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Chapter 1
GENERAL INTRODUCTION

1.1 REVIEW OF THE LITERATURE
1.1.1

Haemopoietic progenitor cells in peripheral blood; animal studies

1.1.1.1 CFU-s: definition and several characteristics
Most of our current knowledge about haemopoietic progenitor cells is
derived from animal studies.
In 1961 Till and McCulloch (135)* described the spleen colony assay,
which demonstrated the existence of a bone marrow cell able to form
erythroid, granulocytic, megakaryocytic, or mixed colonies in the spleen
of lethally irradiated mice (colony-forming unit spleen = CFU-s). A linear
relationship was demonstrated between the number of bone marrow cells
injected and the number of spleen colonies counted after 8-10 days
(Fig. 1).
The dependence of colony formation on cell proliferation was shown
by constructing radiation survival curves for suspensions irradiated both
in vivo and in vitro (73); these were found to have the form characteristic of the radiation survival curve for mammalian cells.
Becker et al. (47) showed clonality using chromosome markers; sublethal irradiation induced chromosomal lesions at random and the
probability that two cells should bear the same defect after irradiation is
very small. Sublethally irradiated mice were used as bone marrow donors.
In each splenic colony where a chromosomal abnormality was found, it
was unique and present in 100% of the cells in metaphasis.
The big size of the splenic colonies on day 10 after the graft is an
evident manifestation of the proliferative potential of this precursor cell
(4, 135). The splenic colonies principally consist of differentiated blood
cells, the presence of which illustrates the differentiation ability of the
CFU-s (40, 74, 149). Furthermore, if cells from a splenic colony are retransplanted into another irradiated recipient, new colonies will be observed (75, 127). This demonstrates the proliferative, differential, and
* Numbers in brackets refer to the references listed at the end of each chapter.
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Fig. 1: Technique for production of haemopoietic clonal nodules (CFU-s) on the spleen of
irradiated mice by injection of syngeneic bone marrow cells.

self renewing capacity of stem cells in splenic colonies. However, lymphoid
splenic colonies were never observed (82). In spite of this, there is cytological and chromosomal evidence that CFU-s and antibody-producing
lymph node cells (137) or T-lymphocytes (93) may belong to the same
clone. The existence of a common ancestor for CFU-s and lymphoid progenitors more primitive than either is also plausible (1).
These pluripotent stem cells (HSC) are mainly in a quiescent state, as
demonstrated by Fliedner et al. (35). Thus, in normal adult mice the
CFU-s turnover rate is slow as shown by a 3H-thymidine "suicide"
value of less than 10% (5). However, during recovery from irradiation
(62) and cytotoxic drug damage (142) the 3H-thymidine suicide value of
CFU-s can rise to 50%. It is currently assumed that in the normal steady
state the majority of CFU-s are in a non-proliferative (Go) state, from
which they can be triggered either into proliferation cycle, leading to cell
division, or into differentiation.
In mice the highest number of CFU-s is observed in the bone marrow
(135), but a significant number of CFU-s are also found in the spleen,
liver (51), and among peritoneal exudate cells (23).
CFU-s mobility and migratory capacity has also been well documented
with the endogenous spleen colony assay. In this setting, CFU-s from a
bone marrow area shielded with lead migrate into the spleen of irradiated
animals (48, 52, 114). Eventually, using chromosome markers, direct
demonstration of stem cell migration from non-irradiated to irradiated
sites was given by Maloney and Patt (69).
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From early experiments by Brecher and Cronkite (11) on radioprotection in parabiotic animals it has become clear that HSC circulate in
the blood stream. More direct evidence was provided by transplantation
experiments.
Goodman et al. (44) demonstrated, that, if peripheral leucocytes from
mice were transplanted into lethally irradiated recipients, they proliferated and gave rise to granulocytes, and erythroblasts of donor origin.
These observations were later extended to show that such CFU-s exists in
the peripheral blood of rodents in a concentration of approximately
one-hundredth of that in bone marrow (10, 68, 80, 138). Similarly,
haemopoietic progenitor cells are circulating in the peripheral blood of
dogs (14, 17,20,25,26).
Gidali et al. (42) studied some properties of CFU-s circulating in
the peripheral blood of mice, which could be compared with already
known data from bone marrow CFU-s.
Peripheral blood CFU-s showed a lower radio-sensitivity (D o = 140
Rad) than bone marrow CFU-s (D o = 100 Rad), a higher seeding efficiency (f-factor: 20.9%, f-factor for bone marrow CFU-s: 12.9%), and a
higher sensitivity to 3H-thymidine suicide in vitro (killing effect 32%
versus 2.3% for bone marrow CFU-s). The doubling time was the same
for peripheral blood and bone marrow CFU-s (21 h), but the logarithmic
growth phase of the peripheral blood CFU-s population started approximately 36 h later than for bone marrow derived CFU-s.
All these findings support the idea that CFU-s in the peripheral blood
represent a subpopulation of the bone marrow CFU-s (121). Heterogeneity of bone marrow CFU-s is demonstrated by different self renewal
capacities and turnover rates found in CFU-s fractions of different densities after gradient separation (50, 65, 147).
The morphological identification of these stem cells, however, proved
to be difficult (86). Experimental work on mice and monkeys suggest
that these cells may be small mononuclear cells (MNC) (30). Support in
favour of this view comes from the observation of Fliedner, Haas et al.
(36). In their experiments continuous 3 H-thymidine labelling in rats was
started shortly after conception and discontinued (only several weeks)
after birth. It was observed that the label was rapidly diluted in all cells
except epithelial, reticular and small MNC that resembled lymphocytes.
A haemopoietic challenge given at that time led to a decrease in the
labelling of the lymphocytes but not of the epithelial or reticular cells. It
was shown that these marrow "small mononuclear-lymphocyte-like"
cells can be concentrated by centrifugation on a discontinuous albumin
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gradient and that a correlation exists between cytokinetically resting
small MNC and the regenerative process in lethally X-irradiated recipients
(47). It was postulated that such cells entered the peripheral blood via
lymphatic vessels, but attempts to demonstrate HSC in the thoracic
ducts of dogs have been unsuccessful (128).
1.1.1.2 CFU-c: definition and several characteristics
The study of haematopoiesis progressed tremendously with the finding
that murine haemopoietic cells can form granulopoietic and monocytic
colonies (colony forming unit culture = CFU-c) in cultures of semisolid medium supplemented with suitable sources of colony stimulating
factor (CSF)( 10, 102,103).
Further research has indicated that haemopoietic colonies in vitro are
clones derived from single colony forming cells (78, 96, 102) and that
there is a linear relationship between the number of cells cultured and
the number of developing colonies (78).
During the past decade, culture techniques have been extensively developed, so that various haemopoietic cell lines can now be grown in
semi-solid media (55,81). The cell which forms a colony lies intermediate
in differentiation between the multipotential haemopoietic stem cell and
the earliest morphologically recognizable cells. When bone marrow cells
are grown in agar in the presence of CSF, either pure granolocytic or
pure monocy te-macrophage colonies or mixtures of these cells in colonies
are developed.
Although restricted to differentiate in the granulocyte-macrophage
lineage, the CFU-c can replicate its own population. This was demonstrated by transferring single cells from agar colonies to new petri dishes,
where eventually mixed colonies developed from single cells (79).
However, CFU-s and CFU-c are separate classes of progenitor cells.
This was demonstrated by the fact that bone marrow CFU-s and CFU-c
can be physically separated (50, 148), and that neutropenia causes
a significant increase in the number of CFU-c without affecting the number of CFU-s (113). Furthermore, most of the CFU-s in normal mouse
bone marrow are not in cell cycle, while 30-50% of CFU-c are in active
cell cycle as shown by thymidine suicide in vivo (62) and in vitro (54).
Besides that, CFU-s express a membrane antigen which is not present on
CFU-c (140).
In spite of these differences, there is good evidence as shown by transplantation and by cytogenetic studies, that the committed CFU-c is
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derived from the pluripotent CFU-s (150).* The mouse CFU-c is a
highly heterogeneous cell population showing striking differences in their
responsiveness to CSF and their capacity to generate differentiated
colonies (141, 146). This degree of heterogeneity most likely reflects a
discontinuous spectrum of differentiation. The CFU-c appear to have
little or no capacity for self renewal but evidence on this point is incomplete (81).
1.1.1.3 Dog studies: leucapheresis and transplantation of peripheral
blood progenitor cells
Data on the number of peripheral blood leucocytes necessary to reconstitute the bone marrow oflethally irradiated animals were mainly derived
from studies in dogs.
Debelak-Fehir et al. (26) investigated the CFU-c numbers in peripheral
blood buffy coat and in Ficoll-Isopaque isolated MNC from 12 normal
dogs. They found 7 ± 2.3 and 13 ± 3.8 CFU-c respectively per 1 x 10s
cells**. In comparison, bone marrow yields 39 ± 5.0 CFU-c per 1 x 10 s
cells.
It was shown that the number of cells infused was critical: 10-20 x
109 autologous blood leucocytes were sufficient to reconstitute dogs
weighing 7-15 kg, while there were no survivors among animals which
received less than 9 x 109 cells (17).
Later Storb et al. (128) observed repopulation of bone marrow after
infusion of 21-74 x 109 stored autologous peripheral leucocytes. This
corresponded approximately to a dose of 0.5-2.5 x 109 MNC/kg b.w. of
the recipient dogs. These values are in agreement with those obtained by
Ross et al. (116); in dogs subjected to leucapheresis on the NCI-IBM cell
separator an average of 25 x 109 leucocytes could be collected during
one 5-hour procedure and 33% of these cells were MNC. This number of
fresh or cryopreserved cells was adequate to restore the aplastic marrow
in beagles used as recipients after whole body irradiation (1,200 Rad).
A surprising observation was the absence of a significant difference in
the repopulating ability of equal numbers of MNC from autologous
or allogeneic source.
Further transfusion experiments in dogs have confirmed that HSC
capable of repopulating the haemopoietic and/or lymphopoietic system,
are contained in the peripheral blood (16, 25, 38, 53, 90).
* Recently, a culture technique was described, in which mixed erythro-, leuco-, and megakaryocytic cells in single colonies can be detected in vitro (Exp. Hemat. 7, suppl. 6: 3, 1979).
** CFU-c values in this chapter expressed as mean ± s.d., unless stated otherwise.
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In dogs numerical changes in CFU-c during leucapheresis have been
monitored as a possible indicator of changes in HSC numbers in the peripheral blood. Rosset al. (116) showed that the CFU-c yield during a
single procedure reached a peak in the second hour of the leucapheresis
and then declined over the next three hours. If, however, leucapheresis
was repeated two days later, the total CFU-c yield was actually increased.
Further increases were observed during the third and fourth consecutive
procedures. During this time the MNC-fraction as a whole remained constant and it seems probable that MNC and CFU-c numbers are regulated
by different mechanisms.
1.1.1.4 Methods for mobilization of progenitor cells to the peripheral
blood in animals
Efforts to increase the number of circulating CFU-c have centred on the
administration of lymphocyte mobilizing agents such as polyvinyl sulphuric acid (PVSA) and dextran sulphate (DS) (Table 1.1).
Table l.L The effect of several agents on haemopoietic stem cell and progenitor cell mobilization
into the peripheral blood
Agent

Test animal

CFU-s
increment
(x)

Dextran sulphate
Polyvinyl-sulphuric acid
Pyran-copolymer
Pyran-copolymer

Dog
Dog
Dog
Mouse

20

maximal
effect
(time)

day 5

CFU-c
increment
(x)

maximal
effect
(time)

7-10
2
5
4

3 hours
5 hours
day 2
day 5

The intravenous administration of PVSA increases the MNC number in
dogs to 4-5 times the unstimulated value after 5 hours; CFU-c numbers
increased by almost 100% during this procedure (116). The heparinoid
polyamon DS may be still more effective: within 3 hours after administration peripheral blood CFU-c numbers increased by a factor 7-10,
while MNC increased only by a factor 2(117). For DS of 10,000 m.w.,
mobilization increases with higher doses up to 15 mg/kg b.w.; a higher
dose (20 mg/kg b.w.) does not seem to enhance the effect any further.
The molecular weight of DS preparations apparently does not effect
CFU-c mobilization (117, 118). Repeated administration of DS (in a
dose of 15 mg/kg b.w.) has occasionally been accompanied by bleeding
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complications. It has also been observed to increase the degree of extramedullary haemopoiesis in the spleen, especially megakaryopoiesis. A
moderate increase in extramedullary haemopoiesis is also observed after
leucapheresis procedures.
Recently Zander et al. (151) studied the effect of pyran co-polymer,
an immuno-adjuvant, for its effect on circulating stem cells in mice and
dogs. Mice were treated with 25 mg/kg b.w. intravenously and CFU-s and
CFU-c in the peripheral blood and bone marrow were followed for 11
days. No immediate increase was noted during the first 24 hours. Peripheral blood CFU-s increased from 1 6 ± 4 t o 3 1 4 ± 9 1 on day 5, whereas
the MNC count only doubled. Peripheral blood CFU-c increased from 45
± 12.7 to 163 ± 64 on day 5. Bone marrow CFU-s showed a gradual
increase from 10 ± 5 to 40 ±11 (CFU-s per 104 cells), with a maximum
on day 7. Pyran (25 mg/kg b.w.) was also given to 6 healthy dogs.
Maximal CFU-c levels were found, with a more than 5-fold increase on
day 2.
From the above-mentioned studies the suggestion is derived that DS
and to a lesser extent PVSA may selectively release CFU-c from the marrow storage pools within several hours, and that pyran seems to affect
the mobilization and production of haemopoietic progenitor cells, which
shows its maximal effect after several days.
In mice substances such as endotoxin and certain proteases can
transiently mobilize CFU-s (105, 143), but the number of CFU-s in the
circulation can increase in a variety of circumstances, namely during
recovery from whole body irradiation (104), from cytostatic agents, and
following antigenic stimulation (2, 87).
Formation of increased numbers of endogenous spleen colonies also
results from bilateral adrenalectomy (57) and, inversely, injection of
ACTH (6) or thymectomy (100) inhibits CFU-c migration from shielded
areas of the bone marrow.
Randomly collected data and systematical serial studies show that the
concentration of CFU-c is in the range of 10 to 1,000 per ml blood as has
been demonstrated for the mouse (80), and dog (14, 20, 26, 60). The
considerable differences between the blood CFU-c levels of the various
species and strains and even individuals may be realistic or depend on
variations between the assay methods. However, a good correlation
between blood and bone marrow CFU-c number has been obtained
during haemopoietic recovery of dogs after chemotherapy (20). Furthermore, the CFU-c levels in the blood of dogs after whole body irradiation
and autologous leucocyte transfusion obviously reflected the recovery
of the haemopoietic tissue within the first two weeks (26).
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1.1.1.5 Cryopreservation and density gradient separation of peripheral
blood progenitor cells before autologous transplantation
A number of studies involving peripheral blood and bone marrow in a
variety of animal species suggest that conventional methods for freezing
and cryopreserving produce little or no loss of subsequent functional
ability of progenitor cells (45, 66, 106, 129), as assayed by these methods. Nothdurft et al. (92) studied a group of 8 lethally irradiated dogs that
were transfused autologously with cryopreserved MNC, derived from the
peripheral blood by leucapheresis, according to the method described by
Buckner et al. (15). The number of MNC transfused per kg b.w. ranged
from 0.32 to 1.63 x 10 9 . The CFU-c content infused varied between
0.02 and 1.38 x 10 s , which corresponded with 0,2 to 1,5 x 104 CFU-c/
kg b.w.
In all anin.
a haematological recovery was observed using conventional cytomorphological methods of bone marrow evaluation. In
cultures of bone marrow, obtained from irradiated dogs, CFU-c were not
detectable or present at only very low numbers on day 3 after transplantation. Thereafter a rapid rise of the CFU-c numbers, related to the
number of MNC infused, was observed in 6 out of 8 dogs studied,
approximating or reaching the pre-irradiation level between day 15 and
20 after grafting.
The reappearance of CFU-c in the peripheral blood varied considerably in time from dog to dog. But in 2 dogs that had received the lowest
CFU-c numbers, the regeneration of the bone marrow CFU-c content
was markedly delayed. In general, the time course of the bone marrow
repopulation by CFU-c for single dogs corresponded with the regeneration
pattern of the blood CFU-c numbers.
The total number of CFU-c in the bone marrow returned to normal
levels around day +15 to +20, if the number of MNC transfused was
higher than 1 x 10 9 per kg b.w. On the other hand, the time course of
the curves for the blood CFU-c levels was of the same kind as for the
granulocyte values, which reached normal levels mainly around day +30
and thereafter.
For the lymphocytes the normal range was not reached until day
+100, whereas platelets approximated the pre-irradiation values on about
day +50 and thereafter. That the recovery of the haemopoietic system
after white blood cell infusion had to be attributed to the transfused progenitor cells, became apparent from cytogenetic observations in dogs,
by the use of allogeneic leucocytes from donors of the opposite sex
(34,37).
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Sarpel et al. (120) studied semi-continuous flow centrifugation (SCC)
in canines as a method to obtain adequate numbers of cells for autologous marrow repopulation following supralethal cyclophosphamide
administration (100 mg/kg). Four cycles using a 225 ml bowl and
30 ml/min. flow rate were the conditions for procurement.
In 30 dogs collections averaged 8.4 ± 0.4 x 109 cells. MNC comprised
75 ± 2% of the cell population and CFU-c totalled 1.9 ± 0.09 x 10s per
collection. 86% of MNC were T-lymphocytes in the 30-90 second fraction,
compared with 49% in the 150-210 second fraction. CFU-c were equally
distributed throughout the collection period. Following freezing and
rapid thawing 92 ± 12% of CFU-c were recovered.
Using a dose of 0.5 x 109 MNC/kg b.w. for reinfusion 4 out of 4 dogs
died, with only one dog showing temporary evidence of early repopulation, whereas a dose of 1 x 10 9 /kg b.w. was followed by a marrow
repopulation and clinical recovery in 4 out of 4 dogs.
In an effort to establish the best timing for cell administration, serial
serum samples of dogs having received cyclophosphamide were tested for
inhibition of CFU-c. Sera from 6 dogs obtained 1 hoi"" following cyclophosphamide administration totally suppressed the CFU-c activity of
normal dog peripheral blood cells. The 24 hour post cyclophosphamide
sera enhanced CFU-c activity above control values.
Recently, Storb et al. (132) demonstrated the presence of HSC in the
blood of baboons, in which haemopoietic grafts could be achieved by
means of a cross-circulation technique. Sustained long term bone marrow
repopulation indicated that HSC were present among the infused peripheral blood leucocytes (37, 128) or in the blood of non-irradiated crosscirculated partners (33). Circulating HSC could therefore be used instead
of marrow or as a supplement to marrow for allogeneic haemopoietic
transplantation (132). The time until onset and the rate of haemopoietic
recovery can be shortened and increased, respectively, when large numbers
of mononuclear cells are transfused (38, 53, 92). However, graft versus
host (GVH)reaction was observed in many dogs after allogeneic, DLA
matched leucocyte transfusions (38, 130), indistinguishable in its appearance from that seen after bone marrow transplantation (131).
Some authors (134) doubt the feasibility of reducing the incidence,
morbidity, and mortality of GVH-reaction by obtaining a purified
"blood stem cell" population by removing the cells that initiate, promote,
or enhance GVH-reaction from leucocyte suspensions. However, the
observations by Dicke and Van Bekkum in mice, monkeys and men
indicate that GVH-reaction was reduced or eliminated when albumin
gradient separated bone marrow cells were transfused (29).
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Korbling et al. (58) demonstrated that this albumin gradient separation
technique is also feasible for peripheral progenitor cells. They presented
data which indicate that a 4-step procedure, consisting of leucocyte
mobilization by means of DS, leucapheresis by means of continuous flow
centrifugation (CFC), red cell removal by a Ficoll-Isopaque gradient and
finally an albumin gradient cell separation, results in a "purified" population of CFU-c without immunocompetent cells. In that study dog
blood leucocytes were collected from an arterio-venous shunt by means
of leucapheresis using the IBM-blood cell separator.
In order to increase the yield of CFU-c, DS (15 mg/kg b.w.) was given
intravenously 30 minutes before the onset of centrifugation (117). The
number of MNC collected during a 3-4 h leucapheresis was between 6.5
and 14 x 10 9 . After elimination of red cells by a Ficoll-Isopaque gradient
separation according to B^yum (8). between 0.1 and 1.3 x 109 cells
were loaded onto a discontinuous albumin gradient that is essentially the
same as described by Dicke et al. (27). This gradient was centrifuged at
1,000 g for 30 minutes at 10°C, and cells from fraction 1 to 6 were
stored at -196°C in 10% dimethylsulphoxide (DMSO) and used later for
in vivo transplantation.
It was found that the highest CFU-c accumulation (82%) was in
fraction 2 (between 17% and 25% albumin), which correlates with a
density between 1.052 and 1.073 g/ml. The cells of fractions 1, 2, 3, and
4 were thawed rapidly and suspended in 10 ml medium with 20% foetal
calf serum and injected immediately into 4 recipient dogs respectively.
The donor dog was histocompatible with the recipient dogs, using the
criteria of DLA and MLC, as well as blood group identity, but was of the
opposite sex to allow cytogenetic detection of chimerism.
The survival time of dog I was too short (+11 days) to allow evaluation
of possible GVH-reactions. Dog II, receiving fraction 2 cells (10 ml, containing 42 x 106 MNC, among which were 3.23 x 106 CFU-c), showed a
rapid and permanent marrow recovery and displayed no signs of GVHreaction up to 14 months after grafting. Dogs III and IV died on day +21
and +25 after grafting, with signs of GVH-reaction and aplasia of the
bone marrow. The dog receiving fraction 4 cells showed little haemopoietic recovery, but a marked lymph node hyperplasia consisting of
plasma cells.
It is of interest to note that a positive correlation between haemopoietic engraftment and the number of MNC transfused does not seem to
exist to that extent for the MNC cell population as it does for the
quantity of CFU-c it contains. For instance, in the above mentioned
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experiment, dog II received a total of 42 x 106 MNC, while dog IV received 899 x 106 MNC. If one compares the number of CFU-c transfused, there were 3.2 x 106 transfused into dog II, and 0.12 x 106 into
dog IV. All dogs showed a rapid bone marrow regeneration, but only
dog II survived and did so without GVH-reaction.
From these observations it appears essential to specify not only the
number of MNC transfused, but also the number of CFU-c contained in
the cell suspension.

