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A Novel Single-cell  Proliferation Assay  Shows  That  Long-Term 
Culture-Initiating  Cell  (LTC-IC)  Maintenance Over  Time  Results  From 

the  Extensive  Proliferation of a  Small  Fraction of LTC-IC 
By Catherine M. Verfaillie and Jeffrey S. Miller 

We have previously shown that when adult marrow CD34'1 
HLA-DR- cells  are cultured for 5 or 8 weeks in the presence 
of stroma-conditioned media with interleukin-3 (IL-3)  and 
macrophage inflammatory protein-la (MIP-la), long-term 
culture-initiating cells (LTC-IC)  are maintained but not ex- 
panded.  However, if the same cultures are  evaluated after 2 
weeks, we show that LTC-IC expand 5.5- k 0.2-fold.  Because 
expansion of LTC-IC is likely the result of a  balance between 
proliferation and loss of LTC-IC, we hypothesized that,  al- 
though LTC-IC proliferate in these  cultures, loss of a fraction 
of LTC-IC underlies the lack of long-term expansion.  To  eval- 
uate the fate of LTC-IC (proliferation, conservation,  or loss), 
we performed PKH-26 labeling assays and  developed  a  sin- 
gle LTC-IC proliferation assay.  For  PKH-26 labeling assays, 
CD34+/HLA-DR- cells were incubated with  the membrane 
intercallating dye,  PKH-26, before culture for 14  days in 
stroma-noncontact cultures + 11-3 + MIP-la. Progeny  was 
reselected by fluorescence-activated cell sorting based on 
their PKH-26 fluorescence intensity. These studies showed 
that LTC-IC proliierate because 80% of LTC-IC at week  2 had 
0.5 to 1 log lower fluorescence intensity than did freshly 
labeled CD34'1HLA-DR-  cells.  To further determine the fate 

HE USE OF SELECTED CD34+ cells and CD34+ sub- 
populations as autografts and the advent of human he- 

matopoietic stem cell gene therapy approaches have set the 
stage for attempts to expand human hematopoietic stem cells 
ex vivo.'-7 Although a variety of cultures have been described 
that allow expansion of committed clonogenic cells, no cul- 
ture condition has thus far been described that allows long- 
term expansion of more primitive hematopoietic progenitors, 
including long-term culture-initiating cells (LTC-IC) and 
multipotent stem cells that can fully reconstitute lethally 
irradiated hosts. 

Three systems have been developed for ex vivo culture of 
candidate stem cell populations: Dexter-type stroma-contact 

stroma-free cultures supplemented with cyto- 
 kine^,'^-'^ and a culture system described by us termed 
stroma-noncontact culture.'6"8 Although culture of human 
marrow in a Dexter-type stroma-contact culture for up to 2 
weeks may at least preserve human transplantable hemato- 
poietic stem cells12 and may expand primitive LTC-IC: cul- 
ture of primitive progenitors in such cultures for 5 or more 
weeks maintains only 20% of  LTC-IC.'6,'9 Similarly, al- 
though primitive progenitors can be induced to differentiate 
in stroma-free, cytokine-supplemented long-term cultures, 
studies from several laboratories indicate that LTC-IC are 
not expanded nor maintained in these cultures beyond 2 

We have recently shown that a fraction of primitive LTC- 
IC present in Lin-/CD34+/HLA-DR1" (DR- cells) are main- 
tained when cocultured with stroma but are separated from 
the stromal layer by  a 0.4-pm microporous membrane 
(stroma-noncontact cultures).'6 Furthermore, LTC-IC are 
maintained when cultured in the absence of stroma but when 
supplemented daily by media conditioned by stromal feeders 
(stroma-conditioned media culture).I7 The addition of growth 
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weeks.15.17.18 

of LTC-IC, we also  developed  a single LTC-IC proliferation 
assay. A population of CD34'1CD33-  cells, highly enriched 
in LTC-IC, was sorted singly in stroma-conditioned media + 
11-3 + MIP-la. After 5 weeks, the content of  each well was 
divided equally  over 8 secondary stromacontaining wells 
and cultured for 8 weeks to determine the capaoity of the 
single-cell progeny to initiate 1 or more secondary stromal 
cultures.  Progeny of single-sorted cells were able to initiate 
up to 8 secondary long-term cultures, demonstrating that 
LTC-IC proliferate in stroma-conditioned media + 11-3 + MIP- 
la. However, more than 65% of singlesorted LTC-IC were 
not conserved  because their progeny could no longer initiate 
secondary long-term cultures.  This finding indicates  that, 
although stromal factors and  IL-3 + MIP-la can induce prolii- 
eration of  LTC-IC, failure to conserve  a  large fraction of LTC- 
IC resutts in lack  of long-term expansion. Insight into  the fate 
of individual LTC-IC should now allow us to design culture 
systems that increase not only proliferation but also  conser- 
vation of LTC-IC, ultimately leading to long-term ex vivo 
stem cell expansion. 
0 1995 by The American Society of Hematology. 

promoting cytokines alone to stroma-noncontact cultures re- 
sults in the exhaustion of LTC-IC by 5 and 8 weeks of 
c~lture.".'~ In contrast, the combined addition of interleukin- 
3 (IL-3) and the chemokine macrophage inflammatory pro- 
tein- la (MIP- la )  to stroma-noncontact or stroma-condi- 
tioned media cultures results in complete maintenance of 
LTC-IC for at least 8 weeks." However, no  net increase or 
expansion of LTC-IC was seen after 8 weeks under these 
culture conditions. 

