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Chapter 1: Introduction 

physiological processes (Miller et aI., 2000). However, it is also possible that there is a 

high degree of redundancy and that other FGFs or growth factors are compensating 

for the lack of FGF-1 and FGF-2 in these mice. Other members of the FGF family can 

bind to the same 4 high affinity FGF-receptors identified so far compensating for the 

lack of FGF-2 andJorFGF-l. For example, FGF-3 as well as FGF-2 can induce the 

differentiation of epithelial cells (Venesio et aI., 1992). 

FGF-2 has been isolated from a number of organs and is synthesised by normal 

and tumour cell lines (Gospodarowicz et aI., 1987b; Moscatelli et aI., 1986). Multiple 

molecular weight forms of human FGF-2 have been identified (of approximately 18, 

22, 22.5, and 24 kDa) resulting from alternative translation initiation of a single 

mRNA (Florkiewicz and Sommer, 1989; Prats et aI., 1989). The higher molecular 

weight forms are found located in the cell nucleus, whereas the 18 kDa isoform is 

found preferentially in the cytoplasm of FGF-2-expressing cells (Florkiewicz et aI., 

1991; Renko et aI., 1990). FGF-2 does not contain the classical signal sequence 

necessary for secretion and, so far, no mechanism of release from cells has been 

characterised besides release from dead or injured cells (Nickel, 2003). Nevertheless, 

FGF-2 is found bound to HSPGs in the ECM and on cell surfaces where it forms a 

reservoir of biologically active growth factor (Brunner et aI., 1991 and 1993; Saksela et 

aI., 1988; Vlodavsky et aI., 1987) which is protected from degradation by extracellular 

proteinases (Saksela et aI., 1988). Biologically active FGF-2-HSPG complexes can be 

proteolytically released from the ECM or cell surfaces (Whitelock et aI., 1996; Rich et 

aI., 1996; Brunner et aI., 1994 and 1991) enabling the complex to mediate its biological 

activity by interacting with high-affinity FGF -receptors (FGFR) on cells at adjacent 

sites. 

The biological activity of FGF-2 is mediated through interaction with high­

affinity FGF-receptors (FGFRs) as well as low-affinity heparan sulphate proteoglycan 

(HSPG)-receptors (Yayon et aI., 1991; Rapraeger et aI., 1991; Rhogani et aI., 1994). 

Four high affinity FGFRs have been identified to date: FGFR-1 (Dionne et aI., 1990), 

FGFR-2 (Housssaint et aI., 1990), FGFR-3 (Keegan et aI., 1991), and FGFR-4 

(Partanen et aI., 1991), coded for by separate genes. For FGFR-1, FGFR-2, and FGFR-

3, alternative splicing gives rise to multiple isoforms (Galzie et aI., 1997; Schofield and 

Gallagher, 1994). Several mechanisms have thus evolved to regulate signalling 

including cell type-specific alternate splicing of the receptors, selective recognition of 

growth factor ligands, and the heparan sulphate cofactor requirement for ligand 

binding receptors (Schofield and Gallagher, 1994). For example, the isoforms ofFGFR-

1 and FGFR-2 that vary in the third immunoglobulin loop region include soluble 
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Chapter 2: Methods and Results 
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Fig. 1. 'The effect d FGF-2 on the morphology d primary BM stromal cells. BM buffy coat 
cells (3 x 106) were seeded into 35-mm dishes in stromal medium in the absence (A) or 
presence of 0.2 (B), 2 (C) or 20 (D) ng/ml of FGF-2. The cultures were photographed 8 days 
after inoculation using a phase contrast microscope. 
Bar = 50 11m (applies to all four photographs). 

2.2. Growth 

In order to quantitate the effects on growth, 3 x 106 BM buffy coat cells were 

seeded into 35-mm dishes, as described above, in the absence or presence of 0.02, 0.2, 

2, or 20 ng/ml FGF-2. After one week, the supernatant was replaced, at three day 

intervals with fresh medium with and without FGF-2 and the number of adherent 

cells was determined on days 11 and 15 (Fig. 2). The t-test (Quito et aI., 1996) was 

used to assess the significance of the results. On day 15, cultures to which no FGF-2 

had been added contained 3.3 ± 0.9 x 105 cells/dish. The cell number was 5-fold 

increased in the presence of 20 ng/ml FGF -2 (15.7 ± 0.6 x 105 cells/dish; p < 0.001) and 

2-fold with 0.2 20 ng/ml FGF-2 (6.4 ± 0.8 x 105 cells/dish; p < 0.02)(Fig. 2). 

Thus, FGF-2 significantly increased the proliferative activity of prImary 

human BM stromal cells even at very low concentrations. 
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Chapter 2: Methods and Results 

• Control 
~ 0.02 nglml FGF-2 
Q 0.2 nglml FGF-2 
D 2 nglml FGF-2 
IE 20 nglml FGF-2 

Fig. 2. The effect of FGF -2 on the growth of primary BM stromal cells. BM buffy 
coat cells (3 x 106) were seeded into 35-mm dishes in stromal medium in the absence or 
presence of 0.02, 0.2, 2 or 20 ng/ml FGF-2. After one week the supernatant was replaced 
with fresh medium with or without FGF-2 at three day intervals. The number of adherent 
cells on duplicate dishes was determined 11 and 15 days after inoculation. The results are 
expressed as the mean ± standard deviation (SD). 