1.1.2 Haemopoietic progenitor cells in peripheral blood; human studies
1.1.2.1 CFU-c: definition and several characteristics

I

The observation that HSC can be detected in the peripheral blood in a
variety of animal species, suggests that such cells may also circulate
in man.
In order to prove this, a HSC-assay suitable for use in man has yet
to be developed. Until then, the demonstration that human peripheral
blood leucocytes include a population of cells committed to granulocyte/
monocyte differentiation (CFU-c) may be taken as indirect evidence that
HSC are also present.*
The observation that the Philadelphia chromosome, characteristic of
chronic myelogeneous leukaemia, can be identified in granulocytes,
monocytes, erythroid, and megakaryocytic cells, might count as some
evidence that HSC exist in man (63, 108). The capacity of transplanted
bone marrow to repopulate depleted myeloid tissue in man, does not
unequivocally prove the existence of a HSC in human marrow, for the
same result could be achieved by a series of unipotential (committed)
progenitor cells, i.e. if all the committed precursors of the various specific
cell lines had self regenerating capacity.
Indirect evidence that a HSC circulates in the peripheral blood of man
was derived from the observation that peripheral blood leucocytes
transfused from one identical twin to another appeared to be responsible
for early bone marrow recovery after chemotherapy in a study reported
by McCredie et al. (70). This observation is supported by circumstantial
evidence derived from other clinical experiences (12, 122).
The development of methods for growing murine bone marrow cells
•Recently, for human bone marrow and peripheral blood too, a "mixed" colony assay was described, which probably detects human HSC (Blood, 53: 1023,1979).
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in semi-solid media rapidly led to methods for growing human bone marrow CFU-c in vitro (101). The number of CFU-c assayed in normal human
marrow largely depends on the details of the culture system used and the
criteria for defining colonies. With these restrictions most workers have
reported CFU-c number in normal marrow between 25 and 50 per 10s
nucleated cells. Granulocytic and erythrocytic progenitor cells have been
cultured in vitro from human peripheral blood (19, 22,43, 71, 94, 110,
112).
The concentration of CFU-c in the peripheral blood varies between
0.5 and 20 per 106 nucleated cells, which represents 1-10% of that found
in bone marrow. If one defines a colony as more than or equal to 20 cells
per colony, Tebbi et al. (133) found 60 ± 23 CFU-c per 1 x 106 MNC in
15 experiments. The same results were found by Rubin et al. (119): in
26 individuals a mean of 65.9 ±31.5 CFU-c per 1x10* plated cells were
found, and 79.8 ± 30.4 and 55.9 ± 28.3 were obtained from males and
females respectively.
Debelak-Fehir et al. (26) investigated the CFU-c capacity of fresh
and cryopreserved isolated MNC from 15 normal individuals, defining a
colony as more than or equal to 50 cells; a mean (± s.e.m.) of 26 ± 1.69
CFU-c was found per 1 x 106 MNC, and 14.0 ± 1.54 for nucleated buffy
coat cells.
For erythroid precursor cells Clarke et al. (22) found a mean number
of 15.6 ± 2.1 BFU-e per 1 x 10s MNC in normal human peripheral blood
after 13 days of culture.
From the above data it can be concluded that the ratio of CFU-c in
blood and bone marrow is approximately 1:25 to 1:50, which is reasonable close to the ratio observed in mice.
It is, however, possible that peripheral blood CFU-c values are an
underestimate. The presence of granulocytes in a culture system inhibits
the proliferation of CFU-c. Experiments in which MNC are cultured after
removal of granulocytes may thus show proportionately greater increase
in CFU-c number; with a linear relationship between the number of
plated cells and counted colonies (119).
Tebbi et al. (133) studied some properties of human peripheral
CFU-c. Cell populations in peripheral blood responsible for granulopoiesis in culture resemble those in marrow: in both cases granulopoietic
progenitors coexist with cells that produce colony stimulating activity
(CSA). Thus, addition of CSA to unseparated peripheral blood cells has
little effect on colony formation, and there is a linear relationship between the number of nucleated cells plated and the number of observed
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colonies in ihe presence or absence of added CSA. Depletion of leucocyte suspensions of monocytes reduced colony formation; addition of
either CSA or adherent cells restored colony formation capacity. This
cell-cell interaction underlying granulopoiesis in cultures of peripheral
blood cells is similar to that previously described for human marrow
cells (50).
Velocity sedimentation showed a peak at 4 mm/h for CFU-c; this in
contrast to the value of marrow CFU-c which is between 5 and 6 mm
(76).
3
H-thymidine was used to determine the percentage of peripheral
CFU-c in DNA synthetic phase (S-phase) of the cell cycle. Their data
showed that few, if any, granulopoietic progenitors incorporated sufficient radio-isotope to destroy their colony-forming capacity.
In contrast, the marrow specimens showed greater reductions (35%),
indicating a significant number of cells in S-phase (46). Finally, a correlation was observed between the CFU-c capacity of marrow cells and
of peripheral leucocytes selected on the basis of their density in FicollIsopaque gradients.
Studies in mice showed that bone marrow CFU-s and CFU-c concentrations increase in parallel after administration of vinblastine (18) and
cyclophosphamide (9), so the same could be true in man.
In patients receiving adriamycin and cyclophosphamide for treatment
of a variety of solid tumors Richman et al. (110) found that CFU-c
numbers reached their peak 21 days after chemotherapy at which time
values up to 20 times the starting number were found. The authors
calculated that the increase in circulating peripheral blood CFU-c after
chemotherapy made leucapheresis a suitable method for collecting
adequate numbers of precursor cells, because peripheral blood CFU-c
could be maintained with cyropreservation for months with a median
CFU-c recovery of 99.5% (26, 110). These cells could be used as autologous support for patients undergoing intensive chemotherapy. In their
example comparable numbers of CFU-c could be collected in one 90
min. bone marrow harvest and in one 17 liter leucapheresis.

1.1.2.2 Leucapheresis in humans; quantitative data on CFU-c yields
Both platelet and granulocyte preparations obtained by pheresis contain large numbers of MNC, consisting of immunocompetent as well as
haemopoietic progenitor cells (19, 71, 110, 116).

24

I

The ability to procure high concentrations of progenitor cells may
facilitate studies of autologous reconstitution for the support of severely
myelosuppressed patients. Specific pheresis techniques, designed to
harvest MNC efficiently, must provide large numbers of these cells with a
high degree of purity in relatively small volumes.
Recently Weiner et al. (144) investigated the use of SCC for collecting
and concentrating large numbers of MNC and quantitated the yield,
purity and function of immunocovnpetent cells and haemopoietic
precursor cells from human peripheral blood.
The yield of MNC obtained from 15 donors undergoing pheresis was
6.4 ± 7 x 109 (mean ± s.e.m.) in a 30 ml volume. The yields were based
on the assumption that 600 ml of blood entered the centrifugation bowl
in order to generate the buffy coat. Each buffy coat can yield up to
1 x 109 MNC with a blood loss of 30 ml and requires only 20 minutes.
The distribution of various cell types in the buffy coat was investigated.
The buffy coats generated by pheresis were collected in 5 ml aliquots
(at a flow rate of 30ml/min.), beginning with clear plasma. The maximum
concentration of platelets preceded the maximum concentration of leucocytes. Platelets, however, remained present in high concentrations
throughout the leucocyte collection. Further centrifugation (150 g,
15 min., 15°C) eliminated 80% of the platelets without loss of MNC or
CFU-c. Sequential 5 ml fractions were analysed with respect to E-rosette
and CFU-c content. The CFU-c concentration (colony defined as more
than or equal to 20 cells) per 2 x 105 FicolHsopaque separated MNC
was around 35 in all fractions. Monocytes and lymphocytes were distributed similarly throughout the buffy coat and selective pheresis of
either element was not possible under the conditions used in their
experiments. In addition, no separation of progenitor cells from immunocompetent cells was observed.
With CFC, a mean (± s.e.m.) of 1.5 ± 0.14 x 10 10 leucocytes could be
collected in a 4-hour centrifugation program (89). Comparison of the
leucocyte yields in the first, second, third and fourth hour of leucapheresis indicated a progressive increase with 3.8 times more leucocytes
collected in the last hour of leucapheresis as compared to the first hour.
Although the mechanism of this improvement in yield with time is
not known, these data indicate that moderate prolongation of the
leucapheresis-duration can result in an increase in efficiency, which is
comparable to that produced by the use of hydroxy ethyl starch (HES),
etiocholanolone or corticosteroids (67, 72, 85, 91).
Korbling et al. (59) studied 9 healthy volunteers who were each
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subjected to CFC. Twenty-six 4-hour leucaphereses yielded between 6.3
and 18.7x 109 MNC (mean 12.4 x 10 9 ) and between 1.5 and 15.8 x 10s
CFU-c (mean 8.3 x 10 s ). The blood volume processed during one run
was 12 L, representing 2.3 times the donor's blood volume. The collected
MNC, among which the CFU-c, were cryopreserved using 10% DMSO as
a cryoprotective agent. The cells were stored for at least 2 weeks in
liquid nitrogen, then thawed quickly in a 56°C water bath and washed to
remove practically all DMSO. The cell yields after thawing were 88.8%
for the MNC and 89.9% for the CFU-c. If several CFC were performed in
a rapid sequence (up to 3 in one week), an increase in CFU-c yield per
leucapheresis was observed. The increment varied between 36.8 and
232.8%.
In canine experiments, the lowest observed value for MNC and CFU-c
respectively to obtain successful permanent autologous engraftment was
0.06 x 109 MNC/kg b.w. and 0.04 x 10s CFU-c/kg b.w. If these values
should also apply to a 70 kg adult human being, these data can be
interpreted to mean that the yields of one leucapheresis is sufficient to
obtain a stem cell engraftment in a patient with an aplastic bone marrow.
The precise dose of peripheral blood progenitor celJs required for transplantation has not yet been clearly established.
Epstein et al., studying dogs, determined that a mean of 1.5 x 104
CFU-c/kg b.w. are necessary for a successful autologous engraftment,
which would correspond to a total of 1.0 x 106 CFU-c for a 70 kg
human adult. Considering the discomfort endured by donors of haemopoietic tissue, the use of such an approach offers evident advantages.
Moreover, a vast number of cells can be collected with ease. With the
introduction of even more aggressive forms of cytotoxic therapy, there is
a potential for an enormous expansion of the supporting role of haemopoietic progenitor cells, particularly in the form of autografts (136)
(Table 1 .II).
1.1.3 Collection and purification of progenitor cells from peripheral blood
Methods for separation of various cell populations are based upon differences in physical or membrane properties of cells. The first methods
allowing preparative physical fractionation of discrete types of cells from
complex mixtures were based on fractionation in various kinds of gradients. These include different buoyant density separation systems (126).
When a cell is centrifuged in a density gradient it will sink or rise until
it reaches the region corresponding to its buoyant density. Thus, the
fractionation in these systems is based on differences in the densities of

Table 1.II. Quantitative information on CFU-c yields obtained with leucapheresis in dogs and man
A. Dogs:
-

Semicontinuous flow centrifugation (SCO (Ref. 1):
results from 4 runs (2 hours each); 225 ml
bowl, filling rate: 60-80 ml/min. Collection:
30 ml/min during 210 sec. Results are compared to routine multiple bone marrow aspirations (in dogs).

Stem cell source

-

Total yield of MNC (xlO 9 )
Total yield of CFU-c (xlO 5 )
Final volume (ml)
Autologous engraftment
observed with: MNC
CFU-c

Bone marrow

Peripheral blood

4.7(±0.8) (N = 14)
1.7(±0.5) (N = l l )
135(±5) (N = 17)

8.4(±0.4) (N = 50)
1.9(±0.3) (N = 50)
98(±5.8) (N = 30)

l(±O.6)xlO-*/kgb.w.
1.3(±0.3)xl0 4 /kgb.w.

l(±O.l)xlO 9 /kgb.w.
1.6(±0.2)xl0«/kgb.w.
to

B. Man:
-

Continuous flow centrifugation (CFC) (Ref. 2)
4 hour run in AMINCO-blood cell separator; SO ml/min flow rate. Results obtained
from 35 normal donors. Calculations based
on CFU-c frequency in peripheral blood:
50-80/lxlO 6 MNC * 250 CFU-c/ml blood.

BUT:
mean MNC yield: 12x10' per run
mean CFU-c yield: 8.7xl0 s per run
CFU-c: MNC = 1:14,000

Supplemental increase of CFU-c
yield during 3 consecutive pheresis-proceduies:mean yield of 3 runs
(N = 7 donors)
= 23xl0 s CFU-c
i

for a 70 kg adult, this represents:
3.2x10* CFU-c/kg b.w.
I
Conclusion: engraftment with
peripheral haemopoietic stem cells
in man is feasible
Ref. 1: R.B. Epstein et al. (1978): Exp. Hemat., Vol. 7, suppl. 5,125-134
Ref. 2: T.M. Fliedner et al. (1978): Exp. Hemat., Vol. 7, suppl. 5, 398-408
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the cells. These methods have been applied for fractionation of white
blood cells of different types (124, 145) and separation of bone marrow
stem cells from immunocompetcnt cells present In the marrow (27).
Several other cell separation procedures have been described such as
free flow electrophoresis and zonal centrifugation, techniques that have
been thoroughly reviewed by Shortman (126) and Cutts (24).
Miller and Philips (83) developed a method to fractionate populations of living cells based on differences in size by sedimentation at
unit gravity. Sedimentation rate is a function of both cell size and density but is determined primarily by differences in cell size. Nevertheless,
density does influence the sedimentation velocity. Consequently, cells
with different sedimentation velocities can have the same volume and
cells with the same sedimentation velocity can differ in size (126).
The unit gravity separation procedure has been applied to human
blood cells by Brubaker and Evans (13). They obtained good separation
of the various elements in 2.5 h, the order of increasing sedimentation
rate being platelets, erythrocytes, lymphocytes, monocytes and granulocytes. The separation largely followed the order of cell size, but the high
density of erythrocytes caused them to approach the lymphocyte peak,
and the high density of granulocytes increased their sedimentation
relative to monocytes.
Peterson and Evans (99) initially demonstrated that different morphological classes of cells from bone marrow showed different sedimentation characteristics. Worton et al. (147) demonstrated the separation of cells forming CFU-s and CFU-c by unit gravity separation.
Separation of cells on the basis of buoyant density differences, however, has been one of the most extensively applied physical separation
procedures. Three general approaches have been used:
1. neutral density separation, where cells are separated simply by their
floating or sinking in medium with a particular density;
2. discontinuous gradient separation, where a series of discrete layers of
medium of different density are used and the cells concentrate at the
various interphases;
3. true isopycnic gradient separation, where the density of the medium
continuously changes and the cells band at their buoyant density.
Since the density of a cell depends on its water content, and since
cells act as osmometers, the actual buoyant density will vary with the
osmolarity of the medium. Buoyant density values are not meaningful
unless they are precisely controlled, and a true density distribution of
a cell population will only be obtained in a density gradient with constant, physiological osmolarity throughout.
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The first really effective analytical and preparative isopycnic-separation procedure was developed by Leif and Vinograd (64). Shortman
(125) has adapted many of their concepts in a system originally designed
to give optimal separation of lymphoid cells. Discontinuous gradient
procedures are commonly used because of their simplicity. Adequate
separation is achieved between those cells that differ sufficiently in
density (27).
When the aim is to isolate only cells of one particular density from a
complex population, this can be accomplished with neutral density
separation. It is particularly effective when a prior continuous density
gradient analysis has indicated the most effective density to isolate the
cells under investigation.
Numerous workers have applied continuous density gradients for the
separation of human white blood cells (97, 98, 152). The relative order
of increasing cell density is monocytes, lymphocytes and granulocytes. Monocytes band close to the lymphocyte peak, so separation is
only partial, but there is a good separation between mononuclear cells
and the polymorphonuclear cells. It is of interest that human blood
lymphocytes form essentially a single density peak, in contrast to the
multiple peaks found with lymphoid cells obtained from mice and rats
(123).
Density separation has been used to purify and characterize haemopoietic stem cells in mice and men. Turner et al. (139) described a
continuous albumin gradient technique by which they separated mouse
bone marrow cells. A discontinuous albumin gradient was employed by
Raid et al. (107) and by Harris and Joseph (49).
The application of density separation procedures in the field of human
bone marrow has been pioneered by Dicke et al. (27, 28, 29, 30), who
applied separation in discontinuous albumin gradients to eliminate lymphocytes that cause acute secondary disease from the marrow stem cells.
Using albumin density gradients Dicke et al. (30) and Moore et al.
(88) have achieved up to a 100-fold purification of bone marrow CFU-c
from primates. Messner et al. (77) have fractionated human bone
marrow by velocity sedimentation at 1 g and have studied functional
aspects of the resulting purified populations. Although the cells obtained
by these techniques are homogeneous in cell size and/or density, they are
heterogeneous in function, with CFU-c comprising only a small percentage of the total cells.
Not any physical separation procedure is likely to accomplish a
complete purification or unique characterization of any particular cell,
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so several procedures have to be combined (84). The fragility of living
cells demands the number of steps and time involved to be kept to a
minimum.
However, other methods are available, reflecting biological specificity
of different cells; they will increase in importance. For example, Tlymphocytes with a specific affinity to sheep erythrocytes can be easily
isolated after interaction with red cells to form large "rosettes" (56),
which then have an enhanced sedimentation velocity (32). During the
last few years considerable advance has been made in the field of specific
surface markers to allow selective depletion or enrichment of a given
subpopulation of cells (7, 31, 115, 145). The use of surface membrane
marker properties to obtain a unique subpopulation of mononuclear cells
offers an alternative approach to purify CFU-c and study their characteristics.
Recent studies have identified the precursor cells for both mature Band T-lymphocytes in a population of peripheral MNC that lack intrinsic
surface immunoglobulin and sheep erythrocyte receptors (21, 41). One
might predict that the progenitor cells for the granulocytic series, and
maybe also for the megakaryocytic and erythroid series, are also present
in this so-called "null cell" population.
Richman and Chess (109) recently provided evidence, that the number
of CFU-c is increased in a preparation of null lymphocytes, using FicollIsopaque density gradient centrifugation followed by Sephadex-G-200
anti-Fab column chromatography (= depletion of B-cells) and E-rosette
sedimentation (= depletion of T-cells). 6hl et al. (95) used a laborious
5-step purification technique with subsequent elimination of monocytes,
B- and Fc-receptor bearing lymphocytes and finally T-cells. They obtained a CFU-c enriched fraction, which equals the mean CFU-c content
in unfractionated bone marrow. Also because of the multistep approach,
a considerable loss of cells occurred, and ultimately 4% of the original
MNC-population was recovered.
A laborious multi-step procedure was also used by Barr et al. (3), using
rosette sedimentation techniques combined with velocity sedimentation.
Richman et al. ( I l l ) , using immuno-absorbent column chromatography
and rosette depletion techniques (E- and EAC-rosette sedimentation),
confirmed that CFU-c are not present in either purified T- or B-lymphocyte populations, but are highly concentrated in the null cell population.
Besides that, they also demonstrated that CFU-c do not bear receptors
for complement.
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1.2 CONCLUSIONS

A) From animal studies it can be concluded that:
1) haemopoietic progenitor cells are circulating in the peripheral
blood in a variety of animal species;
2) in dogs, consistent haemopoietic engraftment can be achieved using
MNC from the peripheral blood;
3) the minimal "dose" of peripheral blood progenitor cells required
for transplantation has not yet been clearly established, but varies
between 0,32 and l>63x 109 MNC/kg b.w., corresponding with
approximately 0,2-1,5 x 104 CFU-c/kg b.w. in dogs;
4) using equal numbers of peripheral blood CFU-c, there seems to be
no difference in haemopoietic recovery patterns if the transplantation is allogeneic or autologous in origin;
5) the speed of haemopoietic engraftment is directly correlated with
the number of CFU-c infused;
6) the number of peripheral blood CFU-c collected with different
leucapheresis-techniques can be increased by chemotherapy, sequantial pheresis and lymphocyte mobilizing agents such as DS,
pyran, and PVSA;
7) cryopreservation of peripheral progenitor cells for prolonged
periods is feasible, with only a limited loss in number and/or
function;
8) separation between progenitor cells and immunocompetent cells,
although incomplete, is observed after leucapheresis;
9) in dogs, it seems possible to prevent GVH-reaction by using progenitor cells obtained from fraction 2, after discontinuous albumin
gradient separation of peripheral MNC.
B) From human studies it can be concluded that:
1) CFU-c are circulating in the peripheral blood in a concentration of
approximately 60 CFU-c/1 x 106 MNC, if a colony is defined as
equal to or more than 20 cells;
2) CFU-c are present in the null cell population in the peripheral
blood;
3) cryopreservation is possible;
4) no functional separation between haemopoietic progenitor cells
and immunocompetent cells is achieved with leucapheresis;
5)usingCFC, between 6.3 and 18.7 x 109 MNC (mean 12.4 x 10?)
can be collected, corresponding with 1.5-15.8 x 10s CFU-c (mean
8.3 x 10 s ) during a single 4-hour pheresis.
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6) sequential pheresis will increase the CFU-c yield with a value between 36.8 and 232.8%;
7) if the cell dose required for haemopoietic engraftment in dogs
(1,6 x 104 CFU-c/kg b.w.) is applied to man, then approximate
1,0 x 106 CFU-c in total are required for a 70 kg adult. This could
be achieved with about 1-3 CFC procedures (Table 1 .II).

