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Flg. 4. TCR-induced calcium mobihation in 
CD4+CD8+ thymocytes in response to TCR 
cross-linking by MAb to TCRae, and its relation 
to TCR expression and TCR-I, phosphorylation. 
(A) Purified B6 CD4+CD8+ thymocytes were 
cultured alone for 4 hours in single-cell suspen- 
sion at either 37°C (solid line) or 4°C (dotted 
line) and then assessed for TCR-induced calcium 
m o b h t i o n  by MAb to TCRaP (MAb H57- 
597) (19) that was cross-hked by avidm (25 pg) 
at the indicated times (arrow) (20). Alternatively, 
cells from the same purified B6 CD4+CD8+ 
thymocyte populations were cocultured at 37°C 
with 1 X lo6 Ia+ M12.4.1 (dashed line) or Ia- 
M12.C3 (dash-dot) cells, and then assessed for 
TCR-induced calcium fluxes (21). Mean intracel- 
lular Ca2+ concentrations are displayed versus 
time. (B) Effect of actinomycin D on TCR signal- 
ing and TCR-5 phosphorylation in cultured 
CD4+CD8+ thymocytes. Purified B6 
CD4+CD8+ thymocytes were cultured for 4 
hours in suspension at either 37°C (solid h e )  or 
4°C (dotted line), or were cultured at 37°C in the 
presence of actinomycin D (10 pglmi) (dashed 
line), and then assessed for TCR-induced calcium 
mobht ion .  (Inset) The same cell populations 
were also assessed for tyrosine-phosphorylated 
TCR-6 (arrow) by immunoblotting with anti- 
body to phosphotyrosine (22) (Act. D, actinomy- 
cin D). 

in developing CD4+CD8+ thymocytes is 
probably the earliest function performed by 
CD4 and appears to be unique to immature 
CD4+CD8+ thymocytes, as CD4 performs 
other functions in more dfferentiated T 
cells. 
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"Pure" Human Hematopoietic Progenitors: 
Permissive Action of Basic Pibroblast Growth Factor 

Methodology has been developed that enables virtually complete purification and 
abundant recovery of early hematopoietic progenitors &om normal human adult 
peripheral blood. A fraction of the pure progenitors is multipotent (generates mixed 
colonies) and exhibits self-renewal capacity (gives rise to blast cell colonies). This 
methodology provides a fundamental tool for basic and clinical studies on hematopoie- 
sis. Optimal in vitro cloning of virtually pure progenitors requires not only the 
stirnulatory effect of interleukin-3, granulocyte-macrophage colony-stimulating factor, 
and erythropoietin, but also the permissive action of basic fibroblast growth factor. 
These findings suggest a regulatory role for this growth factor in early hematopoiesis. 

H EMATOPOIESIS IS SUSTAINED BY A 

pool of stem cells that can self- 
renew and dfferentiate into pro- 

genitors. These progenitors are commkted 
to specific lineages and are functionally de- 

M. Gabb~anclli, M. Sargiacomo, E. Pclosi, U. Testa, C. 
Pcschlc, Department of Hcmatol and Oncology, 
Istituto Supcriorc di Saniti, 0 0 1 6 1 ~ m c ,  Italy. 
G. Isacchi, Blood Transfusion Center, University La 
Sapicnza, Rome, Italy. 

*To whom compondcncc may be addrtsscd. 

fined as, colony- or burst-forming units 
(CFUs, BFUs), that is, progenitors of the 
erythroid series (CFU-E, BFU-E), the gran- 
ulocyte-monocytic lineage (CFU-GM), and 
multipotent CFU for the GM, erythroid, 
and megakaxyocytic series (CFU-GEMM) 
( 1 ) .  The progenitors, in turn, differentiate 
into morphologically recognizable precur- 
sors that mature to terminal elements circu- 
lating in peripheral blood. 

Proliferation and differentiation of early 
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hematopoietic cells are modulated by specif- 
ic growth factors (termed hematopoietins), 
colony-stimulating factors (CSFs), or inter- 
leukins (ILs), which are released by accesso- 
ry cells [monocytes-macrophages, T cells, 
and large granular lymphocytes (LGLs)] 
and exert a multi- or uni-lineage stimulus 
(2): thus IL-3 and GM-CSF induce differen- 
tiation of pluripotent (CFU-GEMM), early 
erythroid (BFU-E), and GM progenitors 
(CFU-GM) (3), whereas erythropoietin 
(Ep), G-CSF, and M-CSF specifically trig- 
ger differentiation of late erythroid (CFU- 
E), granulocytic (CFU-G), and monocytic 
(CFU-M) progenitors, respectively (4). 