2.3. Senescence 

In contrast to primary cultures of embryonic or skin fibroblasts or aortic 

endothelial cells which proliferate readily and can be propagated, human BM stromal 

cells senesce after approximately 2 generations and therefore have limited expansion 

potential. As FGF-2 has been shown to delay the senescence of granulosa cells and 

corneal endothelial cells (Gospodarowicz et al., 1986) I determined its effect on the 

senescence of BM stromal cells. 

For these experiments, BM buffy coat cells were seeded into 75-cm2 flasks at 2 

xl07 cells/flask in 20 ml of stromal medium in the absence or continuous presence of 20 

ng/ml FGF-2. After one week, the supernatant was replaced every three to four days 

with fresh medium with or without FGF-2, and cell numbers in duplicate flasks were 

determined after 10 to 13 days of culture. The cells were then reseeded into new 75-cm2 

flasks at 1.3 x 106 cellslflask in 20 ml of stromal medium in the absence or continuous 

presence ofFGF-2. This process was repeated until cell growth ceased. The results are 

presented in Fig. 3. 
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Fig. 3. The effect of FGF-2 on the senescence of BM stromal cells. BM buffy coat cells 
(2 x 107) were seeded into 75-cm2 flasks in stromal medium in the absence or continuous 
presence of 20 ng/ml FGF-2. At 10 to 13 day intervals the number of adherent cells in 
duplicate flasks was determined and 1.3 x 106 cells were reseeded into new flasks in the 
absence or continuous presence of FGF-2. The process was repeated until cell growth 
ceased. This experiment was repeated four times with BM removed from four different 
donors . Results are given as the mean of the total number of cells ± SD recovered at each 
passage for each experiment. 
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Fig. 4. The contribution of stromal medium supplements to the growth of primary BM 
stromal cells in the absence or presence of FGF-2. Absolute cell numbers from Exp. 3 of Table 3 
are presented as the mean number of cells/dish ± SD. 
SM: stromal medium; HS: horse serum; J3-ME: J3-mercaptoethanol; Hydro: hydrocortisone. 

FGF-2 stimulated the growth of stromal cells grown in stromal medium without 

B-mercaptoethanol by 7 to 12-fold above control (p < 0.001 in both experiments). Thus, 

FGF-2 stimulation in these cultures was comparable to that in cultures grown in 

complete medium. 

The most striking observation was that the omission of hydrocortisone from the 

culture medium completely abrogated the stimulation of cell growth by FGF-2 and in 

three experiments cell growth was actually inhibited (Table 3 and Fig. 4, p < 0.02 in the 

three experiments). In keeping with this observation, FGF-2 did not stimulate cell 

growth following the omission of all three medium supplements, namely, horse serum, B­

mercaptoethanol, and hydrocortisone (Table 3 and Fig. 4, p > 0.05 in each experiment). 

These results indicate that horse serum is an essential medium supplement for 

the growth of primary BM stromal cells, whereas B-mercaptoethanol and 

hydrocortisone are not required. Indeed, the results suggest that B-mercaptoethanol 

may be growth inhibitory for these cells. LTBM culture require however, the presence of 

an anti-oxidant to prevent oxidative damage to the haematopoietic cells 

In addition, the results show that FGF-2 stimulates the growth of stromal cells 

grown in medium lacking B-mercaptoethanol or horse serum and can partially replace 
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Fig. 5. The contribution of stromal medium supplements to the growth of 
passaged BM stromal cells in the absence or presence of FGF-2. Cell numbers from 
Exp. 2 of Table 4 are presented as the mean number of cells/dish ± SD. 
SM: stromal medium; HS: horse serum; J3-ME: J3-mercaptoethanol; Hydro: hydrocortisone. 
* p< 0.01, ** p < 0.02 with respect to the control. 

The addition of FGF-2 to stromal cells grown in stromal medium lacking horse 

serum increased the number of cells by 2 to 6-fold above control cultures (p < 0.02 in all 

four experiments). Similarly, the addition of FGF-2 stimulated cell growth by 

approximately 2 to 13-fold in cultures grown without B-mercaptoethanol (p < 0.01 in all 

four experiments). Thus, the stimulation of cell proliferation by FGF-2 was not affected 

by the omission of horse serum or B-mercaptoethanol from the medium. 

In contrast to primary cultures, the omission of hydrocortisone from the stromal 

medium did not affect the growth-stimulatory effect ofFGF-2 (4 to II-fold above control 

cultures; p < 0.02 in all four experiments). Similarly, when both horse serum and 

hydrocortisone were omitted from the medium, FGF-2 increased cell growth by 

approximately 3 to 8-fold (p < 0.01 in all four experiments). When all three medium 

supplements, horse serum, hydrocortisone, and B-mercaptoethanol, were omitted from 

the medium, FGF-2 stimulated cell growth in three out of four experiments by 2 to 3-fold 

(p < 0.02 in each of the three experiments). 

FGF-2 was therefore noted to stimulate the growth of passaged BM stromal cells 

equivalently in control medium and medium lacking hydrocortisone, horse serum and B­

merca ptoethanol. 
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Chapter 2: Discussion 

signalling. For example, FGF-2 inhibits insulin-like growth factor (IGF)-II expression in 

BC3H-1 muscle cells. This results in increased IGF-I receptor expression by these cells 

and consequently, increased IGF-I signalling which inhibits muscle cell differentiation 

(Rosenthal et aI., 1991). 

FGF-2 might also delay senescence by inhibiting the expression of receptors for 

growth factors that induce differentiation or by stimulating receptor expression of 

growth factors that mediate inhibition of differentiation. For example, FGF-2 has been 

shown to decrease the expression of TGF-B receptors on endothelial cells making the 

cells less responsive to the inhibitory effects of TGF-B (Fafeur et al., 1990). FGF-2 has 

also been shown to stimulate the expression of IL-1 receptors on chondrocytes resulting 

in increased IL-1-induced metalloproteinase levels by these cells (Chandrasekhar and 

Harvey, 1989). 