1.3 PURPOSE AND DESIGN OF THE INVESTIGATION
The purpose of the investigation to be reported here is to purify haemopoietic progenitor cells from human peripheral blood using density gradient centrifugation in order to isolate a progenitor cell fraction without
immunocompetent cells.
This technique could then be used in the clinical situation where
limited numbers of progenitor cells are required, for instance in pediatric
transplantation, to obtain a haemopoietic repopulation without the risk
of acute secondary disease. In situations where it appears impossible to
obtain bone marrow stem cells, an alternative could be to collect these
cells from the peripheral blood. Otherwise, this technique could be used
in the situation where insufficient numbers of bone marrow cells are
harvested, so that this deficit could be compensated with peripheral progenitor cells.
By combining different rosette techniques it was feasible to achieve a
progenitor cell purification in a limited number of density gradient
centrifugation steps. The final suspension contained a very small number
of immunocompetent cells.
To justify clinical use in the future, more characteristics of this
progenitor cell population were investigated with in vitro techniques, e.g.
CFU-c capacity, in vitro response to mitogens and MLC-tests, number of
CFU-c in S-phase, radiosensitivity (Do-value) and volume distribution.
Furthermore, "purified" progenitor cells were cultured using various
diffusion chamber techniques, to obtain more information about the
proliferation and differentiation capacity of human peripheral progenitor
cells.
Especially "histological" investigation of methyl-methacrylate embedded plasma clot diffusion chambers affords a clear insight into the differentiation capacity of the various haemopoietic progenitor cells, circulating
in human peripheral blood. These techniques could also contribute to
the understanding of the pathophysiology of several haematological dis-
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orders. Therefore we investigated qualitative and quantitative aspects of
peripheral progenitor cell activity in several patients with myeloproliferative disorders.
The material and methods used in this thesis are described in chapters
II, IIIand IV.
Chapter II deals with the purification technique of peripheral blood
CFU-c by means of density gradient centrifugation and a combined
depletion of various rosettes.
In chapter HI the results of several "in vitro" characteristics of purified
CFU-c suspensions are presented.
In chapter IV the results are described of the plasma clot diffusion
chamber culture technique. Emphasis is laid on the "histological" analysis
of colony formation in this "in vivo" culture system.
Chapter V finally deals with results obtained with the different
techniques described in chapters II and IV by analysing peripheral progenitor cell activity in myeloproliferative disorders.
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Chapter 2
PURIFICATION OF CFU-C FROM HUMAN PERIPHERAL BLOOD
BY A TWO-STEP DENSITY SEPARATION TECHNIQUE

2.1 INTRODUCTION

Since the proportion of CFU-c in human peripheral blood is small relative
to the other cells (15, 49), purification is an important step in the study
of these cells and their interaction with other mononuclear cell (MNC)
subpopulations. The combined use of density separation techniques and
membrane surface markers offers a logical approach to purifying CFU-c
and studying the influence of various MNC on the proliferative capacity
of CFU-c. Several investigators, using multi-step separation techniques,
confirmed the prediction that the progenitor cells for the granulocytic
series (CFU-c) are present in the null cell (non-T, non-B) population (3,
72, 82, 83).
Nowadays Ficoll-Isopaque centrifugation is by far the most common
technique for isolating MNC from human blood (10). In this technique
buffy coat cells in medium are layered onto a mixture of Ficoll-Isopaque
and centrifuged; the MNC concentrate at the interphase between the
separating fluid and plasma; the erythrocytes and virtually all granulocytes sediment to the bottom of the tube.
In most studies MNC yields of about 60% were obtained and since
only a few MNC can be found in the pellet of the tube, the missing MNC
are probably lost by adherence to the tube walls or discarded along with
the diluted plasma, excess Ficoll-Isopaque, or washing fluids. Such cell
losses can be partly prevented by centrifugation at higher speeds during
the washing procedures, by addition of bovine serum albumin (BSA) to
the washing fluid, and/or by using Ca ++ - and Mg++-free medium.
Defibrination of the cell suspension should be avoided, because it
causes depletion of MNC, in particular B-cells (28). Furthermore, B-cells
tend to be more adherent than T-cells and can selectively stick to the
tube walls during the washing procedures (36, 53). To judge the efficiency of the procedure, the total white cell count and the relative
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contribution made by each of the leucocyte populations should be
determined before centrifugation.
It is now well recognized that although lymphocytes show little morphological heterogeneity, functional subpopulations do exist. One of the
best examples of this functional heterogeneity was the demonstration
of the existence of Thymus-dependent (T) and Bursa-dependent (B)
lymphocytes (21, 28, 84, 92).
In the last decade various subpopulations of lymphocytes have been
identified by the presence or absence of particular cell surface structures.
These surface markers serve the practical purpose of enabling one to
visually recognize and physically separate living lymphocytes belonging
to different subpopulations.
For instance, cells bearing a particular surface receptor may attach to
red blood cells (RBC) carrying the relevant receptor binding substance.
This will then artificially modify their density and allow their separation
from other cells by density centrifugation. In this way enrichment or
depletion of cells of a particular type can be obtained.
A short review of the different surface markers on various MNC is
worthwile for a better understanding of the various cell separation
techniques described in this chapter.
In the analysis of surface markers on lymphocytes it is essential to
exclude or at least identify monocytes, since these cells can share markers
(e.g.: SIg, IgG-Fc, and C3-receptors) with lymphocytes (96). it can be
very difficult \o differentiate monocytes from lymphoid cells, both in
light microscopy of fixed stained smears and in the cell suspensions
commonly used for rosette and immunofluorescence testing. This can
complicate the interpretation of these assays, unless vigorously controlled.
The presence and intracellular localization of certain enzymes as
demonstrated by cytochemical stains has been widely used as marker
for different cell types. Very useful for monocyte identification is the
a-naphtyl-butyrate-esterase stain technique (73). Monocytes are always
strongly positive with a diffuse staining pattern of the cycoplasm. In
lymphocytes the reaction shows 1-2 small dots (T-cells) or some scattered
granules (stimulated B-cells). Acid-phosphatase staining is also heavily
positive in monocytes, whereas T-cells again show paranuclear dots;
unstimulated B-cells are negative.
Another useful characteristic of monocytes is their ability to ingest
small latex particles in the presence of serum or plasma (35). A drawback
of this technique is that in the common version of the tests to detect
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complement- and IgG-Fc receptors on lymphocytes, the monocytes
within the rosettes cannot be easily identified.
This problem can be surmounted by using tetramethylrhodamineisothiocyanate (TRITC) labelled latex particles, which make the phagocytic cells easily recognizable (35). Another approach is to remove the
monocytes via iron-carbonyl treatment of the blood sample. Disadvantages of this method are significant reduction of the final lymphocyte
yield, a selective loss of B-cells owing to their adherent properties (35)
and, finally, incomplete removal of monocytes.
Surface immunoglobulins (SIg). SIg have been convincingly shown to
provide the receptor for antigens. Although immunoglobulins (Ig) are
readily detected on B-lymphocytes (78), considerable debate has raged
concerning their presence on T-cells (95). Ig, in particular IgG, has also
been detected on non-B, non-T lymphoid cells (so-called "null cells"),
if they had been precultured in vitro for several days (17).
However, in man, the detection of SIg is by definition limited to cells of
the B-lymphocyte line and has been demonstrated most commonly by
direct immunofluorescence techniques (38, 57, 74, 80).
It was also found that the Ig on many B-lymphocytes was loosely
bound to the cell surfaces. These Ig (mainly of the IgG-class) could be
eluted by incubation of the cells for a short period at 37°C in a medium
devoid of human or heterologous Ig, followed by washing at 37°C, or by
overnight culture. Once the IgG has been removed, it does not appear
again on the same cells. Therefore, the most probable origin of the
"heat-labile" IgG is the donor's plasma, from which it must have been
adsorbed onto the cell surfaces. The 37°C incubation has no effect if the
washing has been carried out at 4°C, which suggests a reassociation of
eluted IgG with the cells at lower temperatures.
Other techniques for demonstrating SIg have been described. Antisera can be labelled with peroxidase to detect SIg (1), but also cytoxicity
tests (98) and autoradiography are used (101). Furthermore, with the
use of sensitized red blood cells (RBC), SIg can be detected by rosette
techniques (43). These "B-cell rosettes" can be used to enrich or deplete
cell suspensions for B-cells. Another technique to remove B-lymphocytes
is a complement-dependent cytolysis with rabbit anti-human light chain
sera (35), resulting in T-cell purification.
The ability to adhere to glass and nylon surfaces is not only a property
of monocytes: also B-cells will adhere to such surfaces (14), while most
T-cells do not adhere (32). Finally B-cells can be identified by the presence of receptors for C 3 , Epstein-Barr virus (EBV) (52) and macaca
speciosa RBC (76).
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Affinity to sheep red blood cells (SRBC). Brain et al. (11), Co wibs et
al. (24), and Lay et al. (60) observed a large proportion of peripheral
MNC, which formed rosettes with SRBC, independent of the presence of
antibodies against SRBC on the cells or in the serum. The recognition
that such cells were T-lymphocytes followed quickly (105); rosette techniques for detecting these erythrocyte (E) receptor-bearing eel1" were
reported (51) and subsequently widely used in the study of immunological disorders.
Some technical alterations in the preparation of the SRBC, such as
pretreatment with neuraminidase, may stabilize the rosettes formed and
allow more distinct separation in density gradients (97). Another method
to stabilize rosette formation with T-cells is pretreatment of the SRBC
with 2 aminoethyl isothiouronium bromide hydrobromide (AET). This
latter method, however, also gives a higher affinity of AET-pretreated
SRBC for SIg-positive cells (35).
Using different techniques and modifications of the E-rosette test, most
laboratories have constantly reported T-cell percentages of 60-70%
(6,56) in human peripheral blood.
Affinity to mouse erythrocytes (MRBC). MRBC have been shown to
form clusters around human B-lymphocytes (39, 40, 93). The cells which
bind to MRBC are generally accepted to be a B-lymphocyte subpopulation (41). They do not appear to form rosettes around monocytes and
granulocytes and their capability to recognize cells is independent of
SIg, Fc- and C3-receptors on these cells (41). The usefulness of this
technique lies mainly in the investigation of monoclonal B-lymphocytic
expansions, such as chronic lymphocytic leukaemia (75).
The number of MRBC rosette forming B-cells in normal individuals is
reported to be between 1 and 10% (5, 41, 75, 93).
Receptors for the Fc-fragment of igG (IgG-Fc). White blood cells of
different origin have receptors which can bind to the Fc-portion of IgGmolecules, immune-complexes or aggregated IgG (25, 26). Monocytes
can form rosettes with IgG coated RBC (48), but promonocytes, granulocytes, eosinophils, and mastcells are also capable of binding IgG via
their Fc-receptor (42, 48). Certain lymphoid cells can also bind the Fcfragment of IgG-molecules (4, 25, 26, 31, 94).
Originally, all such cells were generally regarded as B-cells, but F c receptors for IgG have also been detected on T-cells and null cells (88).
That Fc-receptors for IgG can be found on T-cells is in accordance with
observations done in guinea-pigs and mice (9, 106). IgG-Fc receptors have
been demonstrated with different techniques.
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Dickler and Kunkel (25) described the use of heat aggregated human
IgG conjugated to fluorochromes, which is probably the most sensitive
system. Other workers have employed antigen-antibody complexes in
which one member of the complex was conjugated to fluorescein (30,
102).
Rosette formation has been effectively employed by Haegert et al.
(43), who used ox-RBC coated with IgG antibody (A) to ox-RBC (E) as
the indicator (so-called EA-rosette technique) (44). Bach et al. (2)
described a rosette test which employed human (Rh) D+ RBC coated
with human anti-Rh-serum. With these techniques 10-20% of the lymphoid cells were reported to be positive (1, 31, 32, 54). However, the
percentage of cells with Fc-IgG receptors will greatly depend on the
assay used. Almost complete overlap between cells bearing SIg and those
binding homologous aggregated IgG was observed.
For a rosette technique the most reliable results were obtained with
ox-RBC, because they do not have spontaneous affinity for T-cells like
SRBC (69).
Receptors for the Fc-fragment of IgM. Using ox-RBC coated with
rabbit anti-human IgM, IgM-Fc receptors were found on 50% of the
T-cells, which do not overlap the IgG-Fc receptors on the same cells.
IgM-Fc receptors are also found on a fraction of B-cells and possibly on
null cells too (70).
Complement receptors. Cells bearing receptors for cleaved fragments
of the activated third complement include SIg bearing B-lymphocytes
(8), monocytes, granulocytes (86), most null cells (77, 86), eosinophils,
basophils and erythrocytes (14).
Complement receptors are commonly detected by rosetting assays
utilizing erythrocytes (E) coated with antibody (A) and complement (C)
(7, 102), hence the term EAC-rosette. It is important that the antibody
is of the IgM-class, to avoid any "background" antibody binding to the
IgG-Fc receptor.
Various RBC have been used as indicator for the EAC-rosette technique (19), which can also be used for the isolation of C3 -receptor bearing
cells by the use of density gradients.
Mendes et al. (66) introduced the use of zymosan particles, which
forms zymosan-complement (ZC) complexes after mixing with serum.
ZC provides an indicator distinct from RBC, which both avoids the
problem of spontaneous rosetting (1, 12) and facilitates the demonstration of double rosettes (61).
Other investigators have used nucleated avian RBC (20), RBC of dif-
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ferent size (91),orfluorochrome-labelled RBC (76) for the formation of
mixed rosettes, with which C3-receptors and other membrane surface
markers could simultaneously be detected.
In summary, the domain of lymphocytes (monocytes excluded) is
divided into three major parts: the T-, B- and null lymphocytes. It is
generally accepted that SIg and affinity to SRBC are two markers for
B-cells and T-cells respectively, both with reasonable sensitivity. The
Fc-receptor for IgM (IgM-Fc) occurs mainly on T-lymphocytes, but also
on B-cells. It is as yet unknown if they occur on null cells.
The demonstration of IgG-Fc receptors on lymphocytes depends on
the technique used. If aggregated IgG is used as the marker system, then
IgG-Fc receptor occurs on a large fraction of B-cells, null cells and on
some T-lymphocytes. Complement receptors are distributed on most
B-cells and null cells, and maybe also in very small proportions on T-cells.
In this chapter a rapid and reproducible method is described by which
a null cell fraction, depleted of monocytes, T-cells and B-cells is obtained by combining density centrifugation with simultaneous sedimentation of various rosettes. This null cell fraction proved to be highly
enriched for CFU-c.

2.2 MATERIALS AND METHODS
2.2.1 Isolation of leucocytes and mononuclear cells by centrifugation
techniques; general principles
440 ml blood was collected from healthy volunteers in 60 ml ACD [2,77c
(w/v) anhydrous disodium citrate and 2.3% (w/v) anhydrous glucose].
After centrifugation (1,200 g, 8 min., 20°C) plasma and cells were separated and 50 ml of the upper layer of the packed cells was collected
(= buffy coat). This buffy coat was diluted to 200 ml with RPMI-medium
(Flow Labs., Irvine, Ayrshire, Scotland). All media were supplemented
with 100 ng streptomycin and 100 units penicillin/ml. To obtain mononuclear cells (MNC) 25 ml buffy coat was layered onto a 10 ml FicollIsopaque density gradient (ds. 1.077 g/ml) and centrifuged for 20 min.
(1,000 g, 20°C).
The Ficoll-Isopaque solutions were prepared and sterilized at the
Department of Pharmacy, University Hospital Leiden, according to
B^yum (10). All cell separations in this study were performed with a
Sorvall RC-3 centrifuge. The MNC in the interphase were collected
by means of a Pasteur pipette and washed (10 min., 450 g, 20°C) three
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times with RPMI-medium using a Sorvall GLC-1 centrifuge. Contaminating red blood cells (RBC) in the pellet were eliminated by isotonic lysis
with 155 mM NH4C1 -10 mM KHCO3 - 0.1 mM EDTA - buffer (pH 7.4)
for 10 min. at 0°C, according to Roos et al. (85).
2.2.2 Isolation of leucocytes by methylcellulose sedimentation
Buffy coat cells were collected from 440 ml ACD-blood and diluted to
200 ml with RPMI-medium and mixed with 10 ml methylcellulose 2%
(Fluka AG, Buchs, Switzerland). The cell suspension was divided into
several 18 ml polystyrene tubes (Cat no. 3026, Falcon Plastics, Oxnard,
Cal., U.S.A.). These tubes were settled for 30 min: at 20°C in a 45 degree
position. The cell-rich plasma was collected and washed twice with RPMImedium (10 min., 450 g, 20°C).
2.2.3 Preparation of monocyte-free lymphocyte suspensions
To remove phagocytic cells, 50 ml buffy coat cells were diluted to 100 ml
in RPMI-medium and incubated with 500 mg sterile carbonyl-iron
powder (grade SF, Aristofarma, Delft, The Netherlands) in Erlenmeyer
glass flasks (45 min. at 37°C, with continuous agitation) in a volume of
25 ml per flask. Thereafter a sterile magnet was added and the cell suspension was shaken for another 5 min. The cells were collected and subsequently diluted with 100 ml RPMI-medium. 25 ml of this cell suspension was layered onto 10 ml Ficoll-Isopaque (ds. 1.077 g/ml) and the
lymphocytes in the interphase were collected after centrifugation (1,000 g,
20 min., 20°C).
Another method to obtain monocyte-free leucocyte suspensions was
as follows: after leucocyte collection by methylcellulose sedimentation,
incubation with carbonyl-iron and 5 min. shaking with a sterile magnet
added, the cell suspension was carefully poured off.

2.2.4 Identification of B-lymphocytes with direct immunofluorescence
on surface immunoglobulins (SIg)
1 x 106 plasma-free MNC were pelleted in a small plastic tube and resuspended in 100 ^1 of a 1:4 dilution of polyspecific fluorescein isothiocyanate (FITC)-conjugated goat anti-human F(ab) preparation (Nordic
Pharmaceuticals, Tilburg, The Netherlands). After incubation (30 min.,
20°C) the cells were washed three times with phosphate buffered saline
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(PBS). The final pellet was resuspended on a microscopic slide into one
drop of glycerol, containing 10% PBS (pH 7.2), and then covered with a
cover-glass and sealed with paraffin.
The percentage of SIg-bearing cells was determined by counting 200
leucocytes with a Leitz orthoplan fluorescence microscope. MNC, which
could be recognized as monocy tes using phase contrast optics, were substracted from the total percentage of SIg-bearing cells.

2.2.5 Identification of B-lymphocytes using goat anti-human Fab
(GahuFab) coated sheep red blood cells (SRBC); B-lymphocyte
rosette (= B-RFC)
SRBC were obtained from the National Institute for Public Health
(R.I.V., Bilthoven, The Netherlands) and stored at 4°C in Alsevers solution. Before use, the SRBC were washed twice with PBS and once with
NaCl 0.9%. The coating of the SRBC with GahuFab was done according
to a modification of the technique described by Giuliano et al. (34):
1) 0.1 ml SRBC containing 10 x 108 cells, to which was added
2) 0.1 ml CrCl 3 ; 0.38 M; 1:100 diluted in NaCl 0.9%, and
3) 0.1 ml GahuFab (Nordic Pharmaceuticals, Tilburg, The Netherlands);
1:100 diluted in NaCl 0.9%.
1), 2) and 3) were prepared as fresh as possible and added to each other
sequentially. After 15 min. of incubation at 20°C, the SRBC were centrifuged (10 min., 400 g) and after washing [once in NaCl 0.9%, and twice
in Hank's balanced salt solution (HBSS, Flow Lab).] they were resuspended in HBSS up to a cell density of 8 x 108 /ml.
Rosettes were formed by incubating 0.1 ml of lymphocytes (2.5 x
10 6 /ml) with 0.1 ml SRBC (8 x 10 7 /ml). This mixture was then centrifuged (5 min., 150 g, 4°C) and the pellet carefully resuspended. The
percentage of B-RFC was determined by counting 200 cells in a haemocytometer after addition of 1 drop Brilliant cresyl blue 1% (1:1 diluted
in PBS). Only MNC binding 3 or more GahuFab-coated SRBC were
scored as rosettes.

