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ABSTRACT Previous attempts to establish a stromal cell
feeder layer from human umbilical cord blood (HUCB) have
met with very limited success. It has been suggested that there
is an n ient number of stromal precursor cells in HUCB
to form a hematopoletic-supporting feeder layer in primary
cultures. The present study shows that HUCB does contain a
significant accesory cell population that routinely develops
into a confluent, adherent cell layer under defined primary
culture conditions. HUCB-derived adherent layers were shown
to support long-term hematopoletic activity for an average of
4 months. This was achieved by using a customized coverslip
with a modified surface structure as the cell attachment
substratum and using a specializ culture feeding regime. We
have characterized the various cell types (including fibroblasts,
macrophages, and endothelial cells) and extracellular matrix
proteins (including fibronectin, collagen m, and laminin) that
were present in abundance in the HUCB-derived adherent cell
layer. In contrast, oil red O-staining fat cells were rarely
detected. ELISA and bioassays showed that stem cell factor and
interleukin 6 were produced by the HUCB stromal cell cul-
tures, but interleukin 3 or granulocyte/macrophage colony-
stimulating factor was not detected. Application of this hema-
poloetic culture system to transgenic and gene therapy studies
of stem cells is dis s.

There is now ample evidence that effective hematopoiesis is
the product of interaction between the hematopoietic stem
cells and the supporting stroma that provide the necessary
regulatory factors for the maintenance and proliferation of
hematopoietic progenitors (1-3). It is well known that in
long-term liquid culture ofthe bone marrow, the maintenance
and differentiation ofhematopoietic stem cells are dependent
on the establishment of a foundation of adherent cells (4, 5).
Recent interest in human umbilical cord blood (HUCB) as a
source of hematopoietic stem cells for transplantation and
gene therapy has prompted investigators to evaluate the
growth potential of HUCB-derived hematopoietic stem cells
in long-term culture (6, 7). Utilizing an irradiated preformed
bone marrow-derived stromal layer, it has been possible to
maintain active hematopoiesis in HUCB cultures up to about
16 weeks (8). However, the establishment of long-term
hematopoietic cell cultures using a stromal layer from HUCB
has consistently yielded poor results. Some investigators
have ascribed this lack of a viable microenvironment to
sustain hematopoiesis to an inadequate number of stromal
precursor cells in the HUCB (8, 9).

In this study we evaluated the ability of HUCB stromal
cells to form a functional feeder layer and support he-
matopoiesis over a long period in culture. Our findings

suggest that, under certain culture conditions, a functional
feeder layer can be established routinely and that such a
feeder layer can support hematopoiesis, in the absence ofany
exogenous growth factor, for as long as 16 weeks. Charac-
teristics of culture behavior, cell dynamics, long-term main-
tenance, and differentiation of hematopoietic progenitors in
the HUCB-derived adherent cell layer system are described.
The potential application of this technology to stem cell gene
transfer and gene therapy is also discussed.

MATERIALS AND METHODS
Medium and Reagents. Complete medium for long-term

culture was prepared by supplementing Iscove's modified
Dulbecco's medium (IMDM) with 12.5% fetal bovine serum
(FBS; Sigma), 12.5% horse serum (GIBCO), 50 FM 2-mer-
captoethanol, 2 mM L-glutamine, and 1 jd hydrocortisone
sodium succinate. All serum was heat-inactivated and stored
frozen prior to use. In some experiments, stem cell factor
(SCF; R & D Systems), interleukin 3 (IL-3; R & D Systems),
and interleukin 6 (IL-6; Sigma) were added to test cell
cultures at concentrations of 50 ng/ml, 2.5 ng/ml, and 5
ng/ml, respectively.

Cell Source and Cell Separation Procedures. HUCB sam-
ples were kindly provided by the Obstetrics Department of
the Meriter Hospital, Madison, WI. After a signed consent
form was approved by the Institutional Review Board, bone
marrow samples were obtained from healthy donors by bone
marrow puncture. Upon receipt of heparinized HUCB or
bone marrow samples, the cells were diluted with IMDM,
layered onto Lymphoprep (1.077 ± 0.001 g/ml; Nycomed,
Oslo), and centrifuged at 300 x g for 20 min. Cells from the
gradient interface were collected and washed three times in
IMDM and then resuspended in medium for culture.