4.1.5. Growth factor presentation and mobilisation. 

FGF-2 might delay the senescence ofBM stromal cells by inducing changes in the 

composition of the ECM of these cells since this growth factor affects the synthesis and 

deposition ofECM proteins such as collagen, fibronectin and proteoglycans (Kinsella et 

al., 1997; Sternberg et al., 1996) and induces metalloproteinases and plasmin levels 

(Edwards et al., 1987; Pepper et aI., 1993). This may result in an altered presentation of 

growth factors and cytokines to the cells (Sternberg et aI., 1996). The ECM composition 

of proliferating fibroblasts differs from that of non-proliferating fibroblasts. For example, 

senescent fibroblasts express lower levels of collagen mRNA (Furth, 1991) and secrete 

increased levels of fibronectin, stromelysin, and MMP-1 compared to proliferating 

fibroblasts (Millis et al., 1992; Girard et al., 1993; Tresini et al., 1998). Thus, FGF-2 

treatment ofBM stromal cells may lead to remodelling of the ECM which may, in hun, 

affect the activity and availability of growth factors and cytokines which either promote 

or inhibit differentiation resulting in a delay of stromal senescence. 

Alternatively, FGF-2 could delay senescence by affecting the availability of 

active extracellular growth factors by preventing the activation of latent growth factors 

that induce differentiation. In fact, FGF-2 has been shown to modulate latent TGF-B 

activation in endothelial cells by regulating PA levels (Flaumenhaft et al., 1992). In this 

system, however, TGF-B activation is induced by FGF-2 due to the increase in plasmin 

levels as a result ofFGF-2 stimulation ofPA which converts plasminogen to plasmin. 
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Fig. 2 continued. 
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I also determined the number of GM-CSF responsive progenitor cells in the 

supernatant of five LTBM experiments that were incubated at 33°C (Exp. 2 - 6). In 

Exp. 2, LTBM cultures were treated with 0,0.2,1,2 or 20 ng/ml FGF-2. From Fig. 5 it 

can be noted that, at week 3, the number of GM-CSF responsive progenitor cells was 

increased by 2.5-fold (p < 0.02) and 3.2-fold (p < 0.001) in the supernatant of LTBM 

cultures treated with 1 or 20 ng/ml of FGF-2, respectively. Cultures treated with 0.2 

or 2 ng/ml of FGF-2 did not exhibit significantly more progenitor cells (p > 0.1) in the 

supernatant than control cultures. 

In the other 4 experiments, LTBM cultures were treated with or without 1 

ng/ml of FGF-2. However, this concentration of FGF-2 had little to no effect on the 

number of GM-CSF responsive progenitor cells in the supernatant of LTBM cultures 

(p > 0.05, data not shown). It was noted earlier that there was no significant difference 

in the total number of haematopoietic cells in the supernatant of control and FGF-2 

treated LTBM cultures incubated at 33°C (see Fig. 1, Exp. 2 - 5). Therefore, it was not 

likely that control and FGF-2-treated cultures would show significant differences in 

the numbers of primitive progenitors. 

.!d 
~ Exp2 

I;l 

'" '" == El ~ 'r 50 
.. 10 
S ~ 
.~~ 
~ 0 40 
~-;; a ~ 30 .... ~ o ... 
.. <II 

.8 E 20 

~ ~ 
z '" 10 

~ 
.9 0 

• Control 
~ 0.2 ng/ml FGF-2 
r:l 1 ng/ml FGF-2 
o 2 ng/ml FGF-2 
IJ 20 ng/ml FGF-2 

Week 3 

Fig. 5. The effect of FGF-2 on the number of GM-CSF responsive progenitor cells in the 
supernatant of LTBM cultures. BM buffy coat cells (2 x 107

) were inoculated into 75-cm2 flasks . 
After 4 days, the non-adherent cells were removed and layered onto Ficoll-Hypaque to remove red blood 
cells. The low density cells were collected, washed and returned to their original flasks in 20 ml of 
Gartner's medium to which different concentrations of FGF-2 were added as indicated. The cultures 
were maintained at 33°C. Haematopoietic cells were removed from the supernatant at weekly intervals 
and cultured in soft-agar at 105 haematopoietic cells/ml in the presence of 10 ng/ml GM-CSF. Results 
shown are the mean number of colonies ± SD from 4 dishes scored on day 14. 
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Chapter 3: Results 

2. The effect ofFGF-2 on the adherent layer ofLTBM cultures. 

2.1. The effect of FGF-2 on the establishment and appearance of the adherent layer. 

I had previously observed (in Chapter 2) that the addition of FGF-2 to BM buffy 

coat cells seeded in culture affected the morphology and growth of the developing 

adherent stromal layer. Similarly, the adherent stromal layers in LTBM cultures 

(maintained at 37°C or 33°C) to which FGF-2 had been added lost their contact 

inhibition and formed a densely packed sheet of spindle-shaped cells compared to 

untreated cultures. In some cases when LTBM cultures were treated with 20 ng/ml of 

FGF -2, the adherent stromal cells formed multilayered sheets of spindle shaped cells. 