Three major factors have hindered the 
analysis of early hematopoiesis. (i) Such 
analysis requires large amounts of pure he- 
matopoietins, which are now available by 

recombinant DNA techniques (2). (ii) The 
use of selected fetal calf serum (FCS) batch- 
es for hematopoietic culture hindered analy- 
sis. because FCS contains unknown hemato- 
poietic stimuli or inhibitors, or both, thus 
obscuring methodology and interpretation 
of results (1). However, culture conditions 
have been established without FCS (FCS-) 
that allow optimal hematopoietic prolifera- 
tion and differentiation (5, 6). (iii) The 
coexistence in the cultured hematopoietic 
population of few progenitors [<1% and 
<0.1% of bone marrow and peripheral 
blood cells, respectively (I)] amidst a large 
number of accessory cells releasing un- 
known quantities of unidentified endoge- 
nous growth factors (1) masks the effect of 
exogenous CSFs and hinders both repro- 
ducibility and analysis of data. Thus, investi- 
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Fig. 1. (A) Frequency of hematopoietic progenitors (CFU-GEMM, BFU-E, and CFU-GM) at different 
steps of purification, assayed in FCS+ (white bars) or FCS- (hatched bars) culture (11). Mean i SEM 
values from a total of 37 separate experiments are presented; the number of separate FCS+ and FCS- 
assays was step I, 30 and 27; step 11, 5 and 3; step 111, 24 and 22; and step IV, 18 and 9, respectively. 
Progenitor purification. Cells were obtained from the bu% coat of 350 to 400 ml of peripheral blood, 
collected in preservative-free heparin, from healthy young adult donors after informed consent. Step 
IA. Cells separated over a standard Ficoll-Hypaque density gradient (d, 1.077) (Pharmacia Fine 
Chemicals) were collected, washed twice, and resuspended in Iscove's modified Dulbecco's medium 
(IMDM). Step IB. Peripheral blood mononuclear cells (PBMCs), resuspended in IMDM containing 
20% heat-inactivated FCS (Flow Laboratories) (3 x lo6 cellslml) were subjected to two 60-min plastic 
adherence cycles, washed twice, and then treated with glutamate dimethylester (Sigma) (5 x M 
for 40 min at room temperature) to stringently remove residual monocytes (6,  21). The cells were then 
washed three times and resuspended in IMDM containing 10% FCS (5 x lo7 cellslml). Step 11. Cells 
were separated by density centrifugation (600g for 30 min at 20°C in 15-ml tubes, 2 to 2.5 x 10' cells 
per tube) on a three-step discontinuous Percoll gradient (Biochrom KG) (3 ml fractions: d, 1.054, 
1.066, and 1.077). Lower density cells from fraction 1 (d, 1.054), containing the large majority 
(>70%) of hematopoietic progenitors, were collected, washed three times in IMDM, and resuspended 
in 3 ml of the same medium. Step 111. Cells were incubated for 60 rnin at 4°C with excess amounts (50 
~1 per 3 x M7 cells) of the following MAbs: OKT3,OKT4,OKT8,OKT11, OKT16,OKMl,OKM5 
(Ortho Diagnostic Systems), Leu7, Leu9, Leull ,  Leul2, Leul4, Leul9, LeuM1, and LeuM3 (Becton- 
Diclunson). After three washes with cold IMDM, cells were incubated for 40 min at 4°C with 
immunomagnetic monodisperse microspheres coated with sheep antibody to mouse immunoglobulin 
(Ig) G and M (Dynabeads M450, diameter 4.5 Fm, 1.3 x lo7 particles per milligram, Dynal) at a ratio 
of five microspheres per cell. The beads, together with rosetting cells, were retained along the tube wall 
with a magnet for 60 s. Thereafter, the supernatant fluid containing negative cells was recovered. 
Negative cells were incubated again with immunomagnetic microspheres and processed as above. The 
cells in the supernatant (negative fraction) were washed twice in cold IMDM, resuspended in 0.5 ml of 
IMDM, and then processed for either culture in semisolid medium or step IV purification. In steps I11 
and IV, IMDM was supplemented with bovine serum albumin (BSA) (5 mglml, >98 to 99% purified, 
Sigma). Step IV. Cells were incubated for 60 rnin at 4°C with HPCA-I (Becton-Dickinson) and BI3C5 
(Sera Lab), as described above, washed, and then incubated with immunomagnetic beads (five 
microspheres per cell) coated with MAbs to mouse IgG and IgM (Dynal). The beads with rosetting cells 
were then isolated, counted, and directly plated in semisolid medium for clonogenic assay. In selected 
experiments, the MAb to CD33 (anti-CD33) My9 (Coulter Clone) was used for positive selection 
instead of the MAb to CD34 (anti-CD34). (B) Purification of human hematopoietic progenitors, as 
evaluated by their reactivity with anti-CD34 or anti-CD33 MAb. After the three negative selection 
steps, cells were separated into CD34+ and CD34- or CD33+ and CD33- populations according to 
their reactivity with anti-CD34 or anti-CD33 MAb (see legend to Fig. IA), and then grown in FCS- 
culture (11). Mean i SEM values from three separate experiments are presented. 