Initiation and Maintenance of Long-Term Cultures. Mono-
nuclear cells were suspended in complete culture medium at
a density of 2 X 106 cells per ml, and 2 ml per well was
dispensed into 12-well tissue culture plates (Coming). An
autoclaved, custom-made 19-mm (diameter) coverslip was
placed at the bottom of each 25-mm culture well to serve as
the substratum for growth of the adherent cell layer. These
specialized, custom-made glass coverslips are commercially
available from Midway Culture-Tech (Mundelein, IL; catalog
no. MCT001). According to Jonathan Chen, who developed
this specialty coverslip, a higher temperature than normally
used for the production of standard coverslips is used in the
manufacturing procedure. For growth and maintenance of

Abbreviations: HUCB, human umbilical cord blood; SCF, stem cell
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cyte/macrophage colony-stimulating factor; CFU-GM, granulocyte/
macrophage colony-forming unit(s); CFU-E, erythroid CFU(s);
BFU-E, erythroid burst-forming unit(s).
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testing cell samples, all cultures were incubated at 37C in a
fully humidified atmosphere of5% CO2 in air. Weekly feeding
was performed by replacing half of the culture medium with
fresh culture medium. The nonadherent cells from the culture
were harvested for morphological studies and colony-
forming unit assays at the indicated times.

Methycellulose Colony-Forming Unit Assays. Cells from
weekly culture harvests were washed with phosphate-
buffered saline (PBS), counted, and suspended in IMDM.
Cells were plated at a density of 1 x 105 per ml in Iscove's
methylcellulose plating mixture (HCC-4433; Stem Cell Tech-
nologies, Vancouver), which contains a complete pretested
mixture of methylcellulose, FBS, bovine serum albumin,
erythropoietin, and phytohemagglutinin-stimulated human
leucocyte conditioned medium. Aliquots of 0.5 ml were
plated in duplicate or triplicate into 24-well plastic culture
plates and incubated under fully humidified conditions in a
5% CO2 atmosphere at 3rC. After 21 days, granulocyte/
macrophage colony-forming units (CFU-GM), erythroid
CFUs (CFU-E), erythroid burst-forming units (BFU-E), and
CFU-Mix were scored as described (8).
Immunofluorescence Staining. The adherent cell layers

grown on customized coverslips were washed with PBS and
then incubated with monoclonal antibodies for 45 min at
room temperature as described (10). Primary antibodies used
were mouse anti-human CD14+ (Becton Dickinson), rabbit
anti-human fibronectin (Cappel), goat anti-collagen III (Fish-
er), and rat anti-laminin (Immunotech, Westbrook, ME). A
mouse anti-human growth hormone monoclonal antibody
was used as a negative control. Samples were washed and
stained with the appropriate secondary antibodies, including
sheep anti-mouse IgG-phycoerythrin (PE) (Molecular
Probes), goat anti-rat IgG-fluorescein isothiocyanate (FITC)
(Immunotech), rabbit anti-goat IgG-PE (Fisher), and sheep
anti-rabbit IgG-FITC (Cappel). Titers of primary and sec-
ondary antibodies for each specific staining are described in
the text and as referenced (10). The samples were then
analyzed by immunofluorescence microscopy.
Proesher'sOR Red Sing. The adherent cell layer on the

coverslip was fixed with formalin, transferred to pyridine for
3-5 min, and then stained in oil red 0 solution for 30 min as
described (11). The samples were observed by light micros-
copy after counterstaining with hematoxylin.

Scanning Electron Microscopy. Adherent cell layers grown
on coverslips were washed with PBS, fixed with 1% glutar-
aldehyde and 0.5% tannic acid, then stained with 1% OsO4.
Samples were dehydrated through an ethanol series, critical
point dried, coated with gold, and analyzed by scanning

A

Table 1. Effect of culture substratum on establishment of
adherent cell layer from HUCB

Relative cell growth

Standard
Source of Poly(D-lysine)- plastic Regular Special

adherent layer coated plastic* surfacet coverslipt coverslip§
HUCB - to2+ - to2+ - to2+ 4+
Bone marrow NT 4+ NT 4+

Aliquots of a 2-ml mononuclear cell suspension (2 x 106 cells per
ml) were plated and grown as described in the text. At 5 weeks after
plating, adherent cells attached to culture substrata were stained with
crystal violet and relative cell growth was evaluated semiquantita-
tively. 1+, 2+, 3+, and 4+ denote a 10-25%, -50%, -75%, and
.-80% confluency of stromal cells in culture grown on 19-mm
coverslips, respectively. NT, not tested.
*Poly(Dlysine)-coated plastic: tissue culture treated plastic coated
with poly(D-lysine) [Collaborative Biomedical Products (Bedford,
MA); Mr 500,000-550,000].
tStandard plastic surface: tissue culture treated plastic, Corning no.
25815.
tRegular coverslip: Baxter Scientific Products (McGaw Park, IL),
no. M6047-2.
§Special coverslip: Midway Culture-Tech customized coverslip.

electron microscopy (ADEM, NORAN Instruments, Mid-
dleton, WI).

