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A. Introduction

Continuous mouse bone marrow cultures
(Dexter and Testa 1977) have been used to
study in vitro normal marrow hemopoiesis and
viral or chemical leukemogenesis (Dexter et al.
1977; Greenberger 1978; Greenberger
1979b; Greenberger et al., to be published a;
Greenberger et al. 1980; Greenberger etal., to
be published b; Greenberger et al., to be
published c). Modifications in culture techni-
que, including elimination of a second marrow
inoculum (“recharging’’) and weekly addition
of fresh 17-hydroxycorticosteroid (hydrocorti-
sone), have lengthened the period of produc-

tion of pluripotent hemopoietic stem cells
(CFUs) and committed granulocyte-macro-
phage progenitor cells (GM-CFUc) in vitro
(Greenberger et al. 1979a, to be published a).
Mouse strain genotype influences the longevi-
ty of hemopoiesis in corticosteroid-supple-
mented cultures (Greenberger et al. 1979c)
and is emphasized by the comparison of
marrow cultures from AKr/J and NZB mice
(Table 1).

We now report a system for continuous
hemopoiesis using human marrow. Weekly
addition of 107 M hydrocortisone was requi-
red; however, other conditions were found
necessary for human marrow culture.

Table 1. Influence of mouse strain genotype on the duration of hemopoiesis in corticosteroid-supplemented

long-term bone marrow cultures

Mousestrain® Added hydrocortisone  Duration of hemopoiesis in 25 % fetal calf serum
concentration (M)
Longest duration production of :*
GM-CFUc (wks) Immature granulocytes Mature
(wks) granulocytes
wks
AKr/] 1077 61 61 63
AKr/J None 3 4 6
NZB 1077 14¢ 14 16
NZB None 2 3 3

2 Contents of one tibia and one femur from 6—8-week-old female mice were inoculated into each 10.0 ml flask
and medium changed weekly by removal of all nonadherent cells and medium. Cultures were not recharged

with additional marrow

b Results are the mean of at least 16 flasks for each strain. GM-CFUCc were scored at 7 days in 0.3 % agar with
10% 1.929 cell CSF (Greenberger et al. 1979b). There were <5 % toluidine blue positive mast cells detected
in AKr/J cultures at 63 weeks or NZB cultures at 16 weeks

¢ Difference from AKr/J highly significant P <1001
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B. Materials and Methods
L. Tissue Culture

McCoy’s 5A, Dulbecco’s modified Eagle’s, RPMI
1640, and Fisher’s medium were obtained from
Gibco. Horse serum and fetal calf serum were
obtained from Flow Laboratories, Rockville, Mary-
land; human serum was obtained from the Blood
Products aboratory Sidney Farber Cancer Institute.
All media were supplemented with 100 upg/ml
penicillin and 100 pg/ml streptomycin (Gibco).
Marrow from AKr/J or NZB mice was prepared as
described (Greenberger et al. 1979b). Human mar-
row biopsy specimens were obtained intraoperative-
ly from femur or rib, and fragments dissected in
McCoy’s SA medium. A single cell suspension was
prepared by crushing marrow fragments, filtering
through gauze to remove bone spicules, drawing
cells through successively smaller gauge needles to
a 26-gauge needle, washing several times in McCoy’s
5A medium, and transferring at 2.0-4.0 X107 nu-
cleated cells in 10.0 ml to 40 cm? Corning plastic
flasks. Cultures were compared by depopulation
using several feeding schedules. The methods for
detection of mouse and human GM-CFUc (Green-
berger et al. 1979b) and detection of myeloid-este-
rase (ASD chloroacetate substrate-specific) and
nonspecific esterase (alpha-naphthol-buterate sub-
strate) have been described (Greenberger et al.
1979c¢).

C. Results

1. Method for Growth of Human Long-Term
Bone Marrow Cultures

The methods for mouse marrow culture app-
lied to human bone marrow result in poor
longevity (Greenberger 1979a; Greenberger,
et al., 19791). Growth of 2.0 107 nucleated
bone marrow cells in hydrocortisone-supple-
mented Fisher’s medium or Dulbecco’s modi-
fied Eagle’s medium with 25 % horse serum or
25% fetal calf serum produced no detectable
GM-CFUc after 4 weeks (Table 2). Cultures
grown in these media supplemented with
hydrocortisone and either 12.5 % horse serum
plus 12.5% human serum or 12.5% fetal calf
plus 12.5% human serum were also ineffecti-
ve. In marked contrast cultures grown in
McCoy’s SA medium supplemented with
12.5% horse serum, 12.5% fetal calf serum,
and 107’M hydrocortisone  generated
GM-CFUc and >10° granulocytes weekly for
over 10 weeks. The ultrastructure of adherent
cell areas detected at 14 days after initiation
(Fig. 1) was similar to those in mouse cultures
(Fig. 2). Twice weekly or once weekly feeding
with removal of all nonadherent cells was

