis occurs after the 16th wk of 
gestation (19, 20). In HB the local microenvironment see& to 
be suited only for the induction of erythropoiesis and 
megakaryopoiesis. Although intensive erythropoiesis is some- 
times found throughout the tumors, it does not seem to con- 
tribute much to the peripheral blood cell pool, because even 
children with a large tumor do not have an elevated hematocrit. 

The origin of hematopoietic cells in HB is still unknown. It 
seems unlikely that HB cells themselves undergo a transition to 
hematopoietic stem cells, because they are clearly differenti- 
ated as epithelial cells (21). In xenotransplanted HB, we found 
that intratumoral hematopoiesis progressively decreases and 
disappears during serial grafting of tumors but sometimes 
reappears after transplantation of HB cells together with fibro- 
blasts (our unpublished experiments). It is conceivable that 
hematopoietic stem cells that migrate from the yolk sac to the 
liver in early fetal life (19, 20) could be preserved in the 

cence microscopy. Bar = 50 pm. suitable environment of transformed fetal liver tissue, which 
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Table 3. Levels of hematopoietic cytokines in supernatants of primary HB cell cultures measured by ELISA, irnmunoblot, and bioassay 

ELISA Bioassay 

EPO SCF IL-3 LIF G-CSF GM-CSF Blot 
HB (mIU1ml) (pg/ml) ( ~ d m l )  (~g/ml)  @dml) ( ~ d m l )  G-CSF GM-CSF M-CSF 

1 3.5 NT NT NT NT NT + + NT 
2 0 0 0 0 0 32 - + - 

3 0 NT NT NT NT NT + + NT 
4 >80.0 0 0 0 0 50 - - + * 
5 3.6 76 0 0 0 0 - - - 

6 1.3 142 0 0 0 0 - - - 

7 8.2 0 0 NT NT NT - - NT 
8 3.4 NT 0 NT NT NT + - NT 
9 >80.0 10 700 1 800 0 0 3 437 - - - 

10 2.2 134 0 0 0 0 - - - 

11 0 0 0 124 0 48 - - - 

12 1.7 44 0 NT NT NT - - - 

13 0 40 0 NT NT NT - - - 

14 2.8 112 0 0 0 0 + - - 

15 37.0 NT NT 0 0 0 - - - 

0 = < detection limit; NT = not tested; + = detectable; - = not detectable; +* = approximately 20 pg/ml. 

may be the case for HB occurring during intrauterine life (22). 
However, most of the erythroblasts in HB seem to be too 
mature to form HbF, and hematopoiesis also occurred in HB 
no. 15 of this series that was a recurrent tumor in the remaining 
liver 2 y after resection and treatment with chemotherapy. 
Furthermore, hematopoiesis can rarely be found in hepatocel- 
lular carcinomas of children and adolescents (D. Harms, Cen- 
tral Pediatric Tumor Registry, Kiel, Germany, personal com- 
munication) and transiently appears in adult liver transplants 
(23). Finally, we found that cells from an HB cell line were 
able to induce hematopoiesis in a murine xenograft model (our 
manuscript in preparation). All of these observations suggest 
that HB tissue retains circulating C ~ 3 4 ~  multipotential pro- 
genitors of bone marrow origin, which then proliferate and 
differentiate to more mature erythroblasts and megakaryocytes 
(7, 19). 

Hematopoietic cytokines regulate hematopoiesis in a com- 
plex network of interactions (9). This also applies for hemato- 
poiesis in the fetal liver (20). In a recent investigation we 
showed that HB cells can produce IL-1P and thereby enhance 
secretion of IL-6 by stromal cells (8). However, the molecular 
mechanisms leading to the reappearance of fetal hematopoiesis 
in HB are not yet defined. Therefore, we now investigated the 
production of hematopoietic cytokines in this tumor. These 
include IL-3 and GM-CSF which induce the proliferation of 
myeloid progenitor cells (24), G-CSF, a promotor of granulo- 
poiesis (25), M-CSF, a growth factor for macrophage progen- 
itors (9), and LIF which stimulates megakaryopoiesis and 
increases the production of platelets (26). Furthermore, we 
were interested in determining whether we could detect EPO in 
HB. This cytokine stimulates erythropoiesis and perhaps 
megakaryopoiesis (27), and in the fetus it is produced in the 
liver (5). Finally, we studied the expression of SCF (11) in HB, 
because this cytokine acts on early progenitors of various 
lineages including erythropoiesis and megakaryopoiesis and is 
also known to affect hematopoietic cells in the fetal liver (7). It 
is remarkable that we could detect EPO and SCF in the 
cytoplasm of epithelial tumor cells by immunostaining, which 