Quantitative Assessment of Growth Factors and Lympho-
kines in Medium Conditioned by HUCB-Derived Adherent
Cell Layer Cultures. The presence of SCF, IL-3, IL-6, and
granulocyte/macrophage colony-stimulating factor (GM-
CSF) in the conditioned medium of HUCB-derived adher-
ent cell layer cultures was quantitatively determined. En-
zyme-linked immunosorbent assays (ELISAs) for human
SCF (R & D Systems), GM-CSF (Biosource, Camarillo,
CA), and IL-3 (R & D Systems) were performed according
to manufacturer's instructions. Sensitivities ofthese assays
were 4 pg/ml for SCF, 20 pg/ml for GM-CSF, and 7.8 pg/ml
for IL-3. IL-6 was measured using the B9 cell line bioassay
method as reported (12). Fresh complete culture medium
was used as a negative control in all assays.

RESULTS
Establshment of Adherent Cell Layers from HUCB Cul-

tures. HUCB-derived adherent cell layers from 15 cord blood
samples were successfully grown on customized coverslips.
The capacity of four different culture substrata to support
growth of HUCB-derived adherent layer cells was evaluated
using a semiquantitative analysis of the cell confluence in
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FiG. 1. Distinguishable surface properties observed between a standard glass coverslip (Baxter Scientific Products) (A) and the Midway
Culture-Tech (MCT) custom-made glass coverslip (B) when examined by atomic force microscopy. Prominent granular particles and coarse
bump structures were observed on the standard coverslips (A) but were minimally or not detectable on the Midway Culture-Tech coverslips.
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culture. Table 1 shows that HUCB-derived adherent layer
cells prefer the customized coverslip to standard tissue
culture-treated plastic surface, the poly(D-lysine)-coated
plastic surface, or the regular glass coverslip as a growth
substratum. The surface structure of the customized glass
coverslip was hence evaluated and compared with a regular
glass coverslip using atomic force microscopy. Fig. 1 shows
that the customized coverslip has few or no outstanding
structures on its surface, while the regular coverslip surface
has prominent granular particles or spikes and some coarse
bump structures. It remains to be determined ifthese or other
features are responsible for the very different cell attachment
and growth rate observed between the customized and reg-
ular coverslips.
The HUCB-derived adherent cell layer grown on the

customized coverglass reached confluence at 4-5 weeks; in
comparison, the bone marrow-derived stromal cell layers
took 2 weeks to reach confluence under the same culture
conditions (data not shown). Exogenously added growth
factors and lymphokines were tested for a stimulatory effect
on the formation of HUCB-derived adherent cell layer.
Weekly addition of SCF, IL-3, and IL-6, alone or in combi-
nation, did not accelerate the adherent layer formation in
HUCB cultures (data not shown). A lack of a stimulatory
effect on stromal layer formation was similarly observed in
the bone marrow culture system.

Morphological and Cell Surface Characteristics of the
HUCB-Derived Adherent Layer Cells. Cell morphological and
culture behavioral properties of established HUCB long-term
cultures were examined and characterized by light and scan-
ning electron microscopy. Heterogeneous cell types appar-
ently consisting of fibroblasts, macrophages, and endothelial
cells (see below) were observed to attach firmiy to the
coverslip substratum as large (230 ,um), spread-out cells
(Fig. 2a). Above these cells, small ('10 ,um), round-shaped
cells were routinely seen associated with the adherent feeder
layer after it was established in culture. Under phase micros-
copy, larger cells (macrophages) were readily observed, and
small refractile cells were also detected in large numbers in
cultures containing established adherent cells (Fig. 2b). Our
observation of small refractile cells associated with the
spread-out feeder layer cells is very similar to the hemato-
poietic cells described in the bone marrow-derived stromal
cell culture system (2). Wright's staining of such cultures
revealed cells of different morphology, including undifferen-
tiated, myeloid lineage and erythroid lineage cells. Active
mitotic figures were observable in these cultures. In contrast
to bone marrow stromal cell cultures, minimal or no oil red
O staining positive cells were detected in the cord blood-
derived cultures (Fig. 2 c and d).