Table 2. Results at 10 weeks for hemopoiesis in unrecharged human long-term marrow cultures in McCoy’s
5A medium with 1077 M hydrocortisone using a single donor femur marrow (amputation specimen) and

varying serum combination

Serum combination tested® No. cells per Mean results GM-CFUcper
culture (X 10°) at week 10 103 celis
Percentage
immature
granulocytes
1. Horse serum (25%) 0.4 2 0
2. Fetal calf serum (25 %) FCS 0.5 6 0
3. Horse serum (25 %) switch to FCS (25%)
at wk 4 0.2 3 0
4. Fetal calf serum (25%) switched to horse
serum (25 %) at week 4 0.3 2 0
5. Human serum (pooled) 25% 0.6 2 0
6. Human serum (25 %) to wk 4, then horse
serum 25 % 0.2 3 0
7. Human serum (25%) to wk 4, then FCS 25% 0.7 2 0
8. Horse serum 12.5% + fetal calf serum 12.5% 6.3 15 17
9. Horse serum 12.5% +human serum 12.5% 0.2 2 0
10. Human serum 12.5%+FCS 12.5% 0.3 1 0

3 2.4 X107 nucleated marrow cells were seeded to each of triplicate 10.0 ml flasks and kept at 33°C, 3% CO,
pH 7-7.5. All media and nonadherent cells were removed each 7th day and fesh medium added. Weekly
total cell counts, differential cell counts, and assay for GM-CFUc were performed. Results are the mean of
at least three culture flasks for each point. McCoy’s SA medium was supplemented with the additives

described previously (Greenberger et al. 1980)
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associated with loss of human GM-CFUc by
10-12 weeks. In contrast, cultures depopula-
ted twice weekly of all nonadherent cells with
replacement of fresh medium and 50% of the
washed nonadherent cells generated
GM-CFUc past 15 weeks. Delayed removal of
red blood cells 3—5 days after culture initiation
(Gartner and Kaplan, see this vol p 276)
resulted in a further improvement with
GM-CFUc produced for over 18 weeks and in
three samples for over 20 weeks. Using the
optimal conditions, 3 of 50 amphoteracin-B
(fungazone; 0.25 pg/ml) treated cultures esta-
blished a functional “cobblestone’ monolayer
that produced GM-CFUc for at least 6 weeks
and in 15 beyond 10 weeks. Thus, amphotera-
cin-B was toxic to human marrow cultures.
Granulocytes generated after 10 weeks from
each of 42 human donor marrow cultures were
positive for myeloperoxidase and ASD-chlo-
roacetate-specific esterase. There were on
average 1% erythroid, 10% early granulocyte,
70% late granulocyte, 2%—13 % monocytes,
2%-5% lymphocyte, and <1% eosionophils,
mast cells, or megakaryocytes detected in
nonadherent cells removed weekly between
weeks 10-20.

Fig. 1. Ultrastructural appea-
rance of adherent cell micro-
environment of human conti-
nuous bone marrow culture at
12 weeks prepared as descri-
bed in the Fig. 1 legend. Note
close apposition of early gra-
nulocyte and fibroblastic cells
(X27,000)

I1. Fluctuation in Generation of GM-CFUcin
Human Long-Term Marrow Cultures

Weekly assay of GM-CFUc in nonadherent
cells harvested over 10-20 weeks revealed
differences in the numbers of colony-forming
cells within each specimen as well as between
individuals. Results with a representative spe-
cimen are shown in Fig. 3. Fluctuation in
GM-CFUc has been observed in mouse long
term bone marrow cultures (Dexter et al.
1977; Greenberger et al. 1980) and fluctua-
tion in CFUs has been shown to occur through
a process of clonal succession (Mauch et al.
1980).

D. Discussion

An in vitro culture technique is described for
generation of human granulocyte-macrophage
progenitor cells and mature granulocytes in
excess of 20 weeks in continuous marrow
culture. The requirement of freshly added
hydrocortisone for continuous human marrow
cultures was similar to that for murine cultu-
res; however, major differences included de-
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Fig. 2. Ultrastructural appearance of 8 week culture from C3H/HeJ marrow grown in 25 % horse serum with
10~7M hydrocortisone fixed in glutaraldehyde, postfixed in osmium, and poststained with uranyl acetate and
lead citrate. a—d interaction between myeloid cells and the cells of the adherent layer. A, adipocyte, B, band
neutrophil, E, early myelocyte, F, fibroblast, M, macrophage, P, promonocytic cell, and T, tight junction.
(X 26,400)

layed red blood cell removal and pH 7.0-7.5
with PCO, at between 3 %—5%. The morpho-
logy of the adherent microenvironment in
human cultures showed more fibroblastic pro-
liferation, but groups of flat, tightly packed
cells termed ‘“‘cobblestone areas” for mouse
cultures were enmeshed within fibroblasts and
macrophages in the stroma. Granulocytes pro-
duced in human continuous marrow cultures
were normal in morphology and synthesized
esterase and myeloperoxidase. Individually
removed GM-CFUc contained both granulo-
cytes and macrophages in >80% of the colo-
nies tested. Furthermore, granulocytes gene-
rated in these cultures have normal physiologic
functions including ingestion, respiratory burst
activity, degranulation, and bacterial killing
(Greenberg et al., unpublished work). Appli-
cation of human long-term marrow cultures is
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now feasible for study of the cell biology of
hematological diseases.
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