Round, refractile, haematopoietic cells adhered to the stromal layer (Fig. 6A) 

and later became embedded in this layer forming typical cobblestone foci of 

haematopoietic cells (Fig. 6B). Adipocytes also developed in the stromal layer of both 

control (Fig. 6C) and FGF-2-treated cultures. 

c 
Fig. 6. The effect of FGF-2 on the morphology of the stromal cells in the adherent 
layer of LTBM cultures. 
A. A micrograph showing haematopoietic cells adhering to the stromal layer of LTBM cultures. 
Cultures were treated with 20 ng/ml ofFGF-2 for 9 days. 
B. A micrograph of a typical cobblestoned colony of haematopoietic cells in the stromal layer of LTBM 
cultures. Cultures were treated with 2 nglml ofFGF-2 for 5 weeks. 
C. A micrograph showing an adipocyte in the stromal layer of an 8-day old control LTBM culture. 
Bar = 50 f.Lm (applies to all three photographs). 
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Table 2. The ratio of stromal to cells in the adherent ofLTBM cultures. 

Number of Ratio of 

of stromal cells/ stromal to 
No Week flask 

(x cells 

2 3 Control 4.9± 0.7 0.9 4.0 4.6:1 

0.2 FGF·2 8.1± 1.5 6.6 4.3:1 

1 FGF-2 12.6±0.1* 2.8 9.8 3.6:1 

2 FGF-2 11.6 0.3* 2.3 8.3 3.6:1 

20 FGF-2 12.0 1.0* 2.8 9.2 3.3:1 

4 Control 5.8 0.5 1.4 4.3 3.0:1 

0.2 FGF-2 9.8 ± 2.0 7.8 3.9:1 

1 FGF·2 16.3 ± 1.0* 3.7 12.6 3.4:1 

2 FGF-2 18.8 ± 1.2* 3.3 10.6 3.2:1 

20 FGF-2 15.2 ± 2.2** 4.1 11.2 2.7:1 
----_ ..... ------_ .... _----- -------------- ---------------

3 3 Control 4.8 0.0 1.2 3.5 2.9:1 

FGF-2 9.2 ± 0.7* 1.4 7.8 5.6:1 

4 Control 6.0 ±0.2 1.4 4.6 3.3:1 

FGF-2 20.7 ± 0.3* 3.2 17.5 5.4:1 

5 Control 8.2 ± 1.3 1.5 6.7 4.5:1 

FGF-2 34.5 4.8** 6.9 27.5 4.0:1 
----- ..... _ ..... _----_ .......... --_ .......... _---- ----------_ ..... ---

4 3 Control 3.8 ± 0.2 1.1 2.7 2.5:1 

FGF-2 18.6 ± 1.0* 4.1 14.5 3.5:1 

4 Control 2.8±0.3 0.7 2.1 2.9:1 

FGF·2 16.1 ± 1.5* 4.6 11.5 2.5:1 

5 Control 3.5 ± 0.4 0.7 2.8 4.2:1 

FGF-2 20.2 ± 1.4* 5.2 14.9 2.9:1 
..... _---- -_ .... _---_ .......................... -----........................... _-- -_ ............. _------_ ..... _-- ------_ ..... _----- ..... _---------_ ..... _-

5 3 Control 6.2 ±0.5 1.3 3.8:1 

FGF-2 23.1 ± 1.8* 5.3 17.8 3.4:1 

4 Control 6.2 ± 0.4 0.9 5.3 5.8:1 

FGF-2 26.3 ± 2.2* 6.7 19.6 2.9:1 

5 Control 5.2 0.9 0.9 4.3 5.0:1 

24.2 ± 0.2* 6.8 17.4 2.6:1 
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3: Results 

or 

FGF-2-mediated FGF -2-mediated 

increase in the increase in the 

Number of number of Number number of 

cells in the cells in the 

/ / 

Week flask flask flask 

3 0 299 ± 106 4576 ± 1888 

0.2 1920 ± 240 11792 414 2.6* 

1 5713 1187 19.0* 23496 3234 5.1* 

2 4509 ± 456 14388 ± 2046 3.1* 

20 2296 ± 420 7.7* 22836 ± 4752 4.9* 

4 0 187 86 ND 
0.2 1160 ± 150 6.2* ND 
1 2686 ± 699 14.3* ND 
2 3280± 689 17.5* ND 

20 1102 ± 408 ND 

B 3 0 484± 70 - 1296 ± 176 -

0.2 1560 ± 270 3.2* 1360 ± 350 1.1 NS 

1 3091 ± 331 6.4* 3278 1122 2.5* 

2 3146 ± 342 6.5* 1716 ± 594 1.3 NS 

20 2940 ± 252 4191 ± 1254 3.2* 

4 0 230 ± 72 - ND 
0.2 1320 ± 340 5.7* ND 
1 3422 ± 552 14.9* ND 
2 2854±164 12.4* ND 

20 1632 ± 530 7.1* ND 
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University of Cape Town

or 

increase in the FGF-2-mediated increase in the 

Number of cells in the number of cells in the Number cells in the number cells in 

No I Week I adherent adherent flask supernatant flask the flask 

Con FGF-2 Con 1 FGF-2 

3 2 1832 ± 433 1804 ± 449 12719 ± 1797 8224 ± 2990 

3 303 ± 48 958 ± 51 3* 2622 ± 291 3266 ± 700 

4 4±7 626 ± 196 156* 427 ± 146 464 ± 98 

5 0 504 ± 103 > 504* ND ND 

4 2 68 ± 57 460 ± 145 7* 13081 ± 2286 7928 ± 1737 

3 76 ± 27 3362 ± 1804 44* 1235 ± 154 2998 ± 578 2.4*** 
4 0 1766 ± 134 > 1766* 361 ± 18 713 ± 90 