Indirect immunofluorescence assays were used to analyze
specific cell surface antigens and extracellular matrix anti-
gens present in the HUCB-derived adherent cell layer. As
seen in Fig. 2 e-h, four cell surface proteins, including
fibronectin and collagen III, CD14, and laminin representing
marker proteins for fibroblasts, monocytes/macrophages,
and endothelial cells (13), respectively, were clearly de-
tected. Fibronectin, collagen Ill, and laminin were present as
extracellular proteins in a matrix network. The CD14+ mac-
rophages/monocytes were present as cells scattered through-
out the feeder layer. These results concur with the morpho-
logical characters observed for these cell types (Fig. 2 a and
b) and confirm that the major cell types present in 4- to
13-week-old adherent cell layers from HUCB cultures are
fibroblast, macrophage, and endothelial cells.

Hematopolesis Supported by the Adherent Cell Layer in
HUCB Cultures. Hematopoietic activity was ascertained by
the ability of certain nonadherent cells from HUCB cultures
to form colonies after they became dissociated from the
adherent layer. In seven independent experiments from dif-

m.L
FIG. 2. Morphological, cell attachment, culture behavior, and

immunochemical characteristics of cord blood-derived adherent
layer cells examined under microscopy. (a) Scanning electron mi-
croscope photomicrograph shows various cell types are present as an
adherent cell layer in this culture system (7 weeks in culture). The
fibroblasts, endothelial cells, and macrophages (see c-f for confir-
mation of cell types) were present as firmly attached monolayer cells
with a diameter of 230 Am, while the much smaller (<10 pm) round
cells attached on top of the spread-out "feeder layer" cells appar-
ently are the hematopoietic progenitor (HP) cells. (b) Morphological
appearance of the HUCB-derived adherent cell layer under phase
microscopy. Most of the spread-out cells seen in a are highly
transparent when observed under phase microscopy: the more
refractile large-size cells are macrophages; the highly refractile, small
round cells are the HP cells. (c) Oil red 0-positive adipocytes in a
bone marrow stromal layer (7 weeks old) stained bright orange. (d)
No oil red O-positive-staining cells were detectable in a 10-week-old
cord blood-derived adherent cell layer. (e-h) Immunofluorescence
staining of cell type-specific antigens present in the HUCB-derived
adherent cell layer. (e) Fibronectin. (f) Collagen type III. (g) CD14+.
(h) Laminin. (i and j) Colony-forming activities of HUCB-derived
hematopoietic cultures: a CFU-Mix cell colony (i) and a BFU-E cell
colony (j) grown outin methylcellulose culture. (a, x320; b-d,f, and
g, x95; e and h, x60; and i and j, x20.)

ferent cord blood donors, the colony-forming unit-producing
activity of nonadherent cells present in these cultures was
monitored on a weekly basis. In this time course study (Fig.
3), test cultures were plated and grown under the standard
experimental conditions (i.e., allowing establishment of ad-
herent feeder cells but no addition of exogenous growth
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FIG. 3. Hematopoietic activity in long-term cord blood cultures
supported by the HUCB adherent cell layer. The total number of
colony-forming units from 1 x 105 nonadherent cells plated in
methylcellulose culture, including CFU-Mix, BFU-E, CFU-E, and
CFU-GM, are presented. o, HUCB adherent layer, without exoge-
nous growth factors; 0, no adherent layer, with exogenous growth
factors; *, no adherent layer, without exogenous growth factors.
Clonogenic assay results from one donor are shown; similar patterns
were obtained from six independent donors. Each time point repre-
sents data from triplicate methylcellulose cultures ± standard devi-
ation. To avoid complexity, standard deviations of the control sets
are not shown.