2.2.6 Identification of mouse-erythrocyte (MRBC) rosette forming
B-cells (= M-RFC)
MRBC were obtained by cardiac puncture of blood from NMRI-mice,
2-3 months old, and collected in Alsevers solution. Before use the
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MRBC were washed three times with PBS and resuspended in RPMImedium, supplemented with 0.5% bovine serum albumin (BSA, Poviet
Producten NV., Amsterdam, The Netherlands).
Rosettes were formed by incubating lymphocytes and MRBC in a 1:50
ratio in RPMI-medium, containing 10% foetal calf serum (FCS) (Microbiological Associates, Bethesda, Md., U.S.A.). The mixture was then
centrifuged for 5 min. (200 g, 20°C) and further incubated for 1 hour at
0°C. Next the pellet was carefully resuspended and the percentage of
M-RFC determined by counting 200 cells in a haemocytometer after
addition of 1 drop Brilliant cresyl blue 1% (1:1 diluted in PBS). Only
lymphocytes binding 3 or more MRBC were scored as rosettes.

2.2.7 Identification of IgG-Fc receptor-bearing cells with EA-rosette
formation, using human red blood cells (HuRBC) coated with
anti-D IgG (= EA, -RFC)
Human O-Rh erythrocytes (HuRBC) were stored in Alsevers solution
and washed three times with PBS before use. HuRBC were coated with
anti-D IgG in the following way:
- 0.2 ml anti-D IgG (CLB, Amsterdam, The Netherlands),
- 10 x 108 HuRBC, in 1 ml RPMI-medium,
- RPMI-medium added up to 4 ml (final dilution of anti-D IgG: 1:20*).
The mixture was incubated for 30 min. at 37°C, then washed three times,
and resuspended in 2 ml RPMI (5 x 108 HuRBC/ml).
EAj-rosettes were made by mixing lymphocytes and coated HuRBC in
a 1:25 ratio in RPMI + 10% FCS. The mixture was then centrifuged for 5
min. (150 g, 20°C) and further incubated for 1 hour at 20°C. Next the
pellet was carefully resuspended and the percentage of EA,-RFC was
determined by counting 200 cells in a haemocytometer after addition of
1 drop Brilliant cresyl blue 1% (1:1 diluted in PBS). Only MNC binding 3
or more HuRBC were scored as rosettes.
2.2.8 Identification of IgG-Fc receptor bearing cells with EA-rosette formation, using SRBC coated with rabbit anti-sheep IgG (= EA2 -RFC)
SRBC were stored in Alsevers solution and washed three times with PBS
*

The maximal subagglutinating concentration of anti-D IgG to allow rosette formation was
determined with a direct Coombs test, using polyvalent anti-human globulin (CLB, Amsterdam, The Netherlands).
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before use. SRBC were coated with rabbit anti-sheep IgG in the following way:
- 0.2 ml rabbit anti-sheep IgG; 1:20 diluted*,
- 10 x 108 SRBC in 1 ml RPMI,
- RPMI-medium added up to 4 ml (final dilution of rabbit anti-sheep
IgG: 1:400**).
This mixture was incubated for30min. at 37°C, then washed three times
and resuspended in 2 ml RPMI (5 x 108 SRBC/ml). EA2 -rosettes were
made by mixing lymphocytes and coated SRBC in a 1:50 ratio in RPMImedium + 10% FCS. The mixture was then centrifuged for 5 min. (150 g,
20°C) and further incubated for 1 hour at 20°C. Next the pellet was
carefully resuspended and the percentage of EA2-RFC determined by
counting 200 cells in a haemocytometer after addition of 1 drop Brilliant
cresyl blue 1% (1:1 diluted in PBS). Only MNC binding 3 or more SRBC
were scored as rosettes.

2.2.9 Identification of IgG-Fc receptor bearing cells with EA-rosette
formation, using ox red blood cells (ORBC) coated with rabbit
anti-ox IgG (= EA3-RFC)
ORBC were stored in Alsevers solution and washed three times in PBS
before use. ORBC were coated with rabbit anti-ox IgG in the following
way:
- 10 x 108 ORBC in 1 ml RPMI-medium,
- 0.04 ml rabbit anti-ox IgG*,
- RPMI-medium added up to 4 ml (final dilution of rabbit anti-ox IgG:
1:100***)
This mixture was incubated for 30 min. at 37°C, then washed three times
and resuspended in 2 ml RPMI-medium (5 x 108 ORBC/ml). EA3-rosettes
were formed by mixing lymphocytes and coated ORBC in a 1:50 ratio
in RPMI + 10% FCS. The mixture was then centrifuged for 5 min. (150 g,
20°C) and further incubated for 1 hour at 20°C. Next the pellet was
carefully resuspended and the percentage of EA3-RFC determined by
counting 200 cells in a haemocytometer after addition of 1 drop Brilliant
* Kindly supplied by Dr. C.J.L.M. Meijer, Dept. of Pathology, University Hospital, Leiden,
The Netherlands.
** Maximal subagglutinating concentration was determined with a haemagglutination test.
*** Maximal subagglutinating concentration of rabbit anti-ox IgG was determined with a haemagglutination test.

50
cresyl blue 1% (1:1 diluted in PBS). Only MNC binding 3 or more ORBC
were scored as rosettes.

2.2.10 Identification of T-cells with E-rosette formation, using SRBC
(= E-RFC)
SRBC were stored in Alsevers solution at 4°C and washed three times
with PBS before use. To improve rosette stability the SRBC were incubated with papain-L-cysteine HCl-solution, according to Wilson et al.
(100). Papain was obtained from Sigma Chemical Comp. (St. Louis,
Miss., U.S.A.), and L-cysteine HC1 from Merck (Darmstadt, Germany).
A papain-L-cysteine HCl-solution was made at 37°C by mixing:
- 12.5 ml L-cysteine HC1,
- 3.6 ml PBS,
- 1.25 ml Na 2 HPO 4 (3.6%),
- 0.18 ml papain (25 mg protein/ml)
1 ml of this solution was mixed with 1 ml SRBC in PBS and incubated
for8min. at 37°C. After washing three times with PBS, the SRBC were
resuspended in 5 ml RPMI, and after counting the cell density adjusted
to 10 x 10 8 /ml.
E-rosettes (E-RFC) were made by mixing lymphocytes with SRBC in a
1:50 ratio in RPMI + 30% FCS (15 min., 20°C). The mixture was then
centrifuged for 5 min. (150 g, 4°C) and further incubated for 1 hour at
4°C. Next the pellet was carefully resuspended and the percentage of
E-RFC was determined by counting 200 cells in a haemocytometer, after
addition of 1 drop Brilliant cresyl blue 1% (1:1 diluted in PBS). Only
MNC binding 3 or more SRBC were scored as rosettes.

2.2.11 Separation of rosette forming cells from non-rosette forming cells
For all rosettes or rosette combinations we used the following procedure:
after incubating (1 hour, 4°C), the rosettes in the pellet were carefully
resuspended. Subsequently 10 ml Ficoll-Isopaque (ds. 1.072 g/ml or ds.
1.077 g/ml, 4°C) was carefully layered underneath the rosette suspension
with a Falcon 10 ml pipette.
^
After centrifugation (20 min., 1,000 g, 4°C) the non-rosetting cells were
collected, washed three times in RPMI, and resuspended in a-MEM
(a-modified Eagle's Minimum Essential Medium, Flow Lab.). MNC in the
pellet were collected and the RBC eliminated by isotonic lysis.
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2.2.12 Teciinique for simultaneous rosette formation
During the separation procedures the following rosette combinations
were used:
1) E-RFC + EA,-RFC
2) E-RFC + EAx-RFC + M-RFC
3) E-RFC + B-RFC
4) E-RFC + B-RFC + EA2-RFC
In all combinations, E-RFC-formation was initially started and after
incubation for 15 min. (at 20°C), the other RBC suspensions were added
just before the 5 min. centrifugation step (150 g, 4°C). For all RBC suspensions, RPMI-medium was used, supplemented with 20% FCS.
The following lymphocyte-RBC ratios were used:
- E-RFC
: 1:50
- E A . - R F C : 1:25
- EA2-RFC : 1:50
- M-RFC
: 1:50
-B-RFC
: 1:40
For all rosette combinations another 1 hour of incubation at 4°C in 50
ml round bottom glass tubes was used, in which a 25 ml rosette suspension containing 50 x 106 MNC in RPMI + 20% FCS was processed.
2.2.13 Elimination of B-Iymphocytes and monocytes by nylon-wool
filtration
This was done according to the technique described by Julius et al. (55).
Briefly, 0.6 g nylon-wool (Leukopak®, Fenwall Labs, Morton Grave, 111.,
U.S.A.) was packed to the 6 ml mark in a 20 ml plastic syringe (Monoject, Deland, Fla., U.S.A.). The syringes were sealed, autoclaved, and
washed with 25 ml PBS and next with 25 ml RPMI + 10% FCS before
use.
After equilibration of the wet columns for 60 min. (37°C), 75-150 x
106 MNC in 2 ml RPMI + 10% FCS were added and washed into the
nylon-wool column with 1 ml RPMI + 10% FCS. The column was then
sealed and horizontally incubated for 45 min. at 37°C.
Next, non-adherent cells were collected by dropwise elution with 25 ml
warm (37°C) RPMI-medium + 10% FCS. Finally the eluate was centrifuged (450 g, 10 min., 20°C), the cell pellet resuspended in 2 ml RPMImedium and processed for further analysis.
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2.2.14 Preparation of and cell processing with continuous Ficoll-Isopaque
density gradients
Continuous density gradients, isotonic with human serum (osmolarity
294 mOsm, pH 7.4) and ranging from ds. 1.055 g/ml at the top to ds.
1.095 g/ml at the bottom (at 4°C) were prepared from two stock solutions of Ficoll-Isopaque + 1% human albumin according to the technique
described by Loos et al. (64).
Ficoll (polysucrose raw 400,000) was purchased from Pharmacia,
Uppsala, Sweden; the Isopaque (1,156 m Metrizoate-solution) from
Nyegaard A/S, Oslo, Norway, and the human albumin solution was
obtained from the Me'rieux S.A. Institute, Lyon, France. The stock solutions were sterilized by filtration (millipore filter, 0.22 ju) and stored at
-20°C before use.
Linear density gradients of 35 ml in 50 ml corex glass tubes were
generated by continuously mixing low and high density Ficoll-Isopaque
+ 1% albumin solutions with the aid of a roller pump (Auto-analyzer,
Mark I), and were immediately used for cell separation procedures.
Before studying the density distribution of the various human MNC, the
linearity of the gradient system was verified, for which two continuous
density gradients were prepared (A and B).
A long steel needle was lowered to the bottom of the gradient tubes and
16 fractions of 2.5 ml each were collected from both gradients. From the
collected fractions the refractive index (RI) at 20°C was determined and
plotted against the fraction number. Fraction 16 was collected from the
bottom and therefore had the highest RI. A good linear correlation was
found (Fig. 2.1) expressed by the equation Y = 1.3456 + 0.00148 X
(r = 0.997, p < 0.05).
The relation between density and RI was also determined in several
linear gradients. For the gradient solutions used in our laboratory the
following formula was calculated:
Y = 37.790 + 0.2490 X, where Y = (density at 4°C - 1.000) x 10 3 ,
and X = (RI at 20°C - 1.3400) x 10 4 . (r = 0.997; p < 0.05).
In order to prepare solutions of any desired density within the range of
ds. 1.055 — 1.095 g/ml, the mixing ratio (a) of the stock solution was calculated with the equation: required density = a (1.095) + (1 - a ) 1.055 (64).
The required density was verified by measuring the RI at 20°C with an
Atago refractometer (Atago, Japan).
For cell processing 4.5 x 107 MNC suspended in 5 ml Ficoll-Isopaque (ds.
1.055 g/ml) were carefully layered on the top of the gradient and centrifuged for 20 min. (1,000 g, 4°C) with slow acceleration and decelera-
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Fig. 2.1: Relationship between the refractive index and sample fraction (1 <—> 16), obtained
from two linear Ficoll-Isopaque density gradients (A, B).
Ordinatc: refractive index at 20°C
Abscissa: fraction 1 <—* 16 of 2.5 ml each

tion of the centrifuge. The cells were then harvested by carefully lowering
a long steel needle to the bottom of the gradient tube and subsequently
10 fractions of 4 ml each were collected by pumping out the fluid at a
rate of 1 ml/min. The density of each fraction was calculated from the
RI of the sample and the MNC were processed for further studies. For
each fraction, the number of a given cell type was expressed as percentage
of the total number of that cell in all fractions.

2.2.15 Cell staining and counting
Nucleated cells were counted in duplicate in a haemocytometer (Biifker)
in Turk's-solution (0.01% cristal violet + 1 % acetic acid in saline). Slides

54
for differential counts were made by cytocentrifuge sedimentation, fixed
in absolute methanol for 10 min. at 20°C and stained with May-GriinwaldGiemsa. The slides were then washed in the buffer and air-dried. Monocytes were counted by using a a-naphtyl-butyrate-esterase staining technique, described by Ornstein et al. (73).

2.2.16 CFU-c culture technique
This was done according to the technique described by Iscove et al. (49).
For all experiments methylcellulose (Methocel-MC 4000, Fluka AG,
Buchs, Switzerland) was used. The FCS (Microbiological Associates,
Bethesda, Md., U.S.A.) was heat-inactivated (56°C, 30 min.) before use.
The cells were plated in triplicate in quantities of 5 x 10s cells (macrotechnique) or in six-fold in quantities of 2-5 x 104 cells per well (microtechnique).
After culturing in a CO2-incubator (5% CO 2 , 98% humidity) for 10 days,
the colonies were scored using an inverted microscope (Zeiss, Jena,
Germany) with a magnification of x 80.
Cell aggregates of > 20 were scored as colonies. In this and the next few
chapters, several ways to express CFU-c entities are used, which are
summarized in Table 2.1.
Table 2.1: Summary of different CFU-c expressions
CFU-c number

the mean (± s.e.m.) of scored CFU-c per 5xlO s (=A) or 5 x l 0 4 (=B)
cells plated (A= cultured in triplicate; B= cultured in 6-fold)

CFU-c absolute (number)

A= mean cell yield (x 10 ) x mean CFU-c number x 2
B = mean cell yield (xlO 6 ) x mean CFU-c number x 20

CFU-c/cell ratio

A= 1

5xl0s
mean CFU-c number
mean CFU-c number

CFU-c purification
factor (x) *

_

mean CFU-c number in test suspension
x 1
mean CFU-c number in starting suspension
(starting suspension = x 1)

• u «v\*

CFU-c absolute number in test suspension
CFU-c absolute number in starting suspension
(starting suspension = 100)

* CFU-c for both test and starting suspension stated per 5xlO 5 or 5xlO 4 cells.
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2.2.17 Statistical methods
The arithmetic mean of samples are expressed with ± 1 standard error
of the mean (s.e.m.). The differences between two observations were
tested with the two-tailed Student's t-test for paired observations, unless stated otherwise. Statistical significance was confirmed by a nonparametric rank test (Wilcoxon Mann Whitney). Only p-values of < 0.05
were considered as significant.

2.3 RESULTS
2.3.1 Linear density distribution of monocytes, T-cells, B-cells and
CFU-c
Buffy coat cells were collected from 500 ml ACD blood of 5 healthy
blood donors, in which the mean number of nucleated cells was 1,153
(± 179.3) x 10 6 . After Ficoll-Isopaque (ds. 1.077 g/ml) centrifugation,
a mean of 227 (± 33.0) x 106 MNC was obtained, representing 19.6%
of the initial cell content.
Thereafter, 40 x 106 MNC were layered on each of 5 linear density
gradients and processed for further analysis. The whole procedure is
schematically shown in Fig. 2.2. After centrifugation the mean cell yield
was 56 ± 3.4%. In Fig. 2.3 the density profiles of the different MNC
subpopulations of the 5 donors are plotted together.
40x106 MNC
(2O'iOOO g/ 2O°C)

— • interphase MNC

top density 1.055 g/ml
• bottom density 1.095 g/ml

buffy coat

FicoU-Isopaque
ds 1.077 g ml

auto - analyser pump:
10 fractions of 4 ml each

pellet:

linear density gradient

- granulocytes
- erythrocytes
Each fraction
analysed for : - cell count
-T-celts
- S l g © cells
- monocytes
-CFu-c
- refractive - index

Fig. 2.2: Technique for determining the linear density profile of peripheral blood MNC, after
isolation from buffy coat cells with a Ficoll-Isopaque (ds. 1.077 g/ml) gradient.

Fig. 2.3: Density distribution profile of all MNC (•), T-lymphocytes (•), B-lymphocytes (o),
monocytes (*) and CFU-c (A), after MNC isolation from buffy coat cells with a FicollIsopaque (ds. 1.077 g/ml) gradient. (N = 25 buffy coats).
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The distribution of all MNC was found well within the density range
1.055 to 1.095 g/ml, with a mean value of 1.071 ± 0.0014 g/ml.
The T-cells were also distributed throughout the whole density range
with a mean value of 1.075 ± 0.0012 g/ml. On the other hand, monocytes and 3-lymphocytes showed a distribution mainly in the light density region from 1.055 to 1.080 g/ml, with a common mean value of
1.065 ±0.0008 g/ml.
The distribution of theCFU-c was also found in the light density region
from 1.055 to 1.075 g/ml, with a mean value of 1.063 ± 0.0010 g/ml.
Because of the variability in colony-forming capacity, a rather heterogeneous distribution was found. CFU-c situated in one and the same
density position therefore showed a different colony-forming capacity.
It is remarkable that although the MNC were initially separated on a
density 1.077 g/ml gradient, cells were found in the region 1.077 1.095
g/ml, after linear density centrifugation. This could be the result of a
sedimentation inhibition of high density MNC by cell crowding at tize
medium Ficoll-Isopaque interphase or by an increase in cell density,
caused by the initial Ficoll-Isopaque (ds. 1.077 g/ml) centrifugation step.

2.3.2 linear density distribution of T-cells, B-cells and CFU-c after
initial monocyte elimination
In the next experiment the same parameters were analysed, but after
initial removal of monocytes by carbonyl-iron incubation. This experiment was done to see whether the commonly used method for carbonyliron treatment could induce alterations in the density of MNC subpopulations.
From 5 blood donors, buffy coats were obtained and after preincubation with carbonyl-iron and centrifugation on a density gradient
(ds. 1.077 g/ml), a mean MNC yield of 215 (± 29.0) x 106 was obtained.
The mean cell yield after linear density gradient centrifugation was
56 ± 4.2%. The distribution of all MNC (Fig. 2.4) was in the same density region from 1.055 to 1.095 g/ml, but the mean density was clearly
shifted to a higher value of 1.076 ± 0.0014 (p < 0.05). The distribution
of the T-lymphocytes was basically unaltered, with a mean density of
1.076 ± 0.0021 g/ml. However, the B-cells and non-eliminated monocytes
(a total of 1.5%) were clearly altered in their density: both had a scattered distribution in the high density region.
The CFU-c, however, were not altered in their density profile and were
still in the light density region, with a mean value of 1.065 ± 0.012 g/ml.

Fig. 2.4: Density distribution profile of all MNC (•), T-lymphocytes (•), B-lymphocytes (o),
monocytes (*) and CFU-c (A), after monocyte removal with carbonyl-iron incubation
and centrifugation on a Ficoll-Isopaque (ds. 1.077 g/ml) gradient. (N = 5 buffy coats).
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Hence the shift in the peak density of all MNC was mainly caused by an
increase in the density of monocytes and B-cells, most probably induced
by ingestion of iron particles and/or adhesion of iron particles to the cell
membranes.

2.3.3 Comparison of two different densities (ds. 1.072 g/ml; ds. 1.077
g/ml) during the second separation step
From the above-described analyses it is obvious that for CFU-c collection a density-"cut"-point must be chosen somewhere between 1.065
and 1.077 g/ml. However, in this range there is substantial "contamination" by other MNC, especially monocytes and B-cells.
If the major goal of the separation technique is purification of CFU-c
and removal of immunocompetent cells which are involved in cellular
immunity (T-cells and monocytes), then it is possible, using a two-step
density separation procedure, to remove monocytes and T-cells by
carbonyl-iron incubation and E-RFC sedimentation respectively. Therefore the following two-step Ficoll-Isopaque sedimentation procedure was
developed (Fig. 2.5).
After initial incubation with carbonyl-iron, MNC were collected using
a Ficoll-Isopaque gradient (ds. 1.077 g/ml) (step B). The density of
1.077 g/ml was chosen, because then all the CFU-c would collect in the
interphase after centrifugation. In the second step the interphase cells
were centrifuged on a Ficoll-Isopaque gradient of a 1.072 g/ml density,
after previous E-RFC formation. The density of 1.072 g/ml for the
second separation step was used because at this density the majority of
the CFU-c would be in the interphase after centrifugation. Furthermore,
the "contaminating" T-cells (which were not removed by E-RFC sedimentation) in the interphase would be slight, because on the ground of
their density only, more cells would be centrifuged into the pellet. The
disadvantage of the greater cell loss expected to occur with the 1.072
g/ml density, might be compensated by a higher CFU-c purification.
The results of this two-step separation procedure will be presented
in the next section (2.3.4), after testing this hypothesis. For this purpose,
after monocyte depletion with carbonyl-iron during the first step, the
interphase cells will be divided into a group (D) which is centrifuged in a
density gradient of 1.072 g/ml, and a group (C) which is centrifuged in a
density gradient of 1.077 g/ml. For both densities, E-RFC elimination is
performed during this second centrifugation step.
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S«l

buffy coat

carbonyl-iron
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pellet: -granulocytes
- erythrocytes
- monocytes
- carbonyl-iron

Formation of:
E-RFC
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pellet:
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interphase MNC
analysed for: - cell count
-T-cells
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Fig. 2.5: Technique (B) for sequential monocyte and T-cell elimination, using a combination of
density-gradient centrifugation and E-RFC sedimentation. (A) represents the control
cell suspension after Ficoll-lsopaque (ds. 1.077 g/ml) centrifugation.