We hypothesized that ex vivo expansion of LTC-IC be- 
yond 2 to 3 weeks will not  only require that LTC-IC prolifer- 
ate but that a large fraction of the starting LTC-IC population 
survives in its undifferentiated state. Bulk LTC-IC expansion 
assays, in which the number of LTC-IC present in the start- 
ing cell population is compared with that present after vari- 
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able periods of culture in expansion systems, cannot assess 
whether individual LTC-IC have proliferated or are con- 
served.16-18 Therefore, we  used a PKH-26 labeling assay that 
can determine whether LTC-IC proliferate. In addition, we 
developed a single-cell proliferation assay that  can determine 
the fate of individual LTC-IC. This assay now allows us to 
examine at a single LTC-IC level if specific culture condi- 
tions are conducive for proliferation (ie, a single LTC-IC 
undergoing a self-renewing cell division) and conservation 
(ie, persistence of a single LTC-IC over time). The capacity 
to determine the fate of individual LTC-IC should now allow 
us to specifically alter culture conditions to increase both 
conservation and proliferation, ultimately leading to long- 
term ex vivo expansion of human hematopoietic stem cells. 

MATERIALS AND METHODS 

Selection of Lin-CD34'HLA-DR-  cells (DR- cells). Marrow 
samples were aspirated from the posterior iliac crest of healthy, 
young volunteers after informed consent was obtained using guide- 
lines approved by the Committee on the Use of Human Subjects at 
the University of Minnesota. Lin-CD34+HLA-DRL cells (DR-) 
were selected using fluorescence-activated cell sorting (FACS) as 
previously de~cribed.~~'~.' ' '  

Stroma-noncontact  cultures. Complete long-term bone  marrow 
culture (LTBMC) media consisted of Iscove's modified Dulbecco's 
medium (IMDM) with  12.5% fetal calf  serum (Hyclone, Logan, UT), 
12.5% horse serum (Terry Fox Laboratories, Vancouver, British 
Columbia, Canada), 2 mmoliL L-glutamine (GIBCO Laboratories, 
Grand Island, NY), 1,OOO U/mL penicillin, 100 U/mL streptomycin 
(GIBCO Laboratories), and IO-' mom hydrocortisone.*" Stroma- 
noncontact cultures consisted of allogeneic-irradiated stroma subcul- 
tured  in  the  bottom  well  of 6-well plates. A collagen-treated transwell 
insert (0.4-pm filter; Costar, Cambridge, MA) was  placed above the 
stromal layer, and 4.5 to  14 X IO' DR- cells were plated in the 
upper well. Cultures were maintained in a humidified atmosphere at 
37°C  and  5% CO2. Stroma-noncontact cultures were  fed  at  weekly 
intervals by removing half the media from the bottom wells and 
replacing it with fresh complete media  with cytokines as indicated. 

Cytokines. MIP-la was purchased from R&D Systems (Minne- 
apolis, MN). IL-3, IL-6, and IL-I 1 were generous gifts from the 
Genetics Institute (Boston, MA). MIP-la (100 nglmL) and IL-3 (S 
ng/mL) were added once weekly to stroma-noncontact cultures to 
generate CD34TD33- cultured cells used  in single-cell prolifera- 
tion assays as  well  as  in PKH-26 proliferation assays. MIP-la (100 
ng/mL), IL-3 (5 ng/mL), IL-6 (S ng/mL), and  IL-11 (20 ng/mL) 
were added to stroma-conditioned media used  to  feed single-cell 
proliferation assays. 

Stromal  feeders  and  stroma-conditioned  media. Marrow stromal 
feeders were established in TI50 flasks (Costar) as  previously de- 
scribed."' Once confluent, stromal layers were irradiated at 1,250 
Gy and subcultured in wells of 6-well plates. Alternatively, stromal 
feeders were maintained in T150 flasks. After a first  half  media 
change 7 days after irradiation, 50% of  the media was  removed 
every 2 to 4 days and frozen at  -20°C as day 2 to 4 stroma- 
conditioned media. Media  was  thawed a maximum of 10 days before 
use in stroma-conditioned media cultures, spun at 1,OOOg to remove 
all debris, supplemented as indicated with cytokines, and stored at 
4°C. 