factors). Cultures maintained without the adherent layer and
with or without weekly additions of SCF, IL-3, and IL-6 were
used as parallel controls in each experiment. We observed
that in cultures containing an established adherent layer,
production of colony-forming unit was sustained for an
average of 16 weeks (Fig. 3). During this long-term culture
period, substantial hematopoietic activity was observed.
Furthermore, when the adherent cell layer was removed from
test cultures at the fifth or eighth week in culture, colony-
forming progenitor cells quickly diminished within 2-3 weeks
(data not shown). As shown in Fig. 2 i and j, at 12 weeks in
culture the distribution of different cell populations capable
of colony-forming activity was quantitatively analyzed, and
the ratio of CFU-Mix/BFU-E/CFU-E/CFU-GM was deter-
mined to be 13:23:17:47 (average of five independent exper-
iments). Together these results demonstrate the presence of
active hematopoiesis in these long-term cultures. In cultures
that did not contain an adherent cell layer, but were supple-
mented weekly with exogenous growth factors, the colony-
forming activity reached a high level during the first 2 weeks
but declined rapidly in the following 2 weeks and disappeared
by the fifth week. In cultures without added growth factors
and without an adherent cell layer the yield of colony-forming
unit was low, and hematopoietic activity disappeared by 8
weeks following culture initiation. The results shown in Fig.
3 therefore demonstrate that healthy, actively proliferating
hematopoietic progenitor cells are present in this HUCB-
derived culture system and that proliferation and mainte-
nance of such hematopoietic activity in long-term cultures
depends specifically on the establishment of an adherent
feeder cell layer.

Presence of Endogenous SCF and IL-6 In Cord Blood
Cultures Contaiing an Adherent Cell Layer. Prior to the
regular weekly feeding, conditioned medium samples from
long-term cord blood cultures were collected at 6, 9, and 11
weeks after culture initiation. Results shown in Table 2
demonstrate that endogenous SCF and IL-6 were readily
detectable in our standard HUCB cultures. However, the

Table 2. Quantitative assessment of endogenous growth factors
produced by a HUCB-derived adherent layer culture system

Time in culture, Endogenous growth factor, pg/ml
weeks SCF IL-6 IL-3 GM-CSF

6 35 103 ND ND
9 20 NT ND ND
10 31 70 NT NT
11 28 68 NT NT

Replicate HUCB cell cultures containing an initial cell number of
4 x 106 cells in 2 ml were plated, grown out, and maintained as
described in the legend to Table 1. The presence ofgrowth factors in
conditioned media collected from test cultures was analyzed by
ELISA or bioassay as described in the text. ND, not detectable; NT,
not tested.

presence of IL-3 and GM-CSF was not detected using the
currently employed ELISA systems.

DISCUSSION
Comparative studies of hematopoietic progenitor cells in
cord blood and bone marrow samples have shown a higher
CD34+, CD38- cell fraction in HUCB than in normal adult
bone marrow, suggesting that the very primitive progenitor
cells may be more abundant in cord blood (14). Indeed,
HUCB has been successfully used as an effective alternative
to bone marrow for hematopoietic reconstitution (15). As a
result, there has been a great deal of interest in the growth
potential and expansion of HUCB in vitro. However, previ-
ous attempts to establish long-term hematopoietic cell cul-
tures using a stromal layer from HUCB have proven unsuc-
cessful. In fact, some researchers have previously indicated
that cord blood may not contain a sufficient stromal cell
population (8, 9). Using the specific culture conditions de-
fined in this study, we have demonstrated here that HUCB
cells can now be routinely cultured to form a confluent
adherent feeder layer. This layer shares many characteristics
with bone marrow-derived stromal layer, including the var-
ious constituent cell types, culture behaviors, the presence of
extracellular matrix proteins (Fig. 2 e-h), and the ability of
these cells to support long-term in vitro hematopoiesis (Fig.
2iandj; Fig. 3).
The present HUCB cell culture system requires a special

culture substratum for the attachment and formation of an
adherent cell layer. The differences in surface structure
observed between the regular and the customized glass
coverslips are significant, but it is not clear how these
differences contribute to the difference in attachment and
growth rates of the adherent layer cells in HUCB cultures.
After the adherent cell layer is established, a large number of
round and refractile hematopoietic cells were found to attach
on top of these feeder layer cells. Scanning electron micros-
copy (Fig. 2a) revealed that a close cell-to-cell association
mediated by "prickle or spike" structures connecting the
hematopoietic cells and feeder layer cells (Fig. 2a) was
evident in this HUCB culture system.
An interesting feature ofthe HUCB-derived adherent layer

is the reduction or lack of a population of adipocytes when
compared to bone marrow stroma. Although the physiolog-
ical function of adipocytes in bone marrow stroma has not
been clearly established, it has been noted that lipid-
containing cells often become prominent in the later stages of
long-term bone marrow cultures. Also, it was reported that
an abundance of adipocytes in the early stages of long-term
bone marrow culture is usually associated with poor hema-
topoietic activity (16). The interrelationship between the
number of adipocytes and the activity of hematopoietic
proliferation may be mediated by interleukin 11 (17). Our
findings of a small number of adipocytes in HUCB cultures
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in the presence of an exuberant hematopoietic activity are in
agreement with the above observations.