To test the effect of these two densities, MNC obtained from 5 buffy
coats were analysed. The characterizations of the interphase cell suspensions obtained after the first step, are summarized in Table 2.II. The
results obtained after the second separation step arc graphically expressed
in Fig. 2.6. As can be seen, the total cell yield was lower after the light
Table 2.11: Cell suspension after carbonyl-iron incubation and subsequent
centrifugation on a Ficoll-lsopaque (ds. 1.077 g/ml) gradient (N= 5 buffy coats)
Cell yield (xlO 6 )*
E-RFC%
EA,-RFC%
Slg(+) cells %
Monocytes %
CFU-c/5xlOs
CFU-c absolute
CFU-c ratio

132±38.6 (=13.2%)**
64 ±2
4.5±1.2
5.6+0.2
1.610.4
23.6+4.6
6,230
1:21,186

* calculated from a corrected value of 1x10 nucleated cells in the initial buffy coat
** percentage calculated from the mean value
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Fig. 2.6: Effect of two different densities during the second Ficoll-Isopaque gradient ccntrifugation step (with simultaneous E-RFC removal) on various cell types (N = 5 buffy coats).
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Ordinate (left): cell yield (x 10 6 ) and % of the different cell types in the final interphase suspension
Ordinate (right): numbers of CFU-c/5 x 10 s cells plated
Abscissa:
D = Ficoll-Isopaque 1.072 g/ml
C = Ficoll-Isopaque 1.077 g/ml
Vertical bars represent mean ± s.e.m.

density (1.072 g/ml) separation, compared to ds. 1.077 g/ml (p < 0.05).
This was also true for the percentages of T-cells, SIg(+) cells, IgG-Fcreceptor bearing cells and monocytes, but these differences were not significant.
For the CFU-c, however, a significant (p < 0.05) higher value (5 x 10s
MNC plated) was found. Since the absolute numbers of CFU-c in the
suspensions D and C were equal (Table 2.Ill), the higher yield of CFU-c
was relative and probably caused by a cumulative effect of the nonsignificant reduction in "contaminating cells" in the final cell suspensions.
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Table 2. Ill: Two step cell separation technique; comparison of absolute cell numbers after
the second centrifugation step, using Ficoll-Isopaque gradients of two different densities
(N = 5 buffy coats)
ds. 1.072 g/ml (D)
E-RFC (xlO a )
SIg(+) cells (xlO s )
EA r RFC (xlO s )
Monocytes (xlO 5 )
CFU-c absolute

ds. 1.077 g/ml (C)

2.7
7.6
8.8
1.5

3.2
10
11
3.4

1,463

1,439

Absolute difference

0.5
2.4
2.2
1.9
24

Step 1 : monocyte removal with carbonyl-iron incubation and subsequent Ficoll-Isopaque (ds.
1.077 g/ml) centrifugation of buffy coat cells
Step 2 : E-RFC removal from the interphase cells obtained after step 1; using Ficoll-Isopaque
gradients of two different densities (D and C)

2.3.4 Results of a two-step density gradient separation technique;
elimination of monocytes and T-cells and subsequent CFU-c
purification
Having established that a density of 1.072 g/ml during the second FicollIsopaque centrifugation step, in combination with E-RFC depletion, resulted in a more purified CFU-c suspension, this procedure was studied
more thoroughly, the results of which are shown in Fig. 2.7.
An analysis was done with MNC suspensions obtained from buffy coats
of 24 normal blood donors. The mean number of nucleated cells in these
initial buffy coats was 1,165 (± 80.6) x 10 6 , of which 500 (± 32) x 106
were MNC. From all the 25 buffy coats a "control" cell suspension was
made separately with a Ficoll-Isopaque (ds. 1.077 g/ml) gradient (suspension A), the characteristics of which are summarized in Table 2.IV. After
the first separation step (B) a mean of 239 (± 22.6) x 106 MNC were recovered, which represented 47.8% of the MNC content in the buffy coats.
After the second step (D) a mean of 23.6 (± 3.1) x 106 MNC were obtained, which represented 4.7% of the MNC content in the buffy coats.
As can be seen from Fig. 2.7, the percentage of T-cells showed an
initial increase after monocyte depletion from 61.2 ± 2.5 to 67.0 ± 1.5%
(p < 0.05) and thereafter a drastic decrease to 3.5 ± 0.5% (p < 0.05).
B-cells, on the other hand, showed the opposite phenomenon: a drop
from 6.9 ± 0.2% to 5.8 ± 0.1% after monocyte elimination with carbonyl-iron (NSD)*.
*NSD = non significant different
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Pig. 2.7: Results of a two-step cell separation procedure on CFU-c purification; removal of
monocytes and T-cells. (N = 25 buffy coats).
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After the second step the B-cells showed an enrichment to 11.0 ±
0.2% (p < 0.05). The monocytes displayed the same pattern: an initial
decrease from 10.5 ± 0.3% to 1.5 ± 0.2% after the first step (p< 0.05)
and a rise after E-RFC depletion to 3.3 ± 0.2% (p < 0.05).
The CFU-c in the initial buffy coats had a concentration of 10.4 ±

6.4
Table 2.IV: 'Control' cell suspension obtained from the interphase after Ficoll-Isopaque
(ds. 1.077 g/ml) centrifugation of buffy coat cells (N= 25 buffy coats)
Cell yield (xlO 6 )*
E-RFC%
EAi-RFC%
SIg(+)ceUs%
Monocytes %
CFU-c/5xlO5
CFU-c absolute
CFU-c ratio

321 ±30.1 (=32.1%)**
61.2 ±2.5
6.8 ±0.9
6.9 ±0.2
10.5 ±0.3
26.1 ±10.3
16,756
1:19,157

* calculated from a corrected value of lxlO 8 nucleated cells in the initial buffy coats
** percentage calculated from the mean value

1.9%/5 x 10s MNC plated and were found to be 26.1 ± 10.3 in the
"control" cell suspension (A) (NSD). After monocyte elimination the
CFU-c value dropped to 15.4 ± 3.0 (NSD).
After the second separation step the CFU-c were ultimately enriched
to 82.0 ± 22.0 (p < 0.05). This represented a mean purification factor,
compared to the CFU-c concentration of the original buffy coat of 7.8
(p < 0.05). Although the percentage of "contaminating" T-cells and
monocytes was acceptable, the percentage of SIg(+) cells was rather high
in these final samples. That was because no special effort was made to
remove this cell population.
A summary of the different cell yields and CFU-c entities of the different interphase cell suspensions obtained during this two-step cell
separation procedure is given in Table 2.V. It can be seen that although
the CFU-c were purified in the final cell suspension (D), a substantial
loss of 84.4% in absolute CFU-c number was caused by these two cell
separation steps.

2.3.5 Results of a three-step separation technique, including density
gradients and nylon-wool filtration; removal of monocytes, T-cells,
B-cells, and subsequent CFU-c purification
In an attempt to reduce the enormous CFU-c loss as described in section
2.3.4, the effectiveness of nylon-wool filtration on CFU-purification was
investigated.
Nylon-wool is known to have adhesion properties for B-cells and
monocytes, but is unable to bind T-cells. The whole procedure is schem-

Table 2. V: Summary of cell yields and CFU-c entities of the different interphase cell
suspensions, obtained during a two-step cell separation procedure (N = 25 buffy coats)

Characteristics

Buffy coat

MNC yield*.** (xlO 6 )
1

500+32
(=100%) ->
6

A

B

D

Difference
between

B/D

A/D

NSD

41

i
i

82+22

NSD

t

t
t
-

->

321±30.6
-* |(=64%)

239122.6
(=47.8%)

23.6+3.1
(=4.7%)

A/B
NSD

321 + 30.6
-* |(=32%)

239+22.6
(=23.9%)

23.613.1
(=2.3%)

15.4+3

Total cell yield* ** (xlO )

-

1,000
(=100%)

CFU-c/5xlO5

-

10.4±1.9

26.1110.3
-»•

NSD

CFU-c absolute

-

20,800

16,756

7,361

3,870

-

CFU-c ratio

-

1:48,076

1:19,157

1:32,467

1:6,097

-

CFU-c purification (x)

-

1

2.5

1.4

7.8

NSD

t

35.3

18.6

-

-

->•

CFU-c yield (%)
t or I
NSD
*
**

=
=
=
=

-

100

NSD

80.5

significant (p<0.05) difference
non significant difference
cell yield: corrected to l.OOOxlO6 cells in the initial buffy coats
cell yield (%): calculated from the mean values

suspension A: interphase cell suspension after Ficoll-Isopaque (ds. 1.077 g/ml) centrifugation of buffy coat cells
Step 1 -> suspension B: interphase cells after carbonyl-iron incubation and subsequent Ficoll-Isopaque (ds. 1.077 g/ml) centrifugation of
buffy coat cells
Step 2 -> suspension D: interphase cells after E-RFC removal from suspension B, using a ds. 1.072 g/ml Ficoll-Isopaque gradient

O\
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atically shown in Fig. 2.8. In this experiment the initial monocyte removal with carbonyl-iron was omitted in order to investigate the
monocyte removal capacity of nylon-wool more precisely.

1

3 (2O,W00g,2O»C)

buffy coat

pellet: - granulocytes
- erythrocytes

Ficott-lsopaque
ds 1.077 g/mt

<2O,WO0g,4'C)

Formation of:
e-RFC

gg -* interphase MNC

interphase MNC

nylon-filter
Ficoll- Isopaque
ds 1.077 g/ml

pellet: T-cells

-» analysed for: - cell count
-T-cells
^ S t g © cells
- monocytes
-CFu-c

Fig. 2.8: Technique for sequential T-cell, B-ceil and monocyte removal, using a combination of
density gradient centrifugation, E-RFC sedimentation and nylon-wool filtration.

I

Fig. 2.9. presents the results of this three-step separation procedure,
with buffy coat cells obtained from 6 blood donors. The cell yield after
the last separation step was 1.5%. The T-lymphocytes were depleted
from 47.4 ± 4.0% to 5.7 ± 1.0% (p < 0.05) after step C, and then enriched to 16.8 ± 3.0% after step E (p < 0.05). This confirms the fact
that T-lymphocytes do not adhere to nylon-wool.
The B-lymphocytes showed the opposite phenomenon: an initial
value of 7.2 ± 1.1%, enrichment to 23.1 ± 1.3% after step C (p < 0.05)
and finally depletion to 2.7 + 0.4% after step E (p < 0.05).
The monocytes showed the same pattern: an initial value of 11.6 ±
5.2%, increase to 27.7 ± 6.9% after step C (p < 0.05) and decrease to
10.5 ± 1.4% after nylon-wool filtration (p < 0.05).
Finally, the CFU-c showed a stepwise increase from 30«8 ± 7:4 to
55.0 ± 14.4 (p < 0.05) to 150.6 ± 20.4 (p < 0.05) per 5 x 10 s MNC
plated. For the CFU-c it was clearly shown that they pass through the
nylon-wool column and do not adhere.
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Fig. 2.9: Results of a three-step cell separation technique on CFU-c purification; removal of
monocytes, T-cells and B-cells. (N = 6 buffy coats).
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In Table 2.VI the results of a two-step cell separation procedure as
described in section 2.3.4 and those of this three-step cell separation
technique are compared, using Student's t-test for two observations. It
can be seen that there were no differences in the two starting suspensions,
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except for the T-lymphocyte percentages. The final suspensions were
also comparable as far as the cell yields and CFU-c entities are concerned.
However, the three-step cell separation technique resulted in a higher
percentage of T-cells and monocytes (p < 0.05), but a lower percentage
ofB-cells(p<0.05).
If it is the purpose to eliminate especially the immunocompetent
T-cells and monocytes, then the two-step cell separation procedure is a
quicker approach.

Table 2.VI: Differences between cell yields and composition obtained after
a two- and three-step cell separation procedure
Characteristics

2-step separation
procedure
(N= 25 buffy coats)

3-step separation
procedure
(N= 6 buffy coats)

Starting cell
suspension for
both procedures

Interphase cells obtained after Ficoll-Isopaque
(ds. 1.077 g/ml) centrifugation of 1x10
(corrected value) buffy coat cells (= 100%)

Cell yield*>**(xl0°)
E-RFC %
SIg(+)ceUs %
Monocytes %
CFU-c/5xlO5
CFU-c absolute
CFU-c ratio
CFU-c purification (x)
CFU-c yield (%)

321+30.1 (=32.1%)
61.2+2.5
6.9 ±0.6
10.5 ±1.4
26.1 ±10.3
16,756
1.19,157
1
100

232±37.8 (=23.2%)
47.4±4
7.2+1.1
11.6 ±5.2
30.8±7.4
14,291
1:16,233
1
100

23.6±3.1 (=2.3%)
3.6±0.5
11.1+0.2
3.3+0.2
82±22
3,870
1:6,097
3.1
23

15.4 ±1.9 (=1.5%)
16.8±3
2.7 ±0.4
10.5±1.4
150.6±20.4
4,638
1:3,320
4.8
32.4

difference

NSD

4

NSD
NSD
NSD
—
-

End cell suspension
Cell yield*'**(xl0 6 )
E-RFC %
SIg(+)cells %
Monocytes %
CFU-c/5xl0 s
CFU-c absolute
CFU-c ratio
CFU-c purification(x)
CFU-c yield (%)

t or I = significant difference (p <0.05)
NSD
= non significant differences
* cell yield: corrected to l.OOOxlO6 cells in the initial buffy coat
** cell yield (%): calculated from the mean values

NSD

t
t

NSD
NSD
-
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2.3.6 The effect of simultaneous E-RFC, EA, -RFC and M-RFC removal
during the second separation step on CFU-c purification

I

In the initial experiments the main goal was removal of monocytes and
T-lymphocytes and its subsequent effect on CFU-c purification.
In the next experiment we also evaluated the effect of removal of
B-lymphocyte (-subpopulations). In this experiment the effects on
CFU-c entities were evaluated, if cells bearing receptors for M-RFC and
IgG-Fc (measured by the EA,-rosette technique) had been removed.
To keep the number of Ficoll-Isopaque centrifugation steps limited,
simultaneous rosette formation and sedimentation during the second
centrifugation step was performed. In the first step (Ficoll-Isopaque,
ds. 1.077 g/ml) monocytes were eliminated by carbonyl-iron pre-incubation. For the second centrifugation step (Ficoll-Isopaque ds. 1.072 g/ml)
four different approaches were used:
1) Removal of E-RFC;
2) Removal of E-RFC + EA, -RFC;
3) Removal of E-RFC + M-RFC; and
4) Removal of E-RFC + M-RFC + EA, -RFC.
Buffy coat suspensions from 6 normal blood donors were investigated.
The cell yields obtained after the first and different second cell separation steps are summarized in Table 2.VII.a. The effects on the different
cell populations after the various centrifugation steps are summarized in
Fig. 2.10.
After the first cell separation step, the T-cells were 84.7 ± 4.5%,
monocytes 2.8 ± 0.9%, EA,-RFC 3.7 ± 1.4%, M-RFC 1.8 ± 0.8, SIg(+)
cells 4.5 + 1.2%, and CFU-c 1.2 ± 0.2 per 5 x 104 cells plated. These
values are also presented at the top of Fig. 2.10, while the mean values
are presented by dotted lines, except for the E-RFC.
For the E-RFC, all second step combinations caused a significant
elimination (p < 0.05) of E-RFC. For all the other MNC some differences
were found, compared to the values obtained after the first cell separation step (Table 2.VII.b). When for each cell type two second step
combinations were tested against each other with Student's t-test, some
differences were found. For instance, for IgG-Fc receptor bearing cells,
both combination 2 and 4 caused an elimination when compared to 1 (p
< 0.05). For the M-RFC no significant alterations could be detected at
all. The effect on the SIg(+) cells showed an increase when combination
2 was tested against 1 (p < 0.05). This was mainly due to removal of the
T-lymphocytes and IgG-Fc positive cells. As far as the monocytes were
concerned, the EA,-RFC technique seemed to be more sensitive for
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Table 2. Vila: Cell yields obtained from the interphases during a two-step
cell separation procedure, with removal of different rosette
combinations during the second step (N= 6 buffy coats)
Cell yield (xlO 6 )

Step 1

Step 2

374+70.4*

(=37.43

33.4±11.7

(=3.3%)

15 ±4.3

(=1.5%)

23.5+5.6

(=2.3%)

13.5+3.6

(=1.3%)

Difference
between combination***
Step 1 and all four
step 2 possibilities:
P<0 .05
1-2
2-3
3-4
1-3
1-4
2-4

:
:
:
:
:
:

p<0.05
p<0.05
p<0.05
NSD
NSD
NSD

NSD = non significant difference
* corrected value; cell yields are adjusted to 1,000x106 cells in the initial buffy coats
** percentages calculated from the mean values
*** tested with Student's t-test for paired observations
Step 1 -* moncyte removal from buffy coat cells with carbonyl-iron incubation and subsequent
centrifugation on a Ficoll-Isopaque (ds. 1.077 g/ml) gradient
Step 2-> centrifugation on a Ficoll-Isopaque (ds. 1.072 g/ml) with removal of (from interphase
cells obtained after step 1):
1) E-RFC
2) E-RFC + EA.-RFC
3) E-RFC + M-RFC
4) E-RFC + EA r RFC + M-RFC

I

IgG-Fc receptors on monocytes, because when combination 2 was
compared to 1, there was a significant decrease in monocytes (p < 0.05).
The effect on CFU-c purification was small. All four combinations did
not differ from each other when tested as paired observations, but if
separately compared to the CFU-c content after the first separation step,
all combinations resulted in significantly higher yields (p < 0.05).
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Fig. 2.10: Results of a two-step cell separation procedure. Monocyte removal during the first
Ficoll-Isopaque (ds. 1.077 g/ml) centrifugation step after initial carbonyl-iron incubation. Removal of E-RFC (1), E-RFC + EA,-RFC (2), E-RFC+ M-RFC (3) and
E-RFC + EA,-RFC + M-RFC (4) during the second Ficoll-lsopaque (ds. 1.072 g/ml)
centrifugation step.
Cell characteristics after this step are presented in the top of the figure, while the mean
values are also represented by the dotted lines (except for mean E-RFC %).