M2-10B4 cells, a generous gift from Dr C. Eaves (Vancouver, 
British Columbia, Canada), were maintained in  RPM1 (GIBCO Lab- 
oratories) + 10% fetal calf serum. We  and others have shown that 
these murine marrow stroma-derived fibroblasts can support human 
hemopoiesis in stroma-contact and stroma-noncontact cultures to  the 

same extent as normal  human  marrow stromal feeders.",'? M2-10B4 
cells were subcultured in wells of 96-well plates. Once confluent, 
plates were irradiated with 6,000 Gy  and the media  was changed to 
LTBMC media.'" 

Assessment of LTC-IC  expansion  by limiting dilution  analysis 
(LDA). Ten thousand DR- cells were plated in limiting dilutions 
onto M2-10B4 feeders (22 replicates; 300, 100, 33, and 11 cells/ 
well) on day 0. Ten thousand DR- cells were also plated in stroma- 
noncontact cultures with the indicated cytokines, as  previously 
described.l6.lx After 2, S, or 8 weeks, DR--derived progeny were 
replated in  LDA onto M2-10B4 feeders (22 replicates and concentra- 
tions equivalent to 300, 100, 33, or 1 1  freshly sorted DR- cells). 
These cultures were maintained for S weeks by exchanging the 
medium  weekly (LTBMC medium  without cytokines) and  the feed- 
ers were overlayed with methylcellulose progenitor culture medium 
containing 3 IU erythropoietin (Epoietin; Amgen, Thousand Oaks, 
CA) and 10% 5637 bladder Ca cell line supernatant." Wells were 
evaluated for the presence of secondary clonogenic cells 2 weeks 
later and the absolute number of LTC-IC present  was calculated 
using Poisson Fold expansion was calculated as the 
number of LTC-IC in cultured progeny divided by the  number  of 
LTC-IC present in freshly sorted cells. 

Assessment of LTC-IC  prolgeration  by PKH-26 labeling. 
Freshly sorted DR- cells were labeled with PKH-26 (Zynaxis, Mal- 
vern, PA) according to the manufacturer's rec~mmendations.l'~'~ 
Fifty thousand PKH-26-labeled DR- cells were cultured in stroma- 
noncontact cultures supplemented either without cytokines or in the 
presence of 100  ng/mL MIP-la and S ng/mL IL-3 for 12 to 14 
days. Progeny  were recovered from  the transwells and subjected to 
a second FACS sort, now  based on PKH-26 fluorescence intensity 
as shown in  Fig  2A. Windows were chosen that contained cells with 
the same or 0.5 log lower PKH-26 fluorescence intensity (RI +2), 
1 log lower (R3), and  1.5 log lower (R4) PKH-26 fluorescence 
intensity compared with  the  unexpanded cell population. Cells rese- 
lected from these windows were then replated in  LDA  on M2-10B4 
feeders for S weeks  to enumerate the absolute number of LTC-IC 
present. 

Assessment qf LTC-IC  proliferation by single-cell  proliferation 
assay. DR cells were cultured for 2 weeks  in stroma-noncontact 
cultures supplemented with MIP-la and IL-3 (100 ng/mL and S ng/ 
mL. once weekly, respectively)."~'' Cells were  then reselected by 
FACS according to their CD34 and CD33 antigen expression as 
de~cribed.'~ In contrast to freshly sorted DR- cells, which contain 
approximately 1% LTC-IC,I6 cultured CD34'CD33- cells contain 
up to 30% LTC-IC, allowing evaluation of LTC-IC at  the single- 
cell level. CD34'CD33- cells present in IL-3 + MIP-la-cultured 
progeny were sorted singly in wells of Bat-bottom 96-well plates 
(Costar) containing either LTBMC media not conditioned by marrow 
stromal feeders or day 2 to 4 stroma stroma-conditioned media sup- 
plemented with cytokines as indicated, using  the single-cell deposi- 
tion device on a FACS Star Plus flow cytometry system (Becton 
Dickinson, Mountain View, CA). Wells were inspected 12 to 24 
hours after the FACS son to ascertain that only I cell per well  was 
present. We were able to detect 1 cell/well in approximately 8 0 8  
of wells and no cells in 20%  of  the wells. In  no instance was  more 
than l cell detected. Fresh media with cytokines was added 5 days 
per week for a total of 4  to 5 weeks. The contents of each  well 
was  then divided equally over wells of 8 secondary 96-well plates 
containing M2-lOB4 feeders (Fig 3A) in  such a fashion that  one 
eighth of the single-cell progeny was deposited in the same location 
in all 8 secondary plates. These secondary stromal cultures were 
maintained for an additional 6 to 8 weeks  and  the feeders were 
overlayed with methylcellulose progenitor culture media.'" After 14 
days, the wells were scored for the presence of colony-forming cells 
(CFC). In a limited number of experiments, the contents of the  wells 
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Table 1. Definitions 

Bulk population 
Expansion Recovery of >loo% of LTC-IC present in the 

starting population 
Maintenance Recovery of 1% to 100% of LTC-IC present 

in the starting population 
Single-cell level 

Proliferation A single cell that gives rise to  two or more 
LTC-IC, ie, can initiate hemopoiesis in  at 
least 2 secondary stromal cultures. 

without proliferation, ie, can initiate 
hematopoiesis in at least one secondary 

Conservation A single cell that survives over time with or 

Loss 
stromal culture. 