gation of early hematopoiesis would be aid- 
ed by the availability of purified hematopoi- 
etic progenitors. 

Purification of hematopoietic progenitors 
is based on methods exploiting the differen- 
tial densities and membrane antigen expres- 
sion of progenitors and differentiated lym- 
pho-hematopoietic cells (7).  A combination 
of these techniques has enabled the stringent 
purification of hematopoietic stem cells 
from murine bone marrow (8, 9). 

We have developed a method to filly 
purify and abundantly recover hematopoiet- 
ic progenitors from normal human adult 
blood. This method is based on three nega- 
tive and one positive selection steps: step I, 
isolation of peripheral blood mononuclear 
cells (PBMCs) on a Ficoll gradient, followed 
by removal of monocytes by plastic adher- 
ence and glutamate dimethylester treatment; 
step 11, isolation of light density cells on a 
Percoll density gradient; step 111, immu- 
noabsorption to magnetic beads coated with 
a panel of monoclonal antibodies (MAbs) to 
B, T, and NK cells, monocytes, and granulo- 
cytes; and step IV, positive selection by 
immunoadsorption with two MAbs to 
CD34 antigen. 

The negative selection steps I to I11 result 
in the elimination of virtually all differentiat- 
ed cells from PBMC, including B, T, NK 
cells, and monocytes [<0.1% for each resid- 
ual cell population (lo)]. The frequency of 
early hematopoietic progenitors (CFU- 
GEMM + BFU-E + CFU-GM) was evalu- 
ated in methylcellulose culture supplement- 
ed (FCSC) or not (FCS-) with FCS and 
treated with an optimized mixture of CSFs 
including IL-3, GM-CSF, and Ep (11). In a 
total of 37 experiments, the mean progeni- 
tor frequency in the Ficoll cut (0.06% and 
0.07%, respectively) showed an almost 10- 
fold increase after the Percoll gradient 
(0.5%) and a 500-fold rise (31% and 33%) 
after immunodepletion with magnetic beads 
coated with MAbs (Fig. 1A). 

We then selected CD34' cells within the 
cell population obtained after the three neg- 
ative selection steps [25 to 30% of the cells 
obtained after step I11 are CD34' by immu- 
nofluorescence flow cytometry (lo)]. The 
cells were incubated with two MAbs to 
CD34 (HPCA-I and BI3C5), washed, and 
then incubated with magnetic beads coated 
with antibody to mouse immunoglobulin. 
Finally, the cells bound to magnetic beads 
were plated in semisolid cultures for clono- 
genic assays. After this positive selection, the 
mean frequency of progenitors (CFU- 
GEMM + BFU-E + CFU-GM) evaluated 
in FCS' and FCS- culture increased from 
31% and 33% (step 111) to 56% and 64% 
(step IV) (Fig. 1A). 

Virtually no progenitors (51%) were de- 
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Table 1. Blast cell colonies generated by step IV cells and secondary colonies after replating 
(mean k SEM values from three separate experiments). The assay was performed as in (13). Secondary 
clones comprised all types of colonies (GM, G, M, erythroid bursts, and GEMM clones represented 
35%, lo%, 13%, 38%, and 4% of the total number of colonies, respectively). Their size was 
comparable to that of standard primary culture colonies. 

Step IV cells Primary culture Blast cell Cellsiblast Secondary colonies/ Replating 
(no.idish) conditions colony no. cell colony blast cell colony efficiency (%) 

tected in the CD34- cell population (Fig. 
1B). We isolated CD33' and CD33- cells 
in three experiments, using the same proce- 
dure as for selection of CD34' cells. All 
progenitors were observed in the CD33- 
fraction; virtually none were detected 
among CD33' cells (Fig. 1B). 