84.716.51 3.711.4 [ 1.8+0.8 [ 4.511.2 [ 2.810.9 J 1.210.2
%

E-RFC EA.-RFC M-RFC SIgfficeLls mono-CFu-c/5x104mnc
I cytes

20

is

•15

10-

10

5-

i

1 2 3 4

1 2 3 4 1 2 3 4

i i

123 4

12 34

1 2 34

Ordinate (left) : percentage of various cell types in the final different interphase cell suspensions.
Ordinate (right) : CFU-c/5 x 10* cells plated, in the final different interphase cell suspensions.
Abscissa
: 1,2, 3 and 4 represent the various second separation steps.
Vertical bars represent mean ± s.e.m.
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Table 2.VII.b: Differences between the various cell type percentages, obtained
during a two-step cell separaticn procedure, with removal of
different rosette combinations during the second step (N = 6 buffy coats)
ERFC%

EAiRFC%

MRFC%

SIg(+)
cells%

Monocytes%

CFU-c/
5xlO 4

1
compared to*
-\ 2
Step 1 < • Step 2 ;•* 3
* 4

p<0.05
p<0.05
p<0.05
p<0.05

p<0.05
NSD
NSD
NSD

NSD
NSD
NSD
NSD

NSD
p<0.05
NSD
NSD

NSD
p<0.05
NSD
NSD

p<0.05
p<005

Comparison of*
Step 2 combination 1-2
1-3
1-4
2-3
2-4
3-4

NSD
NSD
p<0.05
NSD
NSD
NSD

p<0.05
NSD
p<0.05
NSD
NSD
NSD

NSD
NSD
NSD
NSD
NSD
NSD

p<0.05
NSD
NSD
NSD
NSD
NSD

p<0.05
NSD
NSD
NSD
NSD
NSD

K0.05
p<0.05
NSD
NSD
NSD
NSD
NSD
NSD

Tested with Student's t-test for paired observations
NSD = non significant difference
For the different cell separation steps: see Table 2.VH.a

2.3.7 Modification of a B-cell rosette technique, using goat anti-human
Fab (GahuFab) coated SRBC (= B-RFC), as indicator
Since the aim of this study was to purify CFU-c in a null cell fraction
(non-B, non-T), a rosette technique, which would make use of SIg on
B-lymphocytes (and its subsequent removal by the use of density gradients), was introduced. Since SIg are present on all B-lymphocytes and
bind to IgG-Fc receptors on monocytes, it could be expected that the
non-removed monocytes after the first cell separation step would also be
eliminated by this type of rosette.
Giuliano et al. (34) described a B-RFC technique in which SRBC were
coated with GahuFab by addition of CrCl 3 . Using the material and
methods for this rosette as described by these authors, we were unable to
observe proper rosettes because of agglutination. Therefore, with the
technique described, using 0.1 ml GahuFab [ 1:25 diluted, simultaneously
incubated with 0.1 ml CrCl3 (0.38 M) 1:20 diluted and 0.1 ml SRBC
(10 x 10 8 ) cells], the effect of different incubation times on the number
of coated SRBC and the degree of SRBC coating with GahuFab were
tested.
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The results are presented in Table 2.VIII. It can be seen that the
percentage of SRBC coated with GahuFab reaches a plateau after 15
min. of incubation. However, with a longer incubation time, a drastic
decrease in coated SRBC yield was observed owing to agglutination.
Therefore, in the next experiment serial dilutions of CrCl3 and GahuFab
were tested using a fixed incubation time of 15 min. The results are
presented in Table 2.IX.
From this dilution experiment it can be concluded that a 1:100 dilution for both CrCl3 and GahuFab, with an incubation time of 15 min.
was optimal.
Table 2.VIII: Effect of different incubation times on coated SRBC yield and degree of
coating with GahuFab; using 0.1 ml (1:20 diluted) GahuFab and
0.1 ml (0.38M, 1:20 diluted) CrCl3 and 0.1 ml (10xl0 8 ) SRBC
Incubation time (min.)
0 (control)
4
5
6
7
8
9
10
15
20
25
30

SRBC yield %

GahuFab coated SRBC (%)*

100

0

68.4
84.6
64.6

0
2
2
5
8
8
15

57.6
56.2
40.6
28.9
2.4
0.4 (+++)
0.5 (+++)
0.3 (+++)

95
100 (+++)
100 (+++)
100 (+++)

* determined with a direct immunofluorescence test, using 100 jul (1:5 diluted) FITC-conjugated rabbit anti-goat IgG (30', 20°C)
(+++) = agglutination

2.3.8 Testing of the B-RFC technique in a three-step separation experiment, in combination with monocyte, E-RFC and EA,-RFC
elimination
To test the efficiency of GahuFab coated SRBC as a B-RFC technique,
buffy coat cells from 3 normal donors were processed to obtain a "control" cell suspension after Ficoll-Isopaque (ds. 1.077 g/ml) centrifugation (suspension A). The residual buffy coat cells were separated on

Table 2.IX: Effect of different dilutions of CrCl3 and GahuFab on the degree of cell yield and coating of
SRBC with GahuFab, performed with a standard incubation time of IS min.
15 min. of incubation: lOxlO 8
SRBC (0.1 ml) with GahuFab
diluted to:

0.1mlCrCl 3
(0.38M)
diluted to:
1:25
1
2
3
4

1:20
1:20
1:20
1:20

0.1ml

1
2
3
4

1:50
1:50
1:50
1:50

0.1ml

1
2
3
4

1:100
1:100
1:100
1:100

0.1ml

1
2
3
4

1:200
1:200
1:200
1:200

0.1ml

1
2
3
4

NACL 0.9%
NACL 0.9%
NACL 0.9%
NACL 0.9%

0.1ml

1
2
3
4

CrCL3
CrCL3
CrCL3
CrCL3

1:20
1:50
1:100
1:200

1:50

1:100

CeU
yield
(xlO 6 )

100
100
100
100

i

0.1ml

13.4
9
15
17.2

0.1ml

1.1
0.7
0.7
0.4

0.1ml

7.6
7.5
8
7.9

36
67
95
90

0.1ml

12.7
10.1
11.2
8.2

10
10
35
20

0.1 ml

12.7
11
8.4
13.4

2
2
0
0

0.1ml

0.1ml
0.1ml

0.1ml
0.1ml

0.1ml
0.1ml

0.1ml
0.1ml

-

Agglutination

1:200

0.1ml

NACL 0.1 ml
NACL 0.1 ml
NACL 0.1 ml
NACL 0.1 ml

GahuFab
coated
SRBC (%)*

-

18.4
1
6.5
10

(xlO 8 )

(xlO 8 )
(xlO 8 )
(xlO 8 )

100
100
100
100

5
5
10
10

determined with a direct immunofluorescence test, using 100//I (1:5 diluted) FITC-conjugated rabbit anti-goat IgC (30\ 20°C)

*
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a Ficoll-Isopaque (ds. 1.077 g/ml) density gradient after carbonyl-iron
incubation. Subsequently the interphase cells (suspension B) were allowed to form E + EAj-RFC and were separated on a Ficoll-Isopaque
(ds. 1.077 g/ml) gradient.
After the second separation step the interphase cells (C) were allowed
to form B-RFC and were then centrifuged on a Ficoll-Isopaque (ds.
1.072 g/ml) gradient. After this last centrifugation step the interphase
cells (E) were harvested and analysed. By this, it was expected to obtain
a high percentage of B-RFC in suspension C, which could subsequently
be removed during the last separation step. With buffy coat cells of 3
normal donors this hypothesis was tested and the results are presented
in Table 2.X.
Table 2.X: Testing of the B-RFC technique in a three-step cell separation procedure
(N = 3 buffy coats)

B

Characteristics

E-RFC %

66.5 ±3.2

->•

C

E

Difference
between B/E

1 5.5 ±1.7

5±2.8

1

NSD
EAi-RFC%

5.5±0.2

->

1 0.5 ±0.3

-» tl2.2±0.2

B-RFC %

8.5 ±0.3

-»•

t 27±3.5

-»

4 2.5 ±0.3

8±0.7

->•

t 24 ±0.7

-*

I 3.5 ±0.3

SIg(+)ceUs %
6

Cell yield*'**(xlO )

1,000
_>
(=100$)

. 100±2.5 _>
+ (=10%)

t
I

. 8.911.6
(=0.8%)

+

t or -!• = significant difference (p<0.05)
NSD
= non significant difference
* cell yield corrected to 1,000x106 cells in suspension B
** percentages calculated from the mean values
Step 1

-*• Suspension B:

interphase cells after carbonyl-iron incubation and subsequent
Ficoll-lsopaque (ds. 1.077 g/ml) centrifugation of buffy coat cells

Step 2

->• Suspension C:

interphase cells after combined E-RFC + EAi-RFC removal from
suspension B, using a ds. 1.077 g/ml Ficoll-lsopaque gradient

Step 3

-> Suspension E:

interphase cells after B-RFC removal from suspension C, using a
ds. 1.072 g/ml Ficoll-lsopaque gradient

As can be seen, a significant increase in B-RFC and SIg(+) cells was
obtained in suspension C. After B-RFC elimination (suspension E) a
significant B-RFC and SIg(+) cell removal was found. However, a red-
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procal increase was observed with the EAi-RFC. This indicates that the
B-RFC does not eliminate cells with IgG-Fc receptors as far as it was
tested with this assay.

2.3.9 Testing of the B-RFC technique in a two-step separation experiment; effect of B-RFC removal on monocytes
The experiments in section 2.3.8 indicated that the B-RFC sedimentation
also eliminates monocytes. To substantiate this finding more definitely,
an experiment was performed with one buffy coat, in which the initial
monocyte elimination with carbonyl-iron was omitted and the B-RFC
technique directly carried out on the buffy coat cell suspension.
For that reason the contaminating HuRBC in the buffy coat were
eliminated by rouleaux-formation using methylcellulose 2% sedimentation
(suspension A). Next, B-RFC elimination with a Ficoll-Isopaque density
1.077 g/ml gradient was performed. The interphase cells obtained after
this centrifugation (suspension B) were analysed and the results are
presented in Table 2.XI.
Table 2.XI: Effect of B-RFC removal on monocytes (N= 1 buffy coat)

I

Characteristics

A

E-RFC%
EAi-RFC%
B-RFC %
SIg(+) cells %
Monocytes %
Granulocytcs %
Cell yield* (xlO 6 )

33
5
16
12
22
34
1,000
(=100%)

CFU-c/5xlO4
CFU-c absolute
CFU-c ratio
CFU-c purification (x)
CFU-c yield (%)

0.5
10,000
1:100,000
1
100

B
6.7
7.1
3.2
1.5
7
5
139.3
(=13.9%)
3
8,340
1:16,666
6
83.4

* cell yield corrected to 1,000x106 cells in suspension A
Suspension A:

buffy coat cells after methylcellulose 2% sedimentation

Suspension B:

interphase cells after B-RFC removal from suspension A, using a ds. 1.077 g/ml
Ficoll-Isopaque gradient
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It is obvious that the monocytes, which are normally situated in the
light density region, are eliminated by the B-RFC technique. For granulocytes it is difficult to determine the "depletion effect" of the
B-RFC technique, because the majority of granulocytes will appear in
the peiiet fraction of the tube, only because of their intrinsic density.

2.3.10 The effect of a simultaneous "triple rosette" combination
(E- + EA] - + B-RFC) during the second separation step on
CFU-c purification
In the next experiment the effect of a triple rosette combination during
the second separation step on CFU-c purification was investigated, in an
attempt to limit the total number of density gradient separation steps.
From the buffy coat cells of 3 donors a "control" MNC suspension
(A) was made. After carbonyl-iron pre-incubation and density 1.077
g/ml gradient separation (step 1) the interphase B was allowed to form
simultaneous rosettes. Subsequently this cell suspension was centrifuged
on a density 1.072 g/ml Ficoll-Isopaque gradient and the cells in the
interphase (C) and pellet (D) were investigated. The results are presented
in Table 2.XII.
The effect of this triple rosette combination on the end-suspension
C, compared to suspension A, is an acceptable removal of E-RFC and
EAj-RFC, but an unfortunate interaction with B-RFC elimination,
resulting in an inadequate B-RFC removal.
However, a CFU-c purification factor of x 11 is obtained, with a final
cell yield of 2.1%.
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Table 2.XH: Effect of a combined E-RFC + EAi-RFC + B-RFC removal during
the second Ficoll-Isopaque (ds. 1.072 g/ml) centrifugation step (N= 3 buffy coats)

Characteristics

B

C

D

NT

16.6±5.4

82.6+1.3

A

Difference
between
A/C
B/C

EA r RFC%

8.8±0.9

NT

2+0.8

6.5±2.3

I
1

B-RFC %

20.3±4.9

NT

16.6±5.1

16.6±5.8

NSD

-

SIg(+)cells %

9±0.4

NT

20+7.3

3.8±1.7

NSD

-

Monocytes %

4±1.2
3.3±0.2

NT
NT

3±0.4

4.8±1.7
4±2.1

NSD

-

Granulocytes %

NSD

-

Cell yield • . • • ( x l O 6 )

NT

1,000
21+4.6
(=100%) (=2.1%)

850+53.1
(=85%)

-

CFU-c/5xlO4

NT

0.5±0.2 5.5±1.9

0.3±0.1

-

CFU-c absolute

-

10,000

5,100

-

E-RFC %

77±1.4

3.6±0.6

2,310

CFU-c ratio

-

1:100,0001:9,090

1:166,666

-

CFU-c purification (x)

-

1

11

-

-

CFU-c yield (%)

-

100

23.1

51

-

-

t
t
-

t or I
= significant difference (p<0.05)
NSD
= non significant difference
NT
= not tested
*
cell yield corrected to l.OOOxlO6 cells in suspension B
**
cell yield (%) calculated from the mean values
Step 1 -

Suspension A:
Suspension B:
^Suspension C:

Step 2
"Suspension D:

I

Inteiphase cells after Ficoll-Isopaque (ds. 1.077 g/ml) centrifugation
Interphase cells after carbonyl-iron incubation and subsequent FicollIsopaque (ds. 1.077 g/ml) centrifugation of buffy coat cells
Interphase cells after a combined E-RFC + EA,-RFC + B-RFC
removal from suspension B, using a ds. 1.072 g/ml Ficoll-Isopaque
gradient
pellet cells

2.3.11 Another approach for monocyte removal and subsequent testing
in a two- and one-step separation technique; effect on CFU-c
purification
During the progress of the previous experiments another method for
monocyte removal was tested. An earlier described disadvantage of monocyte removal with carbonyl-iron pre-incubation and Ficoll-Isopaque density gradient centrifugation is a substantial cell loss of about 50% (see
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section 2.3.4). In an attempt to reduce this cell loss we tested the following approach:
1) concentration of buffy coat cells using methylcellulose 2% sedimentation;
2) subsequent incubation of these buffy coat cells with carbonyl-iron
and application of a sterile magnet;
3) carefully decanting the non-phagocytic buffy coat cells, so that a
Ficoll-Isopague density gradient step can be omitted.
To test this method, buffy coat cells from 3 normal donors were processed as follows: leucocytes were concentrated by methylcellulose
sedimentation and then depleted of monocytes by the above-mentioned
method (suspension B) or incubated with carbonyl-iron and separated
on a Ficoll-Isopaque density 1.077 g/ml gradient (suspension E).
Subsequently the cells obtained by the two methods were processed
for a simultaneous E-RFC and B-RFC rosette and centrifuged on a density 1.072 g/ml gradient (suspension C and F respectively). The results
are presented in Table 2.XIII.
As can be seen, the differences between suspension B and E are not
significant as far as the various lymphocyte subpopulations, monocytes
and CFU-c are concerned. However, the cell yield and the percentage of
granulocytes are significantly lower in suspension E than in suspension B.
It must be stressed that even with carbonyl-iron pre-incubation and
Ficoll-Isopaque centrifugation the elimination of granulocytes is incomplete. After combined E-RFC + B-RFC rosette elimination the results
obtained from suspensions C and F were not different.
Although good results were obtained with this combined B-RFC and
E-RFC rosette sedimentation after initial monocyte removal, using
methyl-cellulose 2% sedimentation and carbonyl-iron incubation, a second
attempt was made with a "triple" rosette combination and one FicollIsopaque density gradient separation step.
Therefore, leucocytes were concentrated using methylcellulose 2%
sedimentation; the cells were then allowed to form rosettes with E-RFC,
EAi-RFC and B-RFC. Next these rosettes were centrifuged using a
density 1.072 g/ml Ficoll-Isopaque gradient. The results are presented in
Table 2.XIV.
Again, it is obvious that optimal removal of E-RFC and EAi-RFC is
obtained, but that interference with the B-RFC (c.q. SIg(+) cells) removal occurs. Besides, the granulocytes are not adequately removed. The
interference of this rosette combination with the B-RFC might be caused
by binding of the goat anti-human Fab with the Fab portion of the
anti-D IgG on the human erythrocytes.
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Table 2.XIH: Two different techniques for obtaining monocyte-free cell suspensions,
followed by a combined E-RFC + B-RFC removal during the second cell separation step
(N = 3 buffy coats)
Characteristics

B

E

C

F

Difference
between
B/E
C/F

E-RFC %

74±3.5

-> 4 9+5.0

75+3.5

-+47.7+1.2

NSD

NSD

EAi-RFC %

4±0.5

-• 16.7±0.6

NSD

NSD

B-RFC %

->t6.210.1
11.213.6 -*43i0.6
4.210.5 -40.810.3
0.8+0.2
0.810.4

NSD

NSD

410.2

8±0.8

-> 4 2.710.2

SIg(+) cells %

5.2±0.4

-> 40.510.2

Monocytes %

0.6±0.2

0.3+0.1
NSD

Granulocytes %

12±0.5

-> 4,2.711.2

Cell yield *.**(xlO 6 )

323±29.9
6.5+2.4
(=32.3%) "* ^(=0.65%)

3.911
104136.6
(=10.4%) ""'''(=0.39%)

CFU-c/SxlO4

1.6+0.5 -»• 120.7+8.7

2.6+0.9

NSD

NSD

NSD

NSD

-• NSD
5.710.4

-» 3.911
-* NSD

NSD

I

-+tl3.7+4.2 NSD

NSD
NSD

CFY-c absolute

10,336

2,691

5,408

1,068

-

-

CFU-c ratio

1:31,250

1:2,415

1:19,230

1:3,649

-

-

CFU-c purification (x)

1

12.9

1

5.2

NSD

NSD

CFU-c yield (%)

100

26

100

19.7

-

-

t or 4 = significant difference ( p < 0.05)
NSD
= non significant difference
*
cell yield corrected to l.OOOxlO6 cells in the initial buffy coat
**
cell yield (%) = calculated from the mean values
Suspension B:
Step 1
Suspension E:

I

Step 2

Buffy coat cells after methylcellulose 2% sedimentation and subsequent carbonyl-iron incubation. Cells were carefully decanted. No
Ficoll-Isopaque centrifugation step
Buffy coat cells after carbonyl-iron incubation and Ficoll-Isopaque
(ds. 1.077 g/ml) centrifugation

Simultaneous E-RFC + B-RFC removal, using a ds. 1.072 g/ml Ficoll-Isopaque gradient
Suspension B -> C
Suspension E -> F

For that reason two other EA-rosette assays were introduced; EA2 -RFC
(using sheep red blood cells, coated with rabbit anti-sheep IgG) and
EA3-RFC (ox red blood cells, coated with rabbit antiox IgG). To investigate these two EA-rosette techniques and especially the EA 2 -RFC,
buffy coat cells of three normal donors were analysed. The results are
presented in Table 2.XV.
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Table 2.XIV: Effect of a simultaneous 'triple-rosette' elimination (N = 3 buffy coats)

Characteristics

B

64.5 ±0.3
2±1.4

E-RFC %
EA r RFC %

8±1
6.5±0.4

B-RFC%
SIg(+)cells %

l±0
19.5±0.3

Monocytes %
Granulocytes

l±0
11.5+1.4
3.5+0.3
l±0
23.5±5.3

(=100%)

4.6
(=0.46%)

730.9
(=73%)

NT

NT

NT

Difference
between
B/C

I
I

t
t
t
NSD

= significant difference (p<0.05)
= non significant difference
cell yield corrected to i,000xl0 6 cells in suspension B
cell yield (%): calculated from the mean values

NSD
*
**

Ste

71.5±0.3

18±2.4

Cell yield *.**(xlO )

t or

2±0.7
0±0
13±0.2
9±0.3
4±0.3

6

CFU-c/5xlO4

D

C

Suspension B:

Buffy coat cells after methylcellulose 2% sedimentation and subsequent carbonyl-iron incubation; cells were carefully decanted. No
Ficoll-Isopaque centrifugation step

Suspension C:

Interphase cells after a combined E-RFC + EAi-RFC + B-RFC removal from suspension B, using a ds. 1.072 g/ml Ficoll-Isopaque
gradient
Pellet cells

v
Suspension D:

Initially leucocytes were concentrated by using methylcellulose 2%
sedimentation (suspension A). It can be seen that the EA2-RFC had a
percentage of 41.1 ± 4.4, so this assay probably also detects IgG-Fcreceptors on monocytes and/or granulocytes. Another possibility is that
the rabbit anti-sheep IgG does not properly coat the SRBC, by which an
interference with the E-RFC is obtained. The EA3-RFC percentage was
24.6 ± 2.9 and therefore gives a more realistic estimate of the percentage
of IgG-Fc positive cells.
After monocyte removal (suspension B) no significant differences
were observed in the EA 2 - and EA 3 -RFC, which might indicate that
these EA-assays do not detect IgG-Fc-receptors on monocytes.
After subsequent EA2-RFC removal (suspension B) using a density
1.077 g/ml Ficoll-Isopaque gradient (suspension C), it is very interesting
to observe that contrary to a relative enrichment of E-RFC as was observed after EAi -RFC elimination, a decrease in E-RFC was found. This

Table 2.XV: Effect of sequential EA2-RFC and E-RFC + B-RFC removal on CFU-c purification (N = 3 buffy coats)
Characteristics

A

B

D

C

E

F

Difference
between
C/E B/E A/E

E-RFC %

52.3±3.8 -> T633±3.6

•* 121.6±4

67.8±0.1

2+1.2

34.3+6.7

EA2-RFC %

41.1+4.4

38.8±4.9
->• NSD

-* 49.3+2.2

39.6+5.7

410.2

12.1±2

4
4

4
4

4
4

EA3-RFC %

24.6+2.9

22.3±1.4
-* NSD

-* 48.6+1.7

15.8+3.3

5.6±O.S

9.3+1.3

NSD

4

4

B-RFC %

32±0.5

29+9.9
-*• NSD

30±7.3
->• NSD

14±3.2

4.6+0.2

33+0.2

4

4

4

SIg(+) cells %

3.8±0.3

4.5+0.6
-* NSD

-* t24±3.8

1.3+0.2

4.2+0.1

23+5.3

4

Monocytes %

13.6+4.1 -»• 10.5+0.2

0.1±0.1

0.6+0.1

010

0.1+0.1

NSD NSD
NSD

•*

NSD NSD

4

NSD

Granulocytes %

39±12.3

25.6±9.5

5.7+0.3

5-6 ±1.9

Cell yield *•**
<xlO6)

22.4+9.3
466184.6
641±76.5
(=100%) "*• i (=72.6%) "* •*• (=3.4%)

302.3±26.2
(=47.1%)

0.9+0.1
(=0.1%)

15.8+7.5
(=2.4%)

4

4
4

4
4

CFU-c/5xlO5

11.6+5.4

-* 1172+45

4+3.2

427+160

57.3126

t

t

t

CFU-c absolute

14,871

13.886

769

1.810

1:43,103

1:33,557

7,705
1:2,906

2,418

CFU-c ratio

1:125,000

1:1,170

1:8.726

CFU-c purification (x)

1

1.2

14.8

-

36.8

-

CFU-c yield (%)

100

51.8

16.2

5.1

12.1

t
-

t
-

t
-

t or 4
NSD
*
**

-*• 427.3+8.9

14.9+9.5
-» NSD
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-> 45.6±1.5

= significant difference (p <0.05)
= non significant difference
cell yield as absolute cell numbers; corrected to 100% of suspension A
cell yield (%): calculated from the mean values
Suspension A:

Buffy coat cells after methylcellulose 2% sedimentation

Suspension B:

Buffy coat cells after methylcellulose 2% sedimentation and subsequent carbonyl-iron incubation; cells were
carefully decanted. No Ficoll-Isopaque centrifugation step

Steo 1 / Suspension C:
p
\ Suspension D:
p Suspension E:
Step 2
\ Suspension F:

Interphase cells after EA2-RFC removal from suspension B, using a ds. 1.077 g/ml Ficoll-Isopaque gradient
Pellet cells
Interpbase cells after a combined E-RFC + B-RFC removal from suspension C. using a ds. 1.072 g/ml Ficoll-Isopaque gradient
Pellet cells

OO

to
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might indicate that the EA2-RFC overlaps the E-RFC-assay, or detects
IgG-Fc receptors on T-lymphocytes. Furthermore, it had to detect
IgG-Fc positive cells, because the EA3-RFC were also significantly lower
in suspension C than in suspension B. On the other hand, the percentage
of SIg(+) cells after this centrifugation step was increased to 24 ± 3.8,
while the B-RFC were not significantly different.
Since there was no significant alteration in the percentage of monocytes between suspension B and C, it could be that the B-RFC also
detects SIg on granulocytes. Therefore, it is reasonable to assume that
the fact that the B-RFC percentage was not changed from suspension B
to C, was caused by an increase in SIg(+) cells and a decrease in the
percentage of granulocytes.
Furthermore, it was interesting to observe a significant purification
of CFU-c of x 14.8, which indicates that CFU-c do not bear IgG-Fcreceptors, if measured with this EA2-RFC technique.
When the interphase cells obtained after centrifugation step 1 were
then processed for a simultaneous E-RFC + B-RFC removal (suspension
E), there was a significant decrease of mobt cell types. However, the
granulocytes were difficult to eliminate completely. An ultimate CFU-c
purification of x36.8 was reached with a CFU-c ratio of 1:1,170. However, this was achieved at the cost of a CFU-loss of 94.9% and an ultimate total cell yield of 0.1 %.