was confirmed by examination of cellular extracts. We also 
found EPO in 11 of 15 HB cultures. This is consistent with the 
finding that two hepatoma cell lines (Hep G2 and Hep 3B) 
secrete EPO (6), which we could confirm for Hep G2. Hence, 
in fetal liver this factor might not be only produced by mac- 
rophages (28) but also by fetal hepatocytes (19). Interestingly, 
EPO production in Hep 3B cells is stimulated by IL-6 but 
impeded by IL-1P (29) which were both detected in HB (8). 
Although it was shown that SCF has an important function in 
the stimulation of multipotential hematopoietic cells in fetal 
liver (7), the site of its production in the liver is unknown. In 
this study, we were able to localize SCF to the cytoplasm of 
HB cells in all tumors as well as in 7 of 11 tumor cultures. SCF 
not only promotes erythropoiesis in neonates (30), but also 
influences erythropoiesis (31) and megakaryopoiesis (32) of 
adult bone marrow and synergizes with most of the other 
investigated cytokines (31). It therefore seems to be an essen- 
tial factor in fetal hematopoiesis (7, 33). IL-3 is an important 
factor for stimulation of multipotential progenitor cells (34) 
and may also act as a cofactor in fetal hematopoiesis (33). 
However, we could detect this factor only in leukocytes, and 
only one (HB no. 9) of the conditioned media contained IL-3. 
The cell population of this culture consisted of 70% mesen- 
chymal cells including multiple leukocytes and only 30% of 
epithelial tumor cells and secreted also EPO, SCF, and GM- 
CSF in high levels (Table 3). The finding of G-CSF by 
bioassay of one supernatant which was negative by ELISA is 
most likely due to the higher sensitivity of the former test 
system. Because GM-CSF was detected only by ELISA but not 
by bioassay in these supernatants, we suspect inhibitory sub- 
stance(~) to be produced in these cultures as well. This dis- 
crepancy was not seen in the other HB cultures. 

Our results of immunostaining show that G-CSF, GM-CSF, 
M-CSF, and LIF are not produced by epithelial tumor cells in 
HB but rather by mesenchymal stromal cells and fibrous tumor 
tissue in mixed HB probably through the effect of inducers 
such as IL-1P (35). These factors were well detectable in these 
cells which especially accounts for G-CSF. This was expected, 
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as it is well known that mature fibroblasts and endothelial cells Hendricks, T. Scharmann, and D. Kajetanowicz (Medical 
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(36) produce these factors. Thus, stromal cells may also influ- S. Albrecht (University of Bonn) for critical reading of the 
ence HB cells with respect to secretion of the identified cyto- manuscript. 
kines. Lymphocytes in the stroma could also contribute to the 
production of these growth factors, but they were not found in 
hematopoietic areas and do not play a substantial role in REFERENCES 
hematopoiesis of the fetal liver (19). Because the fraction of 
mesenchymal cells was small in the cell cultures, these cyto- 
kines were not regularily found in the supernatants. Alterna- 
tively, secretion of these cytokines by stromal cells may be 
blocked by inhibitory factors leading to cytoplasmatic staining 
by immunohistochemistry without detectable levels in the cell 
culture supernatants. This would also explain the absence of 
granulopoiesis in Hb. One inhibitory factor may be EPO which 
was reported to suppress neutrophil production in human he- 
matopoietic clones (37). 

The investigate-d hematopoietic cytokines are only one com- 
ponent of the microenvironment of HB tissue. The extracellu- 
lar matrix proteins such as fibronectin and laminin that were 
found in HB (38) may be of importance for the homing of 
erythropoietic and megakaryopoietic cells. Furthermore, we 
recently found different adhesion molecules, in particular 
ICAM-1 (CD54), VCAM-1, and ELAM-1 to be strongly ex- 
pressed in epithelial HB tissue (our manuscript submitted for 
publication). Their contribution to local formation of hemato- 
poiesis still has to be elucidated. 

We conclude that epithelial HB cells express EPO, SCF, and 
IL-1P. In addition they are able to initiate the production of 
other hematopoietic cytokines such as IL-6 (8) and probably 
also G-CSF, GM-CSF, M-CSF, and LIF in stromal cells by 
paracrine stimulation. The role of these "secondary" cytokines 
remains unclear, because we found only erythropoiesis and 
megakaryopoiesis in HB. Erythropoiesis may be supported by 
the local secretion of EPO and SCF of the tumor cells. How- 
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megakaryopoiesis, it is still possible that an additional ,,, 
megakaryopoietic factor(s) such as the recently cloned c-Mpl 
ligand (39) that has mega-CSF activity and is produced in fetal 
liver is expressed in HB. This hypothesis is supported by the 
fact that only a subgroup of HB displays megakaryopoiesis. 
The absence of other lineages may be caused by the lack of 
their progenitors, insufficient concentrations of supporting cy- 
tokines or the presence of specific inhibitors (37). Except for 
IL-6 which is related to thrombocytosis and fever in children 
with HB (8) all other cytokines are only locally active and do 
not have systemic effects. Despite this fact, HB may be an 
interesting model for studies on the role of cytokines in fetal 
extramedullary hematopoiesis. 
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