5 0 432 ± 270 > 432* ND ND 

5 2 ND ND 13432 ± 701 20350 ± 1976 1.5** 
3 102 ± 77 6970 ± 792 68* 61 ± 20 1196 ± 193 19.6* 
4 0 1005 ± 335 > 1005* 29±20 448 ± 55 15.5* 
5 0 0 0 0 0 0 
6 0 0 0 0 0 0 

6 2 ND ND 24012 ± 3058 16600 ±950 0.7** 
3 5 ± 11 1350 ± 180 270* 1245 ± 85 2099 ± 333 1.7** 

coat cells (2 x 107
) were inoculated into 75-cm2 flasks. After 4 the non-adherent cells were removed and to remove red blood 

cells were washed and returned to their flasks in 20 ml of Gartner's medium or presence of 1 
were at 33°C. At weeks 2 - the and the stromal were removed and the cells seeded in colony in the 

presence of 10 
condition. 

GM-CSF. Clusters (3-40 cells) were scored on 7. Results represent the mean number of progenitors ± the SD calculated from four each 

ND = not determined. 
< § p < 0.05 w 

~ 
'" .:: 
&f 



University of Cape Town

or 

No 

3 2 813 365 2904 290 3.6* 5696 ± 1582 13884 ± 1655 2.4** 

3 386 ± 145 1454 ± 209 3.8* 2765 810 1528 ± 218 

4 42±36 4013 ± 1361 245 34 420 175 

5 0 380 ± 131 > 380* ND ND 

4 2 787 137 2856 ± 1056 3.6** 10605 ±l397 9891 ±3322 

3 153 ± 19 3547 ± 1304 151 ± 12 154 ± 12 

5 2 ND ND 9110 1869 12590 1244 1.4*** 

3 90 13 2429 475 27* 297 ± 85 1224 55 4.2* 

4 0 804 ± 335 804* 38±24 252 ± 21 6.6* 

5 9±5 68±34 0 22 7 > 22.0** 

6 0 440 110 > 440* 0 0 0 

6 2 ND ND 11120 ± 626 8050 ± 1650 0.7** 

3 224 ± 67 3150 ± 810 14* 1519 ± 359 1562 ± 410 

assays from which the results for Table 5A were were for a 7 uays. '-'Olonies ~> "tu CellS) were scored on 
assay. Results represent mean number 
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FGF-4" 
(30 

IL-3' 
(2 

(500 Ulml) 

GM-CSF' 
(10 

G-CSF"< 

(50 

> 395-fold Not detennined at 37°C 
> 22-fold (33GC) 450-fold (33°C) 

1.8 2.5-fold 5-foid 

2-fold no increase 

5-fold 2 - IS-fold 
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Number of CFU seeded in the culture* 

1 Published results 

FGF-2 Mayani et Chauvetet Quito etai., 

Week Con et ai., 1990 1990 1996** 

1 4941 3345 ND ND ND ND 4666 1277 5100 ND 
2 2035 339 2848 6442 4555 6295 1666 456 2500 1180 
3 103 149 1383 764 149 612 300 281 500 ND 
4 55 286 123 210 19 126 280 144 500 440 
5 a 138 0 11 166 118 500 ND 
6 0 207 0 0 300 40 500 250 
7 200 133 35 400 ND 
8 25 133 55 65 
9 10 100 65 

10 11 80 10 

11 3 

33"C 

the have "'Vl1<"""""~'r1 as the number of 
LF,.u"""'J seeded in the flask. 

,-,U"He,,", as the number of CFU-c per flask in to 
and counts. data are nr,,,,,,nn>,, as the number of whole bone 

marrow cells because whole bone marrow rather than coat cells was used to initiate the LTBM 
cultures. 
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NumberofCFU-GMll07 BM 

3 Exp. 

FGF-2 

Weeks Control 1 ng/m! Control 

1 ND ND ND 
2 406 1456 ND 
3 193 727 77 

4 21 2006 0 

5 0 190 4 

6 0 

7 

8 

33°C 33"C 

(1) 

eoa t cells originally 

FGF-2 Platzer et 

1 aI., 1988 

ND 230 

ND 350 

1774 120 

402 ND 
34 
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3: Discussion 

in the culture* 

Published results 
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Fig. 3. Regulation of PA secretion by hydrocortisone. Passaged BM stromal cells were seeded into 
24-well Linbro plates at 2 x 104 cells/well in BM stromal medium. Hydrocortisone (10-6 to 10-9 M) was 
added to the cultures for 24 hours in 1 ml RPMI containing 10% FCS in the absence or presence of 0.2 
ng/ml TGF-J3. The BM stromal cells were then washed twice with RPMI medium to remove the FCS and 
incubated for a further 24 hours in serum-free RPMI medium containing hydrocortisone (10-6 to 10-9 M) 
in the absence or presence of 0.2 ng/ml TGF-J3. This experiment was performed only once. 

A. The supernatants were assayed for PA activity using the 125I-fibrin plate assay. Results are 
expressed as the mean mU PN105 cells/24 h ± SD from duplicate wells for each condition. 
* p < 0.001 relative to control (i.e. no TGF-J3 and no hydrocortisone). 
** p > 0.05, ***p < 0.02, and **** p < 0.005 relative to maximal stimulation with TGF-J3. 

B. PAl-1 protein levels in the supernatants were determined by ELISA. Results are expressed as ng 
PAl-l/105 cells/24 h ± SD from duplicate wells for each condition. 
* p < 0.01 and ** p < 0.02 relative to control (i.e. no TGF-J3 and no hydrocortisone). 
NS: not significant relative to 0.2 ng/ml TGF-J3 and no hydrocortisone, p > 0.05. 
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3. Growth factor regulation ofPA activity in BM stromal cells. 