2.3.12 The effect of a two-step density gradient technique, using monocyte removal during the first step and simultaneous E- and B-RFC
elimination during the second step
From the previous experiments it is obvious that the combined removal
of E-RFC and B-RFC has a considerable impact on CFU-c purification.
Therefore, this approach was studied more thoroughly.
From the buffy coat cells of 13 donors a control leukocyte suspension
was made by methylcellulose 2% sedimentation. For the first step these
buffy coat cells were centrifuged, using a Ficoll-Isopaque density 1.077
g/ml gradient after pre-incubation with carbonyl-iron (suspension B).
Interphase cells obtained after this first step were allowed to form simultaneous rosettes, after which they were centrifuged using a density 1.072
g/ml Ficoll-Isopaque gradient. The results are given in Table 2.XVI.
After the first step, which involves removal of monocytes and granulocytes, there was an increase in E-RFC and EA3-RFC as was observed
before. The EAj-RFC were decreased, because they detect mainly the
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Table 2. XVI: Effect of a combined E-RFC + B-RFC removal during the second cell
separation step on CFU-c purification (N = 13 buffy coats)

A

Characteristics

B

D

C

Difference
between
A/C

E-RFC %

47.2±3.1 ->t65.1±3.8-*-4-9±1.4

70.9±3.3

EA,-RFC%

4.2+0.6

3.2±0.5

NSD

EA2-RFC %

44.7+3.1 ^•t61.9±3.7-*|37.5±3

59.7±2.5

NSD

EA3-RFC%

15.5±2

22.5 ±3.9

t

7.6±0.7

I
1

-^1.7±0.5 -*t3.5±1.2
19±3.5
-»• NSD

24.2±0.8
-*• NSD

17.5±2.6 -*;8.6±1.1 -»44.5±0.7

B-RFC %

SIg(+)ceUs %

3.6±0.3 -9-11.1 ±0.2
-• NSD

5.3±0.6

Monocytes %

10.2+1.2 ->4 0.4 ±0.1

0.7+0.4

5.7±0.5
l±0.2

->• N S D

Granulocytes %

43.2±3.8 ->424.6±5.5

13.3±3.8

25.6 ±4.5

•+ NSD

Cell yield *• **(xlO 6 )

1,000
(=100%)

CFU-c/5xlOs

6.2±1.1

. 450±56.3

7.7±1.4
(=0.47%)

375±37.5
(=37.5%)

-+tl6.1±3.4 -4216.8154.4 1.8 ±0.75

CFU-c absolute

12,400

14,490

3,338

1,350

CFU-c ratio

1:80,645

1:31,055

1:2,306

1:277,777

CFU-c purification (x)

1

2.5

34.9

-

CFU-c yield (%)

100

116.8

26.9

10.8

t or +
NSD
*
**

I

t
—
t
-

= significant difference (p<0.05)
= non significant difference
cell yield corrected to l.OOOxlO6 cells in suspension A
cell yield (%): calculated from the mean values
Suspension A:

Buffy coat cells after methylcellulose 2% sedimentation

Step 1 -*• Suspension B:

Interphase cells after carbonyl-iron incubation and subsequent FicollIsopaque (ds. 1.077 g/ml) centrifugation of suspension A cells

. Suspension C
Step 2 .
Suspension D:

Interphase cells after a combined removal of E-RFC + B-RFC from
suspension B, using a ds. 1.072 g/ml Ficoll-Isopaque gradient
Pellet cells

IgG-Fc receptors on monocytes and furthermore an expected decrease
also occurred in the B-RFC.
The CFU-c purification increased by a factor x2.5. After subsequent
combined E-RFC and B-RFC removal in step two, an ultimate CFU-c
purification of x 34.9 was found, with a final cell yield of 0.47%.
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When suspension A was compared to the final suspension C, a significant
decrease in T-lymphocytes, B-RFC, monocytes and granulocytes was observed, while no significant difference was found for the EA,-RFC and
EA2-RFC, and an increase in EA3-RFC.
The CFU-c purification which was ultimately reached is comparable
with the normal CFU-c content of human bone marrow, with a CFU-c
ratio of 1:2,306. However, this purification could only be achieved by
accepting a CFU-c loss of 73.1 %.
2.3.13 The effect of a two-step density gradient technique, using monocyte removal during the first step and simultaneous E-, B- and
EA2 -RFC elimination during the second step
From previous experiments it was clear that a combined triple rosette
elimination, using E-, EA!- and B-RFC, induced an interference with the
B-PFC removal.
Our final approach was to accomplish a triple rosette combination,
using E-RFC + EA2-RFC + B-RFC during the second separation step,
while the monocytes and granulocytes were mainly removed during the
first step. It was to be expected that the remaining IgG-Fc positive cells
in the final suspension, when E-RFC + B-RFC were used only (see
section 2.3.12), could be eliminated by adding the EA2-rosette separation. Since the EA2-indicator cell is a SRBC coated with rabbit antisheep IgG, no interference with the B-RFC was expected. For this final
experiment the buffy coat cells of 10 normal donors were used and processed as follows.
A control suspension A was obtained after leucocyte concentration
using methylcellulose 2% sedimentation. The first step involved FicollIsopaque density 1.077 g/ml centrifugation after pre-incubation with
carbonyl-iron. The interphase cells obtained after the first step were then
allowed to form simultaneous E-RFC + B-RFC + EA2-RFC rosettes.
Thereafter they were centrifuged on a Ficoll-Isopaque density 1.072 g/ml
gradient. The results are presented in Table 2.XVII. The alterations
observed in suspension B are well known from the previous experiments.
After the triple rosette elimination it can be seen from suspension C
that there is an overall decrease in every cell type. The ultimate cell yield
is 0.26%. The CFU-c purification is x48.4, with a CFU-c ratio of 1:2,515.
The ultimate CFU-c loss is 87.3%.
In conclusion, applying the above-mentioned technique it is feasible
to obtain a null cell suspension which is highly purified for CFU-c, by
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using two density gradient separation steps and combined rosette elimination.
Table 2.XVII: Effect of a combined E-RFC + EA2-RFC + B-RFC removal during the
second cell separation step on CFU-c purification (N = 10 buffy coats)

Characteristics

E-RFC %
EA2-RFC %
EA3-RFC %

B

A

C

56.3±1.2 -*-t69.1±3.5 -*47.11il.8
45.3±2.8 ->t56.7+2.5 ->4-12.3±2.8
19.3±2
18.1±2.9 -> 19.9+1.5

D

15+3.3

1
I
I
I

67.8+3.9
49.8+2.6

-> NSD
B-RFC %

13.7±1.7 -•J.7.710.8 -•4,4.210.5

10.912.1

SIg(+) cells %

5.410.3

710.5

Monocytes %

10.6±1.7 -s-10.610.1

0.5+0.2
-* NSD

1.5+0.2

-44.5+2.3

30.6+4.5

3.5±0.5 -41.2+0.3
-•

Granulocytes %

35±2.7

Cell yield *>**(xlO 6 )

1,000
(=100%)

CFU-c/5xl0 s

4.1±0.8

Difference
between
A/C

NSD

-+J26+2.3

2.610.2
470+45.3
~)4(=0.26%)

367140.5
(=36.7%)

->tl6.7±0.3 ->tl98.8l30.2 2.810.8

CFU-c absolute

8,200

15,698

1,045

2,055

CFU-c ratio

1:121,951

1:29,940

1:2,515

1:178,571

CFU-c purification (x)

1

48.4

-

CFU-c yield (%)

100

4
191

12.7

25

t
t
-

t or •!• = significant difference (p <0.05)
NSD
= non significant difference
*
cell yield corrected to 1,000x10* cells in suspension A
**
cell yield (%): calculated from the mean values

Step 1

Suspension A:

Buffy coat cells after methyIcellulose 2% sedimentation

Suspension B:

Interphase cells after carbonyl-iron incubation and subsequent FicollIsopaque (ds. 1.077 g/ml) centrifugation of suspension A cells

, Suspension C:

Interphase cells after a combined E-RFC + B-RFC + EA2-RFC removal from suspension B, using a ds. 1.072 g/ml Ficoll-Isopaque gradient
Pellet cells

Step 2
' Suspension D:
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2.4 CONCLUSIONS AND DISCUSSION
Conclusions:
1) In human blood, 1,165 (± 80.6) x 106 leucocytes containing 500
(± 32) x 106 MNC were present in buffy coats obtained from 440 ml.
In these leucocyte suspensions the CFU-c content per 5 x 105 cells
plated was 10.4 ± 1.9, which correlated with a mean absolute CFU-c
concentration of 20,800 per 1,000 x 106 leucocytes.
After Ficoll-Isopaque (ds. 1.077 g/ml) gradient centrifugation, the
CFU-c concentration was 26.1 ± 10.3 per 5 x 10s MNC plated.
2) Linear density gradient centrifugation of MNC demonstrated that
cells were still present in the high density region, which were mainly
T-lymphocytes. The latter showed a density distribution throughout
the whole density region from 1.055 to 1.095 g/ml. On the other
hand, the B-lymphocytes, monocytes and CFU-c were mainly distributed in the light density region. Linear density gradient centrifugation of MNC after monocyte removal with carbonyl-iron revealed
a shift of the mean density to a higher value. This was caused by an
increase in the cell density of B-lymphocytes and non-removed
monocytes.
3) None of the used rosette sedimentation techniques allowed absolute
elimination of the cells under study. By lowering the Ficoll-Isopaque
density to 1.072 g/ml, the percentage of non-eliminated monocytes,
B-lymphocytes and T-lymphocytes was somewhat lower, which resulted in a higher CFU-c purification.
4) CFU-c did not adhere to nylon-wool columns, neither did they bear
F c receptors for IgG, as studied with various EA-rosette techniques.
It seemed that the EA^RFC assay was more sensitive to Fc-IgGreceptors on monocytes. The results with the M-RFC were not conclusive in terms of presence of this receptor on CFU-c.
5) The rosette technique for B-lymphocytes (B-RFC) proved to be reproducible and did not only eliminate the majority of B-lymphocytes,
but also most monocytes and granulocytes. However, the B-RFC displayed reciprocal interaction with the EAj-RFC, which means that
the EA,-RFC technique probably detects a B-lymphocyte subpopulation.
6) The "triple" rosette technique (E- + E A r + B-RFC), developed in
an attempt to reduce the total number of Ficoll-Isopaque gradient
steps, resulted in an interaction with the B-RFC and prevented its
sedimentation.
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7) The method to remove monocytes by using methylcellulose 2%
sedimentation combined with carbonyl-iron pre-incubation and
avoidance of a Ficoll-Isopaque gradient separation step, resulted in
a higher cell yield as well as in a higher residual percentage of granulocytes.
8) The EA2 -RBC technique proved to be more specific for IgG-Fcreceptors on B-lymphocytes, but also had an overlap with T-lymphocytes.
9) By various "trial and error" separation techniques, the final approach,
comprising monocyte removal during the first step and a combined
removal of B-lymphocytes, T-lymphocytes and IgG-Fc bearing cells
(EA2 -RFC-technique), resulted in a CFU-c purification of x48.4.
This implied an increase in CFU-c ratio from 1:121,951 (starting
buffy coat suspension) to 1:2,515 (null cell suspension). However,
the final cell yield was only 0.26% and the ultimate CFU-c loss was
high: 87.3% !
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The various CFU-c entities and cell yields obtained from the most illustrative cell separation procedures are summarized in Table 2.XVIII.
Table 2.XVIII: Summary of all cell separation experiments
Total
of cell
sepaiation
steps

Total
ofFicollIsopaque
steps

TypeofMNC
eliminated
(or concentrated*)

Cell
yield
%

CFU-c/MNC CFU-c
ratio
loss %

Purification
factor

1 Monocytes
(2)

2 T-lymphocytes

2.3

1:6,097

81.4

x7.8

1.5

1:3,320

67.6

x7.9

2.1

1:9,090

76.9

xll

0.6

1:2,415

74.0

xl2.9

0.4

1:2,306

73.1

x34.9

0.1

1:1,170

94.9

x36.8

0.26

1:2,515

87.3

x48.4

1 "MNC-concentrated*
from buffy coat"
(2)

2 Monocytes +Blymphocytes with
nylon-wool
3 T-lymphocytes

(2)(

1 Monocytes
2

B-lymphocytes
T-lymphocytes
IgG-Fc bearing
cells (EAi-RFC)

1 Monocytes
2

B-lymphocytes
T-lymphocytes

1 Monocytes
(2)

2

B-lymphocytes
T-lymphocytes

1 Monocytes
* 2 B-lymphocytes
(2).
T-lymphocytes
3 IgG-Fc bearing
cells (EA2-RFC)
(2)^

1 Monocytes
2 B-lymphocytes
T-lymphocytes
IgG-Fc bearing
cells (EA2-RFC)

90
Discussion:
In this study a rapid technique for the separation of the nucleated cells
in human blood on the basis of altered cell density in order to obtain an
enriched CFU-c fraction is described.
The separation of lymphocyte suspensions on the basis of differences
in density must fulfil particular requirements as regards the material to
be used for the preparation of the gradients. The material must be dense
enough to produce gradients covering the normal lymphocyte density
range (1.055 - 1.095 g/ml). Besides, the material must allow generation
of gradients which are iso-osmotic and have a constant pH throughout
the gradient. Moreover, the material must not influence the cells with
respect to aggregation, density or viability, nor should it be antigeneic.
Its viscosity should be low in order to allow short centrifugation times.
Finally, the gradients should give high cell yields and reproducible patterns.
Several materials have been used for the generation of density gradients, continuous as well as discontinuous (63, 64). It was found that
the relation between concentration and osmolarity of polyethylene
glycol was non-linear. Moreover, a solution with the required density
of 1.090 g/ml far exceeded the osmolarity of 290 mOsm (64). Gumacacia also showed a non-linear relation between concentration and osmolarity. Although this compound is dense enough, its viscosity was
too high.
When Isopaque is mixed with an isotonic salt solution, a linear density
gradient ranging from 1.000 to 1.063 g/ml and isotonic with human
serum (290 mOsm) is obtained. However, this density region is too low
for the separation of lymphocyte subsets.
Owing to its high water-binding capacity, Ficoll shows an exponential
increase in osmolarity with increasing concentrations. With Ficoll only it
is not possible to obtain a linear density gradient wKh a constant osmolarity. However, an iso-osmotic gradient with low viscosity and a
constant pH of 7.4 throughout the gradient, can be made by mixing
Ficoll, Isopaque, Tris-HCl (0.175 M, pH 7.4 at 4°C) and a Krebs-RingerTris solution (= 125 mM NaCl, 5 mM KC1, 1.2 mM MgSO4, 35 mM Tris,
1 mM Na phosphate (pH 7.4 at 4°C)), which has a linear increase in
density (64). This method is reproducible and has no effect on the in
vitro proliferative capacity of lymphocytes and MLC-tests, while it is
non-toxic and non-stimulatory. However, rebanding experiments demonstrated that, to a small extent, Ficoll (-Isopaque) was either ingested by
or adhered to the cells, causing an increase in cell density (64).
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The Gaussian distribution profile after rebanding experiments showed
a skewness which indicates that some, but not all cells, increase in density. Similar changes have been reported for mouse lymphoid cells on
albumin gradients (81).
In linear density gradients equilibrium is reached within 30 min of
centrifugation at 20°C, using 400 g. However, the density of monocytes increases continuously during density centrifugation (62). Cellular overload, which causes interphase impedence, is observed if the
number of cells is not restricted to < 8 x 10 6 /cm 2 . Furthermore, the refractive index of each sampled fraction is not influenced if the cell content is approximately 107 per fraction (62).
Using (linear) Ficoll-Isopaque density gradients for the separation of
human MNC we found a mean cell yield of 56 ± 3.4%.
Other investigators, using a variety of density gradient systems for
leucocyte separation, have reported recoveries of 50-90% (29, 33, 59,
67, 79, 81, 89, 104, 107). The linear density distribution profiles of
the different MNC subpopulations showed Gaussian curves with single
peaks. Although in several other studies it was not specifically reported,
inspection of the density distribution curves also suggested Gaussian
characteristics of density profiles (27, 29, 46, 59, 68, 99, 110).
The distribution of all MNC was found in the density range 1.055 1.095 g/ml with a peak at 1.071 g/ml, which correlates well with the
value of 1.072 found by Loos and Roos (64) and 1.074, described by
Huber et al. (47).
The distribution of B- and T-lymphocytes showed two different peak
densities, but with a substantial overlap. The B-lymphocytes were found
in the light density region, as was described earlier by Huber (47),
Yu (107), Zier (108) and Zipursky (109). The monocytes were also found
in the light density region, confirming the results of other investigators
(62, 64).
As far as CFU-c's are concerned, most density distribution studies
have been done with human bone marrow, where the CFU-c are found in
the light density region from 1.055 to 1.070 with a peak around 1.060
g/ml (45, 50, 67). The CFU-c obtained from the peak density fraction
also showed the largest colonies when cultured in vitro (45).
From our study it became clear that in human peripheral blood the
CFU-c are also situated in the light density region. In contrast to a shift
in density for B-cells and non-removed monocytes after carbonyl-iron
pretreatment, no such alteration was observed for the CFU-c.
From these density distribution profiles it was clear that with density
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separation no absolute separation of CFU-c could be obtained owing to a
substantial overlap with B-lymphocytes, T-lymphocytes and monocytes.
Therefore, CFU-c could only be purified by negative selection, e.g.
removal of unwanted MNC.
Various authors have described multi-step approaches to obtain null
cell suspension, enriched for CFU-c. Richman and Chess (82) were the
first who presented evidence that the number of CFU-c is increased in a
suspension of null lymphocytes obtained from human peripheral blood
by Ficoll-Isopaque density gradient centrifugation, followed by sequential Sephadex G-200 anti-Fab column chromatography and E-rosette
depletion. Not only the CFU-c were found in the null cell fraction, but
also the red cell precursor BFU-e (22, 71).
Since then, several investigators confirmed this observation and
worked out more details about the null cells and their CFU-c content.
The most important experiments are summarized in Table 2.XIX. Most
Table 2.XIX: Characterization of null cell suspensions

I

Authors

Ref.

ERFC%

MacDermott
etal. 1975

65

<8

Chess et al.
1974,1976, 1977

16
17,18

&hl etal. 1977

EARFC%

EACRFC%

<1

9

60-80

r

9

9

4

2

9

30-60

2

9

1

72

24

0.8

7

13

9

4
297/lxlO s
(range 80-615)

Richman
etal. 1978

83

<10

2

?

50

2

26/2xl0 s

Klein etal. 1978

58

8

18

20

9

Breardetal. 1978

13

< 5

?