A single cell that fails to survive, ie, cannot 
initiate hematopoiesis in secondary 
stromal cultures. 

were  removed,  cytospun,  and  Wright-Giemsa-stained to evaluate 
the cell type  present  in  secondary CFC. This assay allows us to 
assess proliferation  and  conservation of single LTC-IC, as  defined 
in  Table 1. 

Statistical analysis. Results of experimental  points  from  multi- 
ple  experiments  were  reported  as  the  mean ? standard  error of the 
mean (SEM). Significance levels were  determined  using  the two- 
sided  Student's  t-test. 

RESULTS 

In a first set of experiments we compared the absolute 
number of LTC-IC present after 2, 5,  and 8 weeks in stroma- 
noncontact cultures with the absolute number of LTC-IC 
present in freshly sorted cells. Ten thousand DR- cells were 
plated in LDA onto M2-10B4 feeders on  day 0 and in 
stroma-noncontact cultures with either no cytokines, IL-3 + 
MIP-la, or IL-3 + MIP-la + IL-6 + IL-11. After 2, 5,  or 
8 weeks, progeny of DR- cells were replated in LDA on 
secondary M2-10B4 feeders for 5 weeks.16"' Evaluation at 
2 weeks showed that the absolute number of LTC-IC in- 
creased 1.4- 5 0.25-fold when DR- cells were cultured in 
stroma-noncontact cultures in the absence of cytokines, 5.5- 
+- 0.2-fold when cultured in IL-3 + MIP-la supplemented 
stroma-noncontact cultures, and 2.9- ? 0.1-fold when cul- 
tured in the presence of IL-6 and IL-11 in addition to IL-3 
and MIP-la (Fig l). However, as we have shown previously, 
when DR- cells were cultured for 5 or 8 weeks in either 
culture system, no LTC-IC expansion was seen. One hundred 
percent of LTC-IC were maintained when cultured in the 
presence of IL-3 and MIP-la for 5 to 8 weeks. Interestingly, 
less than 50% of LTC-IC were maintained for 5 to 8 weeks 
when cultured in the presence of multiple growth-promoting 
cytokines and MIP- la. These studies suggest that a combina- 
tion of IL-3, MIP-la, and stroma-conditioned media  may 
induce proliferation of LTC-IC and therefore result in a net 
early increase in the total number of LTC-IC. Alternatively, 
expansion of the total number of LTC-IC early on during 
culture could be the result of recruitment of quiescent LTC- 
IC. However, failure to expand LTC-IC for prolonged peri- 
ods of time suggests that LTC-IC may  not survive as a result 
of terminal differentiation or cell death. 

To show LTC-IC proliferation, we used the membrane 
intercalating fluorochrome PKH-26. PKH-26 is an aliphatic 
fluorochrome that incorporates in the lipid bilayer of cyto- 
plasmic membrane~ . '~ ,~~  Upon cell division, the label is parti- 
tioned between daughter cells and the fluorescence intensity 
of daughter cells is approximately one half that of the parent 
cell. No transfer of dye between labeled and nonlabeled 
cells has been shown. PKH-26 fluorescence intensity can 
therefore provide a semiquantitative measure for cell prolif- 
eration. PKH-26-labeled DR- cells were cultured for 14 days 
in cytokine-free or IL-3 + MIP-la supplemented stroma- 
noncontact cultures. DR--derived progeny were then sub- 
jected to a second  FACS sort based on PKH-26 fluorescence 
intensity (Fig 2A). Reselected cells present in the windows 
R1+2, R3, and R4 were replated in LDA on M2-10B4 to 
evaluate the number of LTC-IC present. As shown in Fig 
2B,  only  19% ? 7% of LTC-IC recovered from IL-3 + MIP- 
la supplemented cultures were present in R1+2, which has 
PKH-26 fluorescence intensity similar to or 112 log lower 
than  that of nonexpanded DR- cells. However, 75% ? 8% 
of LTC-IC were recovered in window R3, which has 1 log 
lower PKH-26 fluorescence intensity than freshly labeled 
DR- cells. For stroma-noncontact cultures not supplemented 
with cytokines, 49% 5 10%  of LTC-IC were recovered in 
window R1+2 and 51% t 10% were recovered in window 
R3. These studies suggest that the net increase in  LTC-IC 
seen  in IL-3 + MIP-la supplemented stroma-noncontact 
cultures is  at least in part the result of increased proliferation 
of LTC-IC rather than simple recruitment of quiescent LTC- 
IC. Although PKH-26-labeling assays provide indirect evi- 
dence that LTC-IC proliferation underlies the initial LTC- 
IC expansion, they fail to explain the lack of expansion of 
LTC-IC for 5 to 8 weeks under  any of the described culture 
conditions. 