3.1. Regulation of PA activity by FGF-2, IL-l{J, and TGF-{J. 

Chapter 4: Results 

FGF-2 and two other growth factors known to be important in the regulation of 

haematopoiesis, IL-1B and TGF-B, were added to BM stromal cells, and their effects on 

secreted and intracellular PAs, u-PA and t-PA, as well as their inhibitors, PAI-1 and 

PAI-2, were investigated. 

3.1.1. Secreted PA activity. 

To detennine the effects ofFGF-2, IL-1B, and TGF-B on the PA activity secreted 

by BM stromal cells, passaged BM stromal cells (3') were seeded into 24-well Linbro 

dishes and depleted of hydrocortisone FGF-2 (0.2 to 20 ng/ml), IL-1 (10 to 104 V/ml), or 

TGF-B (0.2 to 20 nglmD were added to the cells for 24 hours in 1 ml of RPMI medium 

containing 10% FCS. Harvest fluids were prepared as described in the methods and 

PA activity and PA species were detennined. PAI-1 and PAI-2 protein levels were 

detennined by ELISA. PAs and PAI-1 were also visualised by zymography and reverse 

zymography, respectively. 

PAs 

BM stromal cells to which no growth factor had been added secreted little PA 

activity (mean of 0.27 ± 0.16 mV/105 ceUs/24 h, Table 1). The predominant PA secreted 

was identified immunochemically as being u-PA. 

In Fig. 4A, untreated cells secreted 0.43 ± 0.0 mV/105 cells/24 h. Addition of 

FGF-2 (0.2 to 20 nglml) , IL-1B (102 to 104 Vlml) , and TGF-B (0.02 to 20 ng/ml) 

stimulated secretion PA activity considerably. 

The most effective concentration of FGF-2 in stimulating PA activity was 

0.2 ng/ml, which increased activity by 10-fold from 0.43 ± 0.0 to 4.3 ± 1.2 mV/105 

cells/24 h (p < 0.01, Fig. 4A). Other concentrations of FGF-2 were less stimulatory and 

yielded a 2-fold (0.02 nglml, p < 0.001), 3-fold (20 ng/ml, p < 0.05), or 4-fold (2 ng/ml, p 

< 0.001) increase in PA activity. It was also noted that FGF-2 stimulated t-PA 

production significantly more than u-PA (Fig. 4A). 

IL-1B at 104 Vlml stimulated PA activity approximately 12-fold from 0.43 ± 0.0 

to 5.4 ± 0.7 mV/105 cells/24 h (p < 0.01). Lower concentrations were less stimulatory 

with only a 7-fold increase from 0.43 ± 0.0 to approximately 3.1 ± 0.2 mV/105 cells/24 h 

(p < 0.005) with 102 and 103 Vlml IL-1B. In contrast to FGF-2, IL-1B primarily 

stimulated u-PA production (Fig. 4A). 
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Fig. 4. Regultion of PA secretion by FGF-2, IL-lfi, and TGF-fi. Passaged EM stromal 
cells were seeded into 24-well Linbro plates at 2 x 104 cells/well in EM stromal medium. The 
medium was replaced with RPMI containing 10% FCS for four days with one medium change 
after two days to remove the hydrocortisone. FGF-2, IL-IB, or TGF-B were added to EM 
stromal cells for 24 hours at the indicated concentrations in RPMI medium containing 10% 
FCS. The cells were washed twice with RPM I medium to remove the FCS and then incubated 
for 24 hours in serum-free RPMI with the appropriate concentrations of growth factors. 
A. The supernatants were assayed for PA activity using the 125I-fibrin plate assay. Results are 
expressed as mD PAll05 cells/24 h ± SD from duplicate wells. 
Similar results by these three growth factors were noted in a further nine experiments. 
* p < 0.001, ** P < 0.005, *** p < 0.01, § p < 0.05, relative to the control. 
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Fig. 4 continued. 
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Chapter 4: Results 

b c d 

B. Zymography ofPA activity secreted by control cells (lane a) and cells treated with 0.2 ng/ml 
FGF-2 (lane b), 104 D/ml IL-1J3 (lane c), or 0.2 nglml TGF-J3 (lane d). PA activity is visualised 
as bands of lysis in the opaque indicator gel. 

The most marked stimulation of PA activity in BM stromal cell cultures 

occurred with TGF-B, which caused up to 350-fold increase in secreted PA activity. 

The optimal stimulatory concentration was 0.2 ng/ml, which stimulated PA activity 

from 0.43 ± 0.0 to 149.6 ± 18.7 mU/105 cells/24 h (p < 0.001, Fig. 4A). Even 20 pg/ml 

TGF-B still stimulated PA activity approximately 30-fold (p < 0.001, Fig. 4A) . All 

concentrations exclusively stimulated u-PA production (Fig. 4A). 

PA activity was also visualised as clear bands oflysis in fibrin-plasminogen agar 

indicator gels as illustrated in Fig. 4B. In supernatant from control cultures (lane a), 

two lysis bands were evident, one at 60 kDa and one at 110 kDa. Supernatant from 

stromal cells stimulated with 0.2 nglml of FGF-2 (lane b) generated three lysis bands: 

the first at 60 kDa, the second at 70 kDa, and the third at 110 kDa. Supernatant from 

stromal cells stimulated with 104 U/ml IL-1B (lane c) produced four lysis bands: the 

first at 60 kDa, the second at 70 kDa, the third at 110 kDa, and the fourth at 130 kDa. 