60

9

Zwaan, 1980

this
thesis

7.1

cells

9

<2

1.2

9.9

20
(see
chapter
III)

Monocytes

0.5

Cell
yield

CFU-c

9

9

26/2xl0

10
s

198.8/5xlO

< 10
s

0.26

investigators used multi-step cell separation techniques, which mostly
implied removal of Brlymphocytes (and monocytes) by rabbit antihuman-Fab immuno-absorbent column chromatography, E-rosette
depletion to remove T-cells using Ficoll-Isopaque gradients, and/or
nylon-wool adherence to remove phagocytic cells. Mostly 3-5 cell separation steps were used to obtain null cells.
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With our method, described in this chapter, a null cell suspension
highly enriched for CFU-c could be obtained very rapidly. The cell
characteristics are comparable to those observed by others (see Table
2.XIX). Our study also confirms the observation that CFU-c do not
adhere to nylon-wool and do not bear IgG-Fc receptors on their cell
surfaces.
Furthermore, it was found by Richman et al. (83) that CFU-c do not
bear complement receptors, but require the presence of peripheral
blood mononuclear cell feeder-layers for maximal CFU-c proliferation.
If cultured in vitro using conditioned medium, no cell growth was
observed.
A similar observation was done when null cell suspensions were cultured for BFU-e. In the presence of erythropoetin only, no BFU-e
growth was observed; however, if T-lymphocytes were added or conditioned medium obtained from stimulated T-cells, then approximately
80 BFU-e per 1 x 10 s null cells were found (71).
The most obvious disadvantage of our technique to purify peripheral
blood CFU-c, is the tremendous cell loss. Therefore, instead of a negative
selection procedure, a positive selection of CFU-c using a specific antigen(s) on the CFU-c cell membrane, might be a better approach. One
such an antigen could be the P23.30, which is present on 20% of the
null cells (87).
Recent experiments indicate that the functional activity of myeloid
precursors (CFU-c) can be inhibited by hetero-antisera to the B-cell
antigen P23.30, in the presence of complement (23, 103). More direct
evidence comes from the observation that CFU-c can be separated as
anti-P23.30 positive cells by means of the fluorescence activated cell
sorter (37). However, with such an experiment it should be remembered
that the P23.30 antigen is also present on most of the B-cells, some
monocytes and some T-cells.
The null cell suspension obtained by our two-step cell separation
technique can be used for immunological studies and experiments in
which the haemopoietic precursor cells are to be studied more precisely.
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Chapter 3
PURIFIED CFU-C SUSPENSIONS OBTAINED FROM HUMAN
PERIPHERAL BLOOD; SEVERAL "IN VITRO" CHARACTERISTICS

3.1 INTRODUCTION

Circulating haemopoietic stem cells undoubtedly play a role in the regeneration of the bone marrow after local damage (27, 44). However,
little is known about the properties and physiologic importance of circulating stem cells and about the control of their appearance in and
disappearance from the circulation (70).
In the mouse, circulating stem cells differ from bone marrow stem
cells with regard to several properties (25). These differences might be
interpreted as the result of each haemopoietic compartment having its
own type of stem cell, developing under the influence of micro-environment characteristics of each compartment. This assumption however,
fails to explain why circulating stem cells which, according to present
knowledge, mainly develop in and migrate out of the bone marrow (22,
50), should differ from bone marrow stem cells.
Recent investigations suggest that bone marrow stem cells might be a
heterogeneous population (24, 64). Stem cell fractions of various densities can be isolated by cell fractionation methods, which fractions are
different in regard to cell renewal capacity and turnover rate. Another
explanation, apart from acquired changes in the stem cell in the peripheral blood, could be that migration from the bone marrow into the
peripheral blood occurs selectively and not at random (25).
The present experiments were designed to investigate some properties
of CFU-c circulating in the peripheral blood of man. The cell suspensions
studied were enriched for CFU-c and depleted for monocytes, T- and Blymphocytes. CFU-c properties such as radiosensitivity and the fraction
of the population in S-phase of the cell cycle were studied. These properties were chosen since they have been extensively studied and are well
known for bone marrow CFU-c.
Furthermore, the CFU-c-enriched null cell suspensions were analysed for
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their cytological aspects, cell volume distribution and immunologic
capacities such as lymphocyte transformation and mixed lymphocyte
culture.

3.2 MATERIALS AND METHODS

3.2.1 Cytochemical staining techniques of cytocentrifuge smears
For preparation of cytocentrifuge smears, the cell concentration of the
samples was adjusted so that a monolayer of cells was obtained on the
glass microscopic slides. Cell smears were processed for May-GriinwaldGiemsa and cytochemistry (Sudan Black B, periodic acid schiff (PAS)),
using standard techniques as described by Dacie and Lewis (15). The
non-specific esterase reactions were performed according to Loffler (40)
for a-naphtyl-acetate-esterase and Ornstein et al. (61) for ot-naphtylbuty rate-esterase.

3.2.2 Lymphocyte transformation tests and mixed lymphocyte culture
Lymphocyte transformation tests (LTT)

I

0.1 ml aliquots of the cell suspension under study (3 x 106 MNC/ml)
were mixed with 0.1 ml of diluted mitogen in flat-bottomed microculture plates and cultured for two days at 37°C in a humidified 5% CO2
atmosphere.
Cultures were pulse-labelled with 2 juCi 3H-TdR (specific activity:
2 Ci/mmol, the Radiochemical Centre, Amersham, England) in 50 fil
medium (RPMI-1640, Gibco) and harvested onto glass fibre filters.
Incorporated 3H-TdR was measured in a liquid scintillation counter.
Each test was performed in triplicate, and in a few cases cultures in
duplicate. Phytohaemagglutinin (PHA, Burroughs, Wellcome, London,
England) was used as a mitogen in a final dilution of 1:400.
In some of the LTT experiments monocytes were added to the null
cell suspensions. These monocytes were isolated by adherence to plastic
petri dishes and removed by exposure to lidocaine as described by
Rinehart (63). The monocytes were added to the null cell suspensions in
a ratio of 1:80. The difference in c.p.m. (counts per minute) between test
and control cultures represents the net response of the cells to mitogenic
stimulation. Results were calculated as mean c.p.m. ± 1 standard error of
the mean.
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Mixed lymphocyte culture (MLC)
0.1 ml aliquots of responder cells at a concentration of 4 x 10s cells/ml
were mixed in round-bottomed plates with 0.05 ml (2 x 106 MNC/ml) of
2,000 Rad irradiated stimulator cells, obtained from single donors
(X, Y, or Z) or a lymphocyte pool (containing cells from at least three
different donors). The medium used was RPMI-1640 (Gibco) supplemented with 20% (complement-inactivated) AB-serum. In control cultures, lymphocytes were cultured in the presence of irradiated autologous
cells. All cultures were performed in triplicate. The cells were cultured
for four days and further processed as described for the LTT.
3.2.3 Determination of the turnover rate of CFU-c with the 3-H-thymidine suicide technique
To determine the proliferative rate of CFU-c the tritiated thymidine
suicide technique as described by Iscove et al. (30), with minor modifications, was used.
One ml of the cell suspension containing 0.5 x 106 MNC was incubated with 1 ml of serum-free culture medium (RPMI-1640) containing
12.5 juCi of 3H-TdR (methyl-3H-thymidine, specific activity 24 Ci/mmol;
The Radiochemical Centre, Amersham, England) at 37°C for one hour
and occasionally mixed. Incubations of cell suspensions in a serum-free
culture medium containing 12.5 juCi of 3H-TdR and 100 /ug of nonradioactive thymidine and of cell suspensions in similar medium without
both radioactive and non-radioactive thymidine were performed in
parallel as control experiments.
At the end of the incubation period, 5 ml of cold culture medium
containing 10% fetal calf serum (FCS) and 100 jug/ml non-radioactive
thymidine was added to stop the incorporation of 3H-TdR into the cells.
Following sedimentation by centrifugation, the cells were washed twice
with 3 ml medium containing non-radioactive thymidine (10^g/ml) and
10% FCS. The washed cells were resuspended in 1 ml of culture medium
+ 10% FCS and further processed for CFU-c culture according to the
technique described in section 2.1.17.
In our study three more control cell suspensions were included:
1) Cells in serum-free culture medium, containing 100 jug of non-radioactive thymidine, which were further processed as described above, and
2) Cells in serum-free culture medium, which were washed with RPMI1640 medium plus 10% FCS to control for the effect of non-radioactive thymidine addition.
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3) Cells in serum-free culture medium, which were not incubated but
processed for CFU-c culture immediately to control for the incubation effect.
The percentage of CFU-c kill (= % of CFU-c in S-phase) was determined
as follows:
control—3H-TdR exposed ,
, , mean CFU-c counts
.nnn*
;—; where control =
=
100%.
?
control
5
3.2.4 Determination of CFU-c radiosensitivity (Do-value)
Radiosensitivity was determined by the fractional survival of in vitro
irradiated CFU-c. For that purpose 0.2 ml of the MNC-suspension (1 x
106 MNC in 1 ml icecold medium to avoid hypoxia) in plastic tubes (12
x 75 mm, Falcon 2058, Falcon Plastics, Oxnard, California, U.S.A.) were
irradiated with various doses of 6 ° cobalt gamma-rays in a homogeneous
field at room temperature.
The irradiation was performed with a 240 kV X-ray machine, 15 mA
tube current, HVL of 3.1 mm Cu; exposure dose rate of 600 Rad/min.
The unirradiated control suspensions were kept at room temperature for
periods equal to the time periods required for irradiation. The control and
irradiated cell suspensions were then processed for CFU-c culture, according to the technique described in section 2.1.17.
The CFU-c counts from irradiated samples were expressed as a percentage of the number of colonies counted from the cultured non-irradiated
cell suspensions. The characteristic response of tissue culture cells exposed
to graded doses of X-radiation is termed a survival curve. An initial
"shoulder" oi region of low slope is seen, followed by a more rapid
decrease of the surviving fraction which is exponential within experimental error. Although many mathematical relationships have been used to
fit such survival curves, one is as follows:
S=l _(1 _ e - k D ) n
where S is the surviving fraction; D, dose in Rads; k, slope of the exponential part of the curve; n, extrapolation number.
The value of n is obtained by extrapolating the exponential part of the
curve to its intersection with the ordinate. The reciprocal of k, the D 3 7
or Do value, represents the dose necessary to reduce the surviving fraction S by a factor of 0.37 on the exponential part of the curve. These
parameters are used to characterize and to compare the response in different cell systems.
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Although all mammalian cells in tissue culture show, in general, the
same curve, individual variations can be marked. Also the equation given
must not be construed to indicate other than a satisfactory fit of the
experimental data shown.
The shoulder on the curve is usually taken to indicate that damage
must be accumulated before a cell can be lethally affected. However, the
exponential nature of the curve indicates that, in principle, there is a
probability of some cells remaining viable even after relatively high doses.
Perhaps most important, the curve indicates the proiiferative capacity of
the individual cells. Since the cultures are scored several days after
plating, the colonies indicate only those cells capable of continued and
sustained growth. The "surviving" fraction does not include cells that
cannot divide, cells that can divide only once or twice, or the remains of
cells that are actually dead.

3.2.5 Cell volume analysis
Cell volumes were determined electronically by pulse-height analysis,
using an electronic cell counter (Coulter counter®, model F, Coulter
Electronics, Harpenden, Hertfordshire, England) in combination with
a 64-channel pulse-height analyser (Coulter®, model P64) and an X-Y
plotter.
The coulter counter, with a 100 mju aperture tube, was adjusted
to a count range of 512, while optimal conditions for volume analyses
were the attenuator at 1, the transducer aperture at 16, and the threshold
at 16. A second volume distribution profile was made from each sample,
using an attenuation of 0.7 and an aperture of 32.
The volume distribution analysis was preceded by calibration of the
multi-channel analyser and coulter counter, using human red blood cells
of a known mean corpuscular volume (MCV). The cell sample under
study (20 Ml cells; 10 x 106 cells/ml) was diluted in 10 ml coulter Isoton®,
so that the cell density was 0.2 x 106 cells/10 ml Isoton®. Red blood
cells were previously removed from the test sample by isotonic lysis and
not by saponin because this agent causes shrinkage of leucocytes (57, 75).
The fraction of cells, which corresponded with a certain volume (=
channel), is expressed as a percentage of the peak value. The lymphocytes
showed a single distribution curve, from which the peak (= modal)
volume could be read by eye.
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3.2.6 Statistical methods
Differences in experimental results were analysed with the Student's
t-test for paired observations, and with a non-parametric Rank-test
(Wilcoxon Mann Whitney). Results of experiments in which counts/
min. (3H-TdR) were involved, were analysed using the signed Rank-test
(Wilcoxon one-sample test). Radiation survival parameters were obtained
by least-squares linear regression analysis. All values are given as the arithmetical mean ± s.e.m. P-values less than 0.05 were considered as
significant.

3.3 RESULTS
3.3.1 Cytological aspects of "CFU-c purified" null cell suspensions
In the May-Griinwald-Giemsa staining, the lymphocytes revealed round
nuclei with condensated chromatin and a rather abundant cytoplasm.
The majority of the lymphocytes had a blue-grey cytoplasm with no
granulation or vacuoles. Compared to a rarely present eosinophil, the
lymphocytes were rather large, with an estimated diameter of 12-15 mju.
Two distinct populations were possibly present; a large lymphocyte
with blue cytoplasm and a fragile chromatin structure (minority) and
lymphocytes with blue-grey cytoplasm with a more condensated chromatin structure.
The null lymphocytes were negative in the peroxidase and PASstaining, while in the latter not even a tinge was present. The acid phosphatase staining revealed the presence of 5-7% T-lymphocytes by dense
unipolar localised dot-like positivity, which was also observed in the
a-naphtyl-esterase staining. In the latter staining, some cells revealed
a scattered granular positivity, which is in accordance with their B-lymphocyte nature. The a-naphtyl-butyrate-esterase staining revealed no
positivity whatsoever.
With these used staining techniques no specific feature of null lymphocytes could be demonstrated.
3.3.2 Null cells: their capacity to respond to PHA; and MLC reactivity
In this experiment null cell suspensions were studied with respect to their
proliferative response to PHA, and compared to unseparated MNC- and
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T- plus B-lymphocyte suspensions. The latter cell suspension was obtained from the pellet after the second cell separation step, as described
in section 2.3.13.
Null cell suspensions obtained from 6 healthy volunteers were studied;
the characteristics of these suspensions are summarized in Table 3.1. As
can be seen, the percentage of C3-bearing lymphocytes was also determined with the EAC-RFC technique*.
Table 3.1: In vitro characteristics of the 'null cell1 suspensions,
used for MLC-tests and PHA-stimulation (N=6)
E-RFC %
EAt-RFC%
EA3-RFC%
EAC-RFC%
B-RFC %
SIg(+) cells %
Monocytes %
Granulocytes %
CFU-c/5xlO4

•
.

4.7± 1.1
5.1±2.4
16.9±7.4
14.4+2.2
2.5±0.6
1.2±0.2
0.1±0.1
3.5± 1.0
15.7±3.1

(All values as mean % ± 1 standard error (s.e.m.))

From 6 individuals, triplicate counts per experiment were pooled and
expressed as mean counts per min. (± s.e.m.). The results are presented
in Fig. 3.1. The "control" MNC suspension yielded a count of 30,352
(± 3,772), which is significantly higher than the counts obtained for both
the null cell and null cell plus monocyte suspensions (p < 0.05). No difference (p = 0.3) was found between the null cells and null cells plus
monocytes. This mixing experiment was done because PHA-responding
cells are supposed only to give maximal response in the presence of
monocytes. This was confirmed by the fact that the mean counts for
T- plus B-lymphocytes (monocyte depleted) were lower (p < 0.05) than
those obtained from the control MNC suspension. However, it should be
noted that some monocytes were still present in the T- plus B-lymphocyte
cell suspension as well as in the null cell suspensions.
It can be concluded that the CFU-c enriched null cell suspensions have
a low reactivity to PHA, which is, according to some investigators, one
of the parameters for acute GVHD initiating cells (2, 16).
Next the capacity of null cell suspensions to respond and stimulate in
•Using the EA2 -RFC technique with addition of mouse-complement (1:5 diluted).

107
Fig. 3.1: Proliferative response to phytohaemagglutinin (PHA) stimulation of various peripheral
blood mononuclear cell suspensions.
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) Null cells + monocytes
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Counts per min. (x 10 3 ) expressed as the mean (± s.e.m.) of pooled triplicate experiments from
6 individuals.

the MLC reaction was investigated. In this experiment three different ceil
suspensions from each of 6 blood donors were used: null cells, T- plus
B-lymphocytes, and a "control" MNC suspension. All the triplicate or
duplicate counts obtained from stimulation of or response to single
individuals (X, Y, Z) or cell pools were taken together and expressed as
mean counts per min. (± s.e.m.). The results are presented in Fig. 3.2.
For the three cell suspensions studied, no differences in the response
capacity in the MLC were observed. However, the capacity to stimulate
in the MLC for null cells was found to be very high: 21,821 (± 7,205)
counts/min., which is significantly higher than the counts obtained for Tplus B-lymphocytes (p < 0.05) or the "control" MNC suspensions (p <
0.05). No differences were found between the T- plus B-lymphocytes
and the "control" MNC suspensions with regard to their capacity to
stimulate in the MLC.
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Fig. 3.2: Response and stimulatory capacity in the mixed lymphocyte culture (MLC)-test of
various peripheral blood mononuclear cell suspensions.
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Counts per min. (x 10 3 ) expressed as the mean (± s.e.m.) of pooled triplicate experiments from
6 individuals. Stimulation/response to single individuals and cell pools (from at least 3 individuals).

To investigate this high stimulating capacity of null cells in more detail
two experiments were performed. First it was of interest to know if
this high stimulating capacity was bound to a threshold effect. Therefore,
null cells and "control" MNC from two individuals were tested against
a third party. The number of responding cells was kept constant (40 x
103 per well), whereas the number of stimulator cells varied from 1.25
to 160 x 10 3 . The results are presented in Fig. 3.3.
It is obvious that the "control" MNC suspensions showed a threshold
up to 10 x 103 stimulator cells, after whic/i an exponential increase in
counts was observed (Y = — 17,863 + 17,643 log X). Null cell suspensions,
however, showed an immediate stimulating effect starting at 1.25 x 103
cells and a plateau at 80 x 103 cells. The regression of concentration of
null cells against counts/min. was calculated to be Y = 394 + 16,289 log X.
The slope of this line was not statistically different from the line for
control MNC (calculated for additions of 10 x 103 or more). From the
difference in intercepts it was clear that for comparable numbers of
stimulator cells the counts for null cells did have a constant higher value
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Fig. 3.3: Dose-response curves of the stimulatory capacity of null cells and "control" mononuclear cells in the mixed lymphocyte culture (MLC)-test.
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Counts permin. (x 10 3 ) of responding cells from two individuals are expressed as the mean
(± s.e.m.). Respouder cell numbers were kept constant (40 x 103 per well), while stimulator
cells (* = irradiated) from one individual (•
• = null cells; A
A = control mononudear
cells; o
o = background) were increased from 1.25 to 160 x 103 per well.

than for "control" MNC suspensions (p < 0.05). Therefore, for the range
studied, (1,25 to 80 x 103 "null" stimulator cells) no threshold effect
was observed.
The second experiment was done to find out if the high stimulatory
capacity of null cells in the MLC could be caused by elimination of inhibiting cells ( « suppressor cells) during the cell separation procedure.
For that purpose 40 x 103 irradiated null cells from one donor were
allowed to stimulate 40 x 103 MNC of both individual X and Y, while
an increasing number of T-lymphocytes were added. These T-lymphocytes were obtained from the pellet after E-RFC sedimentation and were
from the same individual from whom the stimulating null cells were
obtained. All experiments were performed in triplicate and the mean
value for individual X plus Y is graphically represented in Fig. 3.4.
The mean counts, plotted against the number of T-cells added,
showed a rather horizontal course (regression equation Y = 17.08 +

no
Fig. 3.4: The effect of T-lymphocyte addition to the stimulatory capacity of null cells in the
mixed lymphocyte culture (MLC)-test.

0 *

added T cells* (x 103 )
Counts per min. (x 10 3 ) of responding cells from two individuals are expressed as mean values.
Responder cell and irradiated stimulator null cell numbers were kept constant (40 x 103 per well),
while added T-cells (* = irradiated) from the "null cell" donor [A
A = responder cells + (stimulatory null cells + added T-cells), x
x = responder cells + (added T-cells], were increased
from 0 to 40 x 10 3 per well.

0.0514X). If a suppressor cell effect should be present, a rather steep
negative slope should have been found. However, the slope of 0.0514 is
not significantly different from 0, when tested with the 95% confidence
limit. When increasing numbers of isolated T-lymphocytes, in the absence of null cells, were mixed with a fixed number (40 x 10 3 ) of
responder cells, a dose-related increase in responding capacity was observed (Y = 0.1985 + 0.2376X, r = 0.99), meaning that isolated lymphocytes, to some extent, are capable to stimulate in the MLC-reaction.
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3.3.3 Determination of the turnover rate of CFU-c with the 3H-thymidine suicide technique
Drew and Painter demonstrated that cells exposed to high activities of
3
H-TdR during DNA-synthesis, may undergo a loss of colony-forming
ability, owing to the lethal effect of the incorporated thymidine (19).
The CFU-c survival fraction after the 3H-thymidine suicide is an
of the number of CFU-c in S-phase of the mitotic cycle. With this technique the CFU-c present in null cell suspensions of eight healthy adults
were