To further evaluate the fate of LTC-IC in culture, we 
developed a single-cell proliferation assay. A population 
highly enriched in LTC-IC was sorted singly in the wells of 
a 96-well plate containing cytokines and stroma-conditioned 
media. Previous studies from our laboratory have shown 
that CD34+CD33- cells recovered from IL-3 + MIP-la 
supplemented stroma-noncontact cultures contain approxi- 
mately  10% to 30% cells capable of initiating long-term 
cultures or LTC-IC.24 Such CD34TD33- cells were  used 
in the single-cell proliferation assays. Wells were inspected 
12 to 24 hours after the sort to assure that  only 1 cell was 
present per well. Cultures were maintained by exchanging 
half the media 5 days per  week  with fresh stroma-condi- 
tioned media with cytokines. After 4 to 5 weeks, the contents 
of each well was divided equally over 8 M2-10B4 feeder 
containing plates in such a manner that one eighth of the 
cells was deposited in the same location of the 8 secondary 
plates. After 8 weeks, all media was removed and the stromal 
feeders were overlayed with cytokine-containing methylcel- 
lulose media to determine the presence or absence of second- 
ary clonogenic cells, representing progeny of LTC-IC depos- 
ited 8 weeks earlier. As shown in  Fig  3A  and Table I ,  this 
allows us to assess whether an LTC-IC has proliferated, was 
conserved, or did not survive and  was lost. 

A total of 16.5% 5 2%  of single CD34+CD33- cells 
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DAY 0 

I I I I I I 

0 100 m m 400 500 600 

PERCENT'OFDAY 0 LT-IC 
Fig 1. LTC-IC  expand after 2 but not after 5 or 8 weeks in stroma-noncontact cultures supplemented with IL-3 + MIP-la. Ten thousand 

DR'  cells were plated in stroma-noncontact IN = 3 to 9) cultures with or without cytokines  as  indicated. After 2 ,5 ,  or 8 weeks,  DR.-derived 
progeny were replated in LDA  on M2-1064 feeders to determine the absolute number of  LTC-IC  still  present. The absolute  number of LTC-IC 
present after 2, 5, or 8 weeks was compared with  that present in freshly sorted DR.  cells l=lOO%; 0.75 2 0.1 LTC-IC  per 100 freshly  sorted 
DR- cells).  Differences between dav 0 and week 2, 5, or 8: * P  .05. Differences between IL-3 + MIP-la and the other two culture  conditions: 
OP < .05. 

sorted immediately in contact with  M2-lOB4 feeders and 
cultured for 8 weeks were capable of generating CFC and 
therefore had LTC-IC capacity. The number of secondary 
CFC per  LTC-IC  varied  between 1 and IO. Colonies recov- 
ered consisted mainly of colony-forming unit-granulocyte- 
macrophage (CFU-GM), colony-forming unit-granulocyte 
(CFU-G), and colony-forming unit-macrophage (CFU-M), 
but only  rare burst-forming unit-erythroid (BFU-E) or CFU- 
MIX. In contrast, when single CD34TD33- cells were cul- 
tured for 4 to S weeks in stroma-noncontact cultures supple- 
mented  with IL-3 + MIP-la and  their  progeny  were  replated 
in contact with stromal feeders, only 4 to 8 cells per 88 
sorted cells (5.6% 5 1.4%) were capable of initiating and 
sustaining hematopoiesis in at  least one secondary stromal 
culture (conserved LTC-IC:  Fig 3B). This finding suggests 
that a large proportion of LTC-IC  was  lost  under these cul- 
ture conditions. However, 805% ? 7% of CD34'/CD33- 
progeny  that  were able to reinitiate long-term cultures after 
the  initial S weeks in stroma-conditioned media + IL-3 + 
MIP- la culture contained more  than 1 LTC-IC, because they 
could initiate 2 to 8 secondary stromal long-term cultures. 
This finding shows at the single-cell level  that LTC-IC cul- 
tured in the presence of stromal factors and  IL-3 + MIP-la 
proliferate. Examination of clonogenic progeny  present in 
the secondary stromal cultures showed  the presence of 1 
to IO CFU-GM, CFU-G, and/or CFU-M colonies per well, 
whereas only rare BFU-E or CFU-MIX colonies were ob- 
served. The type and  number of colonies recovered  from 
progeny of cells cultured for S weeks in stroma-conditioned 
media culture was similar to  that  seen for CD34'CDX- 
cells sorted immediately in M2-IOB4 contact cultures with- 
out prior expansion in stroma-noncontact cultures. This indi- 

cates that primitive progenitors with similar functional ca- 
pacity as those present in freshly sorted cells were  conserved 
and  had proliferated. 