In conclusion, the isolated peripheral 
blood progenitors are CD34+CD33-, in 
contrast to the CD34+CD33+ majority of 
bone marrow progenitors (12). The 
CD34+CD33- population is apparently 
more immature, for the following reasons. 
(i) They generate CFU in long-term marrow 
culture, whereas CD34+CD33' progeni- 
tors do not (12). (ii) A fraction of 
CD34+CD33- progenitors purified from 
peripheral blood is multipotent [gives rise to 

4, . 
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mixed colonies (Fig. lB)]  and exhibits self- 
replicating activity [generates blast cell colo- 
nies (13), that in turn give rise to secondary 
clones of G, M, GM, erythroid, and GEMM 
type when replated in semisolid culture (Ta- 
ble l ) ] .  These findings indicate that the 
purified circulating CD34+CD33- cells are 
early hematopoietic progenitors, a fraction 
of which are multi~otent and exhibit self- 
renewal capacity, that is, are endowed with 
stem cell properties. In support of these 
observations, circulating autologous pro- 
genitors can reconstitute the human lym- 
pho- and hematopoietic systems in patients 
treated with high-dose antiblastic agents for 
a variety of malignant diseases (14). 

The final progenitor frequency rarely ex- 
ceeded 70%. This purification threshold 
may be hypotheticaliy attributed to three 
alternative or complementary mechanisms. 
(i) A minority of the purified CD34+- 
CD33- cells are not hematopoietic progeni- 
tors. (ii) Some CD34+CD33- progenitors 
are functionally damaged during the purifi- 
cation procedure and become unresponsive 

Fig. 2. (A) Effect of combined addition of graded 
doses of recombinant bovine bFGF (specific ac- 
tivity, 5 x lo7 Ulng, Amgen) and plateau dos- 
ages of IL-3 + GM-CSF + Ep on the cloning of 
step IV cells in FCS+ culture (see also Fig. lA), as 
evaluated by the number of GEMM, BFU-E, and 
GM colonies per dish (top panel, black, white, 
and hatched bar portions, respectively) and cells 
per erythroid bursts and GM colonies (bottom). 
A representative experiment is shown here; in 
some experiments, the peak effect of bFGF was 
observed at a dosage lower than 100 nglml. (6) 
Effect of a plateau dosage of bFGF (100 nglml) 
on the colony formation efficiency of step IV 
CD34+ progenitors (CFU-GEMM, BFU-E, and 
CFU-GM, black, white, and hatched bar por- 
tions, respectively) in FCS+ or F C S  culture, 
supplemented or not with peak dosages of IL- 
3 + GM-CSF + Ep (see also Fig. IA). Mean- 
* SEM values are presented from 18 and 9 

b F G F  experiments (Fig. lA), as compared to 6 
and 4 bFGF+ experiments in FCS+ and FCS- 
cultures, respectively. In two FCS+ culture ex- 
periments, further addition of IL-6 (10 ngiml) to 
bFGF+ dishes raised the frequency of progenitors 
from 95% and 96% to 99% and 98%, respective- 
ly. bFGF (100 ngiml) also induced a significant 
rise of the frequency of progenitors (CFU- 
GEMM + BFU-E + CFU-GM) in the step I11 
fraction assayed in FCS- culture, that is, from 
32.5 -+ 3.0 in b F G F  dishes (see Fig. 1A) to 
44.1 +- 5.5 in bFGF+ dishes from four separate 
experiments. 

to CSFs (7, 8). (iii) A minority of purified 
CD34+CD33- progenitors are physiologi- 
cally unresponsive to conventional hemato- 
poietic CSFs and require the stimulus of 
other growth factors. 

T o  test the third hypothesis, we screened 
a variety of growth factors [acidic or basic 
fibroblast growth factor (aFGF, bFGF), 
platelet-derived growth factor, epidermal 
growth factor, insulin-like GF-1, and trans- 
forming growth factor-P2 (TGF- P2) (1 5)] 
for their possible stimulatory effect on step 
IV progenitors treated with IL-3, GM-CSF, 
and Ep, as evaluated by clonogenetic capaci- 
ty in semisolid culture (15). 