It has been suggested that clonogenic cells present at the
initiation stage of hematopoietic cultures must either differ-
entiate or die (1, 3, 18). Clonogenic progenitor cells recovered
after 5-8 weeks in cultures with a competent stromal feeder
layer should then represent the progeny of more primitive
progenitor cells, referred to as long-term culture-initiating
cells (19, 20). In our experiments, HUCB cultures with a
confluent adherent layer were able to maintain and amplify
the outgrowth of clonogenic progenitor cells (including CFU-
Mix, BFU-E, CFU-E, and CFU-GM) for an average of 16
weeks in culture. The efficiency of the HUCB-derived stro-
mal layer, measured by the number of colony-forming units
(Fig. 3), was very similar to the efficiency ofthe bone marrow
culture system reported by Gartner and Kaplan (21). It is
important to note that the hematopoietic activity in our
system was detected without the addition of exogenous
growth factors. In cultures that did not contain an adherent
cell layer, weekly additions of exogenous growth factors
(SCF, IL-3, and IL-6) resulted in a boost of colony-forming
cell proliferation in the first 2 weeks. However, this activity
quickly declined and subsided at 5 weeks, consistent with the
observations reported by Williams (22) and Migliaccio et al.
(23). Furthermore, in the absence of an adherent cell layer
and exogenous growth factors, the cord blood cultures grew
poorly, and the low levels of clonogenic progenitor cells
disappeared at 8 weeks. Similar observations were reported
by Hows et al. (8) and Strobel et al. (9). These results are also
consistent with our observation that after removal of the
preformed adherent layer from the culture, the activity of
colony-forming cells disappears within 2-3 weeks. Based on
the above results, we therefore conclude that the adherent
cell layer plays an important role in supporting the growth,
maintenance, differentiation, and possibly the renewal of
hematopoietic progenitor cells in HUCB-derived cultures.

Previous studies have shown that SCF, IL-3, and IL-6 play
a critical role in the amplification and differentiation of
progenitor hematopoietic cells (22-25). We show here that
significant levels of endogenous SCF and IL-6 are detectable
in the HUCB-derived adherent layer cultures. Using sensi-
tive ELISAs, we failed to detect endogenous GM-CSF and
IL-3 in long-term HUCB cultures. It has been reported that
adherent cell lines derived from mouse bone marrow are able
to stimulate multipotential progenitor cells in the absence of
exogenous and detectable endogenous IL-3 (26). It was also
reported that GM-CSF was not detected in conditioned
medium from primary human bone marrow stromal cultures
(27). These findings and our present results indicate that IL-3
and GM-CSF may not be essential in stimulating the hema-
topoietic potential of the HUCB-derived cultures containing
the adherent feeder layer. Our results therefore strongly
suggest that the HUCB-derived adherent layer plays a bona
fide supportive role for long-term hematopoiesis in culture,
which cannot be effectively replaced by weekly addition of
exogenous SCF, IL-3, and IL-6.

In this study, we demonstrate that there is a significant
hematopoietic accessory cell population in HUCB samples
that can, under the appropriate culture conditions, form a
functional feeder layer to support long-term hematopoiesis.
The HUCB-derived adherent cell layer culture system de-
veloped in this study provides an alternative approach for
establishment and manipulation of long-term HUCB progen-
itor cell cultures. This may allow investigators to more
effectively study the mechanisms of cell development, main-
tenance, and differentiation of fetal and neonatal hematopoi-

etic stem cells. Our recent studies utilizing gene gun tech-
nology have shown that CD34+ and other cell types present
in HUCB samples can be effectively transfected with various
reporter and lymphokine genes (28). The in vitro expansion
of transfected CD34+ cells on an autologous feeder layer
would be far superior to a bone marrow-derived adherent
layer, for it would avoid the possibility of allogeneic cell
contamination.
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