Because LTC-IC maintenance is  significantly  lower  when 
DR- cells are cultured in stroma-noncontact cultures supple- 
mented not only  with IL-3 + MIP-la but also with  IL-6 
and  IL-I 1,  we hypothesized that this would  be  caused by 
increased loss of LTC-IC rather than  lack  of  LTC-IC  prolif- 
eration. We  used  the single-cell proliferation assay to exam- 
ine the effect of IL-6  and  IL-I 1 on the conservation and 
proliferation of single-sorted LTC-IC.  The  addition of IL-6 
+ IL-l 1 to IL-3 + MIP-la containing stroma-conditioned 
media cultures resulted in a significantly greater loss of LTC- 
IC after 4 to S weeks ( P  = .OO3). Indeed. in only 4 of 6 
experiments (Fig 3C) were we able to  show  that  LTC-IC 
were conserved after the  initial 4 to 5 weeks of culture. 
However, almost all such LTC-IC  initiated  multiple second- 
ary  M2-IOB4 stromal cultures (93.7% ? 3.7%). This finding 
indicates that failure to  maintain  LTC-IC  under these condi- 
tions is  the result of excessive loss of LTC-IC  and  not failure 
to induce their proliferation. 

The total  number of LTC-IC  present in all 8 secondary 
stromal cultures initiated (Fig 3B) with  progeny of cells 
sorted singly in IL-3  and MIP-la containing stroma-condi- 
tioned  media  was  20.1% 1.4%  of the  initial  sorted 
CD34TD33- cells (Fig 4)  or 125% of CD34'CD33- cells 
cultured immediately after the sort in contact with  stromal 
feeders ( P  = .17). These numbers are in accordance with 
observations made in bulk  LTC-IC expansion cultures that 
126% ? 2% of LTC-IC are maintained for S weeks (Figs 1 
and 4). Similarly, the  total  number of LTC-IC  that  was  recov- 
ered  from all 8 secondary stromal plates  initiated with prog- 
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Fig 2. LTC-IC proliferate  more in 11-3 + MIP-la supplemented than in cytokine-free  stroma-noncontact cultures. Freshly sorted DR. cells 

were labeled with PKH-26  as per  the manufacturer's recommendations  and  plated in cytokine-free or IL-3 + MIP-la supplemented stroma- 
noncontact  cultures  for 2 weeks. Cell expansion in IL-3 + MIP-la supplemented cultures  was 15.5- * 4.1-fold (N = 6) and in cytokine-free 
cultures 2.6- 2 0.8-fold (N = 7). F* thousand PKH-Zblabeled cells were also fixed in 2% paraformaldehyde and kept  for 14 days at 4 or 37'C 
as unexpanded control.  Cultured DR.-derived progeny  were reselected by FACS based on  their PKH-26 fluorescence intensity.  Windows 
encompassing cells with fluorescence intensity  similar to  or 0.5 log  lower (R1 +2), 1 log  lower IR3), or 1.5 log  lower (R41 than  that of unexpanded 
DR. cells were used. Cells recovered in these windows  were  replated in LDA in secondary M2-10B4 cultures  for 5 weeks to  evaluate the 
number of LTC-IC present. The percent LTC-IC recovered in a specific window  was calculated as:  100 x (the absolute number of LTC-IC per 
replated  cell  times  the  overall percent of cells recovered in that  windowl. For IL-3 + MIP-la supplemented cultures, the LTC-IC frequency in 
R1+2 was 0.63% 2 0.26%; in R3,  0.35% 2 0.13%; and in R4,  0.04% f 0.04%. For cytokine-free stroma-noncontact cultures, the frequency of 
LTC-IC in R1+2 was 0.52% 2 0.13% and in R3 was 0.18% 2 0.06%. 

eny derived from 1L-3 + MIP-la + IL-6 + IL-l I supple- 
mented stroma-conditioned media cultures was 8 3 %  ? 
3.24% of the initially sorted CD34TD33- cells or 52.8% of 
that  recovered  from single-cell assays in which  unexpanded 
CD34'CDW cells were plated immediately in contact with 
stromal feeders (Fig 4). Again, these results are similar to 
those observed for bulk LTC-IC expansion cultures in which 
52% 2 17% of LTC-IC were  maintained for 5 weeks in 
stroma-noncontact cultures containing IL-3 + MIP- la + IL- 
6 + IL- 1 1.  This demonstrates further that the percentage of 
LTC-IC maintained in stroma-noncontact cultures supple- 
mented  with cytokines is  the  net result of the proliferation 
of a small fraction of the starting LTC-IC population. 

DISCUSSION 

Although LTC-IC can  be expanded when cultured short 
term ex vivo, no  net expansion is seen when these  propeni- 
tors are cultured for 5 to 8 weeks. We hypothesized that the 
lack of long-term expansion is caused by loss of a significant 
fraction of LTC-IC due to either terminal differentiation or 
cell death. To design culture conditions that  will  expand 
primitive progenitors long term, it will  be necessary to de- 
velop  methods  that  can determine the fate of LTC-IC in ex 
vivo cultures. Although comparison of the  number of LTC- 
IC i n  the starting population  with  that after culture under 
expansion conditions shows whether LTC-IC have been ex- 
panded or were  maintained. this technique does not allow 
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us to determine the contribution of conservation and prolifer- 
ation of LTC-IC to the overall expansiodmaintenance. 