Lane d contained supernatant from stromal cells stimulated with 0.2 ng/ml TGF-B. 

Two major bands of lysis were noted at 60 kDa and 110 kDa. The band at 60 kDa 

represents u-PA, while the band at 110 kDa represents a complex between PAI-1 and 

u-PA (Pepper et al., 1991). The band at 70 kDa represents t-PA, while the band at 

130 kDa represents the complex between t-PA and PAI-1 (Pepper et al., 1991). The 
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Fig. 5. Regulation of PAl-! secretion by FGF-2, IL-l13, and TGF-13. 
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Fig. 8 continued. 
C. PAI-llevels in the supernatants of BM stromal cells used in A were determined by ELISA. 
The results are expressed as the mean ng PAl-l/l05 cells ± SD from duplicate wells. 
p values were determined with respect to control values. 

D. PAI-l activity in the supernatants from A were visualised by reverse zymography as 
opaque bands in a lysed indicator gel. 
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Chapter 4: Results 

Fig. 11. Regulation of t-PA binding to PAl-I. Passaged BM stromal cells, seeded into 24-
well Linbro plates at 2.5 x 1()4 cells/well, were treated with 105cpm of 125I_t_PA (equivalent to 
10 ng t-PA). At time intervals, 15 min, 30 min, 1, 2, 4, 6, 8, 10, and 24 hours, supernatants, 
celllysates, and matrix extracts were collected and aliquots subjected to 11% SDS-PAGE and 
autoradiography to identify 125I_t_PA. Free, uncomplexed 125I_t_PA has an apparent molecular 
weight of70 kDa, and the 125I-t-PAlPAI-1 complex is approximately 130 kDa. 
(A) a 24-hour exposure of supernatants. 
(B) a 15-day exposure of matrix extracts. 
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CD) After exposing the gels for autoradiography, the labelled proteins in the high and low 
molecular weight fractions present in the supernatant was quantitated by cutting the relevant 
areas from the gel used in CA) and measuring radioactivity using a gamma counter. Proteins 
in the supernatants were also precipitated with TeA in order to determine precipitable 125I-t_ 
PAin each fraction. 
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Chapter 4: Results 

To confirm that 125I-t-PA formed a complex with PAl-I, free and complexed PAI­

l was identified in the samples using Western blotting techniques. Non-complexed 

PAl-I, which has a molecular weight of approximately 44 kDa, was detected in the 

supernatant after 8 hours and in matrix and cell lysate over the entire 24-hour time 

period in approximately equal amounts (Fig. 12, data not shown for supernatant and 

matrix samples). 

A high molecular weight form of PAI-1 was also detected in the cell lysate with 

maximum accumulation at 2 hours (Fig. 12). This high molecular weight form of PAI­

l, of approximately 110 kDa, was taken to represent the internalised complex between 

PAI-1 and exogenously added t-PA. However, no PAI-1/t-PA complex was detected in 

the supernatant or matrix extracts. The experiment was repeated in the presence of 

an excess amount of cold t-PA but this did not result in the formation of a high 

molecular weight form of PAI-l in either the supernatant or the matrix extract. The 

reason for this is not known but it may be that in the supernatant and matrix samples 

the binding site for the anti-PAI-1 antibody on the t-PAlPAI-l complex was not 

recognised by the antibodies. Upon internalisation the complex may have undergone a 

conformational change such that the binding site was exposed and could bind with the 

anti-PAI-l antibodies. 
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Fig. 12. Identification of PAl-1 in the celllysates of BM stromal cells.Celllysates used 
in Fig 13B were subjected to 11% PAGE-SDS. The proteins in the resultant gel were 
transferred onto nitrocellulose membranes with semi wet blotting. To identifiy PAl-I, the 
membranes were then incubated with anti-PAI-I antibodies bound to 1251 labelled protein-A 
using standard Western blotting techniques. Free, uncomplexed PAI-I had an apparent 
molecular weight of 44 kDa. 
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Chapter 4: Results 

Alternatively, since the PAl-IIt-PA complex is rapidly internalised, the amount 

of complex remaining in the supernatant and ECM may have been below the detection 

limit for Western blot. Determining the rate of synthesis for PAI-1 as well as the 

turnover of protein and mRNA, should help to explain the inability to detect the PAl-

1/t-PA complex in these fractions. 

These results demonstrate that t-PA complexes with PAI-1 in the BM stromal 

cell microenvironment and that the t-PAlPAI-1 complex is rapidly internalised. In 

addition, while trace amounts of free t-PA were detected in the ECM, uncomplexed t­

PA did not appear to be internalised by BM stromal cells. 
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Chapter 5: Summary and Relevance ... . 

The addition of low concentrations of FGF -2 to human LTBM cultures 

significantly increased the number of haematopoietic progenitor cells in both the 

adherent layer and supernatant. In particular, FGF-2 stimulated the number of GM­

CSF and G-CSF-responsive progenitor cells in the supernatant of LTBM cultures, and 

furthermore, increased the number as well as the size of cobblestone foci of 

haematopoietic cells in the adherent layer by increasing the number of GM-CSF 

responsive progenitor cells in this layer. 

I also demonstrated that BM stromal cells produce u-PA and t-PA as well as PAI­

l and PAI-2 and that their synthesis can be regulated by hydrocortisone and growth 

factors relevant to haematopoiesis, namely FGF-2, TGF-B, and IL-l. I also 

demonstrated that endogenous PAI-1 effectively inhibits t-PA activity as well as 

mediates its internalisation by BM stromal cells. These results indicate that PA levels 

can be regulated in the BM microenvironment thereby regulating plasmin generation. 