Only bFGF exerted a significant stimula- 
tory effect. In clonogenetic culture of step 
IV progenitors, graded amounts of bFGF 
induced a stepwise potentiating effect on the 
action of IL-3 + GM-CSF + Ep, as evaluat- 
ed by the number of erythroid bursts and 
GM colonies per dish, and the number of 
cells per burst and GM colonies (Fig. 2A). A 
plateau dosage (100 ngiml) of bFGF alone 
was ineffective, but combined treatment 
with IL-3 + GM-CSF + Ep resulted in op- 
timal growth of the progenitors: their mean 
frequency rose to 92.3% (range, 79 to 98%) 
and 87.5% (range, 80.5 to 97%) in FCS' 
and FCS- cultures, respectively (Fig. 2B). 

These experiments indicate that bFGF, 
although by itself ineffective, exerts a per- 
missive effect by inducing a significant nurn- 
ber of early hemopoietic progenitors to re- 
spond to multilineage hemopoietins (IL- 
3 + GM-CSF) in clonogenic culture. 

The purification index in the step IV 
fraction does not reach the theoretical value 
of 100%. However, the monitored frequen- 
cy (92.3%) is seemingly underestimated: (i) 
the plateau bFGF dosage (100 ng) does not 
exert the peak stimulatory effect in all experi- 
ments (see legend to Fig. 2A). (ii) A minor- 
ity (5 to 10%) of progenitors may be either 
functionally damaged during the purifica- 
tion procedure or unresponsive to the 
growth factors we used [IL-6 and G-CSF 
may have an additive effect (see legend to 
Fig. 2B)l. 

The recovery of progenitors (CFU- 
GEMM + BFU-E + CFU-GM) after the 
purification steps, expressed as percentage of 
those present in PBMCs (step I), was 76.2 
2 4.9% and 71.3 ? 4.7% for step I1 and 
step I11 fractions, respectively, and 20.2 ? 

2.9% for step IV cells (16). 
This methodology provides a fundamen- 

tal tool to elucidate the cellular and molecu- 
lar basis of early hematopoiesis. The avail- 
ability of a large number of purified periph- 
eral blood progenitors may also be useful for 
clinical transplantation. Peripheral blood 
stem cells are more desirable for autologous 
transplantation, because they are more 
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readily available and can more rapidly recon- 
stitute lympho-hematopoiesis than bone 
marrow stem cells (1 7). 

These observations suggest a role for 
bFGF in hematopoiesis. This growth factor, 
produced by a variety of cell types (fibro- 
blasts, endothelial cells, and macrophages), 
is mitogenic to many cells, including fibro- 
blasts and capillary endothelial cells (18). In 
Xenopus blastula it can induce cells from the 
animal pole to develop as mesoderm (19) 
and as ventral derivatives, including blood 
cells. Our studies indicate a synergistic inter- 
action between bFGF and multilineage 
CSFs (IL-3, GM-CSF) on early adult hema- 
topoietic progenitors; both CSFs and bFGF 
have been postulated to act on target cells 
after binding to the extracellular matrix, 
particularly heparan sulfate (20). We suggest 
that bFGF may have a role in the control of 
proliferation or differentiation, or both, of 
early adult hematopoietic progenitors, as it 
apparently does in embryonic hematopoietic 
development in Xenopus (19). 
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Protection from Chemotherapy-Induced 
Alopecia in a Rat Model 

Alopecia (hair loss) is among the most distressing side effects of cancer chemotherapy. 
Little progress has been made, however, in its prevention or treatment, partly because 
of the lack of suitable experimental model. In recent work on the treatment of 
myelogenous leukemia in the rat, the following observations were made: (i) treatment 
of 8-day-old rats with cytosine arabinoside consistently produced alopecia, and (ii) 
ImuVert, a biologic response modifier derived from the bacterium Serratia marcescens, 
uniformly produced complete protection against the alopecia. In subsequent experi- 
ments, both cyclophospharnide and doxorubicin also produced alopecia in this model, 
and the doxorubicin-induced alopecia was prevented by treatment with ImuVea. The 
potential relevance of these observations to chemotherapy-induced alopecia in the 
clinical setting should be examined. 

A LOPECIA IS A FREQUENT AND DIS- 

tressing side effect of many clinically 
active chemotherapeutic agents, of- 

ten causing patients to refise potentially 
curative chemotherapy (1-5). Although this 
complication has been known for many 
decades (3),  little progress has been made in 
its prevention or treatment (6-9), in part 

because of a lack of a suitable, reproducible, 
experimental model. Although doxorubicin- 
induced hair loss has been described in the 
Angora rabbit (lo), its severity is assessed by 
weighing the amount of hair that regrows 
after shaving or the amount of hair shed 
upon grooming. Recently we have been 
studying the efficacy of chemotherapy in 
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