We therefore developed a single-cell proliferation assay 
that allows us to determine if an individual LTC-IC was 
conserved and had proliferated over time. We demonstrate 
that single LTC-IC cultured in stroma-derived soluble factors 
in combination with IL-3 + MIP-la or IL-3 + IL-6 + IL- 
1 I + MIP-la proliferate, because progeny of most surviving 
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Fig 3. Single-cell proliferation assay. DR- cells 
were cultured for 2 weeks in stroma-noncontact cul- 
tures supplemented with IL-3 + MIP-la (5 ng/mL and 
100 nglmL,  once weekly). CD34+CD33- cells  present 
in IL-3 + MIP-la cultured progeny  were sorted singly 
in 88 wells of flat-bottom 96-well plates containing 
day 2 to 4 stroma-condtioned media  supplemented 
with cytokines as indicated using the single-cell  de- 
position device  on  a  FACS  Star Plus flow cytometry 
system (1 to 3 plates per  condition,  per  experiment). 
Fresh stroma-condtioned media with cytokines  was 
added 5 days  per  week for a total of 4 to 5 weeks. 
The content of  each well was then divided equally 
over 8 secondary  96-well plates containing M2-10B4 
feeders  such that one eighth of the progeny  was 
deposited in the same location in all 8 secondary 
plates.  Secondary stromal cultures were maintained 
for an additional 8 weeks  and the feeders  were  over- 
layed with methykellulose progenitor culture media. 
After 14 days, the wells were  scored for  the presence 
of CFC.  As shown in (A), the LTC-IC in the black well 
was  conserved,  because  an  LTC-IC  was  recovered in 
1 of the 8 wells of the secondary stromal cultures. 
The  LTC-IC in the striped well was  conserved  and 
had proliferated because LTC-IC were  detected in 4 
of the 8 secondary stromal cultures.  Finally, the LTC- 
IC in the dotted  well was lost, because  none of the 
wells present in the S secondm plates contained  an 
LTC-IC. In  this hypothetical example, 3 LTC-IC were 
present in freshly sorted cells,  whereas after 5 weeks 
of culture 5 total LTC-IC were  recovered. 

LTC-IC can initiate at least 2 secondary stromal cultures. 
The type and number of CFC generated by a freshly sorted 
LTC-IC cultured immediately in contact with stroma or a 
secondary LTC-IC obtained in progeny of a single sorted 
cell that was subjected to expansion conditions for 4 to 5 
weeks was similar. Furthermore, the type and  number of 
clonogenic cells derived from LTC-IC that had proliferated 
during the initial expansion culture (1 of the multiple LTC- 
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Fig 3. (Cont'd) (B) and (C) depict  results  of 7 and 6 
separate experiments in which CD34+/CD33- cells 
we cultured  for 5 weeks in stroma-conditioned  me- 
dia supplemented with  the indicated cytokines, had 
their  progeny  at week 5 divided in 8 equal parts, and 
were  replated in contact with stromal feeders. For 
each experiment, the  number of LTC-IC conserved 
after 5 weeks is  indicated (ie, at least 1 of 8 wells  of 
the 8 secondary cultures  contained an LTC-IC), the 
degree of proliferation  is  indicated (2,3,4, 5, 6 ,7 ,  or 
8 of 8 secondary wells  contained  an LTC-IC), and  the 
total number of LTC-IC recovered after  the  initial 5 
weeks of culture  is depicted. 
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IC obtained from a single sorted cell) was similar to those gone  one or more self-renewing  cell  divisions during  the 
derived from an LTC-IC that was simply conserved during initial culture period. 
the  initial culture period (the only LTC-IC present in single- However, by 4 to S weeks of culture, 65%- of LTC-IC in 
cell  progeny).  This finding indicates that secondary LTC-IC IL-3 + MIP-la supplemented cultures and greater than 80% 
have similar functional capacity as those in the nonexpanded of LTC-IC cultured  in IL-3 + IL-6 + IL-l 1 + MIP-la 
cell population and suggests that these LTC-IC have under- supplemented cultures were lost or were  not conserved. AI- 

BULK  EXPANSION 
ASSAY 

DAY 0 
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L . . . . .  