Thus, the PNplasmin system may serve in modulating BM development. 

In Fig. 1 I have illustrated my findings with the known actions of FGF-2. In the 

BM, stromal cells secrete FGF -2 where it binds to HSPGs in the ECM forming a 

reservoir of active growth factor (Brunner et al., 1993; Blotnick et al., 1994). FGF-2 is 

proteolytic ally released from the ECM making it available to both haematopoietic and 

non-haematopoietic cells in the neighbouring vicinity (Saksela and Rifkin, 1990; Ishai­

Michaeli, 1990; Whitelock et aI., 1996; Brunner et aI., 1991 and 1994; Rich et al., 1996). 

Here, depending on the needs of the body, FGF-2 could directly stimulate proliferation or 

promote/delay differentiation of haematopoietic cells at different stages of development 

(Faloon et al., 2000; Anzai et al., 1999; Gallicchio et al., 1991; Gabbianelli et al., 1990; 

Gabrilove et al., 1993 and 1994; Berthier et aI., 1997; Burger et aI., 1994). Alternatively, 

FGF-2 could modulate growth factor activity by stimulating the generation of plasmin 

via the increase in t-PA production. Increased plasmin levels could also result in the 

migration of a particular mature haematopoietic cell type(s) into the blood if required by 

the body. 

In vivo studies in which mice lacking FGF-1 and/or FGF-2 are viable, fertile and 

display no significant haematopoietic defects, has questioned the relevance of FGF-2 in 

blood cell development as well as other physiological processes. It is possible that in 

these mice other FGFs and/or other growth factors are compensating for the lack of 

FGF-1 and FGF-2. For example, FGF-4 effectively stimulates haematopoiesis in LTBM 

cultures (Quito et aI., 1996). The results that I have presented in this thesis show that 

in vitro FGF-2 is a positive regulator ofhaematopoiesis, acting on both stromal cells and 

early progenitor cells. My findings together with those of other researchers suggest 
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Chapter 5: Summary and Relevance .. .. 

The expansion of stem cells and progenitor cells in vitro by FGFs might facilitate 

the efficiency of BM transplants by yielding enlarged numbers of enriched stem cells 

and possibly improving their engraftment into the host marrow. Engrafting a larger 

number of stem cells and progenitor cells into the patient's BM could be of benefit to the 

patient because conditions for autografting would be improved allowing normal 

haematopoietic activity to be more rapidly restored which would shorten the patient's 

recovery period. 

2.2. Gene Transfer. 

The addition ofFGF-2 to LTBM cultures may also prove to be a useful technique 

for improving the conditions for gene transfer. Transfer of cloned human genes into 

target cells by retroviral vectors is a potential new treatment for a variety of inherited 

genetic disorders such as B-thalassemia, adenosine deaminase deficiency, purine 

nucleoside phosphoylase deficiency, chronic granulomatous disease, gaucher's disease, 

cystic fibrosis, and hemophilia currently treated by BM transplant or for which their is 

no treatment available (Fleischman, 1991; Karlsson, 1991). For successful gene 

therapy the genetic defect should be expressed in target cells that are easily 

manipulated in vitro and that, after transplantation back into the recipient, are capable 

of self-renewal and differentiation into progeny cells that can generate a large cell pool 

that contains the transferred gene for the entire life-span of the patient. Thus, MAPCs 

or MSCs are potentially ideal target cells for gene therapy in genetic or acquired 

diseases of the haematopoietic system and potentially other disorders or even cancers 

(van Damme et al., 2002). 

Cell division is an absolute requirement for the integration of the retroviral DNA 

construct into the target cell (Miller et al., 1990), however, haematopoietic stem cells 

exist primarily in a non-dividing or dormant state (Cashman et al., 1985). Another 

problem is that human haematopoietic stem cells cultured in vitro become committed 

to differentiation and thus lose their capacity to self-renew and repopulate the BM. A 

third problem is that stem cells in the BM are rare (estimated to represent less than 

0.07 % of nucleated BM cells) (Brandt et al., 1990) resulting in low efficiencies of 

infection. The observation that the addition of FGF-2 to LTBM cultures increased the 

number of progenitor cells in the adherent layer and in the supernatant suggests that 

this culture system may be useful for increasing the success of gene therapy. FGF-2 

may induce dormant progenitor cells in LTBM cultures to divide and proliferate, leading 

to a larger number of progenitor cells incorporating the retroviral vector. Indeed, 

peripheral blood haematopoietic progenitor cells treated with FGF-2 in combination with 
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Appendix 

Kodak, Rochester, NY, USA: 
B-mercaptoethanol; xylene cyanol FF; XAR film . 

Medical Resources, Surry Hill, Australia: 
GM-CSF ELISA kits. 

Pharmacia, Piscataway, NJ, USA: 
Ficoll (type 400); Ficoll-Hypaque (1.077 g/cm3); Protein A and G. 

Pierce, USA: 
BCA protein assay. 

Polaroid, MA, USA: 
Polaroid no. 667 film. 

Schleicher and Schuell, USA: 
Nylon membrane, 0.45)..lm. 

Sigma, St Louis, MO: 
Ampicillin; human recombinant PDGF; Bovine serum albumin (fraction V); 
Sarcosyl. 

Synergen, Boulder, CO, USA: 
Human recombinant FGF -2. 

Syntex, Palo Alto, CA, USA: 
Human recombinant IL-IB. 
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