SINGLE CELL 
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Fig 4.  LTC-IC maintenance in the presence of  stroma-conditioned media and 11-3 + MIP-la  is  the result  of  proliferation  of conserved LTC- 
IC. Bulk expansion assays (n = 9 for IL-3 + MIP-la and n = 5 for IL-3 + MIP-la + IL-6 + IL-11) and single-cell proliferation assays In = 7 for 
IL-3 + MIP-la and n = 6 for IL-3 + MIP-la + IL-6 + IL-11) were  performed as described in the  Materials and Methods and the legends of Figs 
1 and 3. This figure  shows  that  the  total  number  of LTC-IC from single-cell proliferation assays in the presence of IL-3 + MIP-la  is similar to 
the number of LTC-IC present in freshly sorted CD34+CD33- cells. When examined in bulk cultures, LTC-IC are maintained  when  cultured 
stroma-noncontact  cultures supplemented with IL-3 + MIP-la. Similarly, assessment of  the  total number of LTC-IC recovered from cultures 
with IL-3 + MIP-la + IL-6 + IL-l1 is  similar  when  determined either by single-cell proliferation  or  bulk expansion assays. This indicates that 
single-cell proliferation assays and bulk  proliferation can both assess  LTC-IC maintenance (total LTC-IC recovered). However, as shown, bulk 
proliferation assays cannot assess whether maintenance is  the  result of conservation without  proliferation of a large proportion of individual 
LTC-IC or conservation of only a fraction  of LTC-IC that  then undergoes extensive proliferation. 
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though this assay cannot discriminate between terminal dif- 
ferentiation and cell death such as apoptosis underlying the 
loss of LTC-IC, the observation that increasing numbers of 
growth promoting cytokines results in greater loss of LTC- 
IC  may favor the former hypothesis. These studies show  that 
evaluation of the progeny of individual ex vivo cultured 
LTC-IC for their capacity to initiate and sustain 1 or more 
secondary long-term stromal cultures now allows us to deter- 
mine if culture conditions support proliferation of LTC-IC 
without inducing their terminal differentiation or death. 

Although single-cell deposition assays provide insight in 
both processes thought  to be responsible for the overall ex 
vivo expansion of LTC-IC, namely proliferation and conser- 
vation, these assays are cumbersome and lengthy. We there- 
fore examined if PKH-26 labeling could replace the single- 
cell proliferation assay  to determine the fate of LTC-IC. We 
show  that assessment of proliferation using either the single- 
cell proliferation assay or the PKH-26-labeling assay pro- 
vides identical results. We demonstrated in the single-cell 
proliferation assay that approximately 80% of conserved 
LTC-IC proliferated, which is similar to  what  is determined 
by PKH-26-labeling experiments. This indicates that, al- 
though LTC-IC proliferation is measured after 2 weeks of 
culture in PKH-26 assays and after 5 weeks of culture in 
single LTC-IC proliferation assay, the percentage of LTC- 
IC  that proliferated as measured in  the PKH-26 assay corre- 
lates with  that detected in the single LTC-IC proliferation 
assays. The major advantage of the PKH-26-labeling assays 
is  that insights in proliferation inducing factors can  be gained 
in approximately 7 weeks rather than the 14 weeks required 
to perform single-cell proliferation assays. However, PKH- 
26-labeling assays cannot determine if individual LTC-IC 
were conserved, a factor as important as LTC-IC prolifera- 
tion in the long-term expansion of LTC-IC. Therefore, sin- 
gle-cell proliferation studies will  be required to determine 
not only if LTC-IC proliferated but also if they are conserved 
or  lost over time. 

All studies presented here suggest that the lack of long- 
term LTC-IC expansion is  not due to failure of growth- 
promoting c y t o k i n e ~ ~ ~ ~ ~ ~  to induce LTC-IC proliferation but 
to the fact that the culture conditions are not conducive for 
long-term conservation of LTC-IC in  an immature, undiffer- 
entiated state. It  may thus be necessary to  use either lower 
concentrations of the growth-promoting cytokines andor a. 
combination of presumed growth-inhibitory cytokines, such 
as additional chemokines2' or the chalone serpasine 
(AcSDKP),'~ to allow for sufficient LTC-IC proliferation 
while conserving a larger proportion of LTC-IC, ultimately 
leading to long-term LTC-IC expansion. In addition, we have 
shown  that LTC-IC cultured in contact with intact stromal 
feeders proliferate less  than  when cultured separated from 
stroma.'6"8 This is  at least in part due to adhesive interactions 
between progenitors and stromal which pro- 
vide a direct antiproliferative signal. Whether these interac- 
tions will also be required to inhibit terminal differentiation 
and thus conserve primitive progenitors is not known. Re- 
examination of the role of direct contact between progenitors 
and specific ligands in the stroma, which may  not be released 
in stromal supernatants, in the long-term ex vivo expansion 
of LTC-IC may therefore be needed. 

In conclusion, we describe a novel single-cell proliferation 
assay  that  can evaluate the fate of individual  LTC-IC in 
culture. We show  that a fraction of primitive progenitors 
present in adult human  marrow proliferate ex vivo when 
cultured in  the presence of stromal factors, growth-promot- 
ing, and  presumed growth-inhibitory cytokines. However, a 
significant number of LTC-IC are not conserved under  these 
culture conditions, possibly as a result of terminal differenti- 
ation. This indicates the  need for additional antidifferentia- 
tion or conservation factors to obtain long-term ex  vivo 
expansion of human hematopoietic stem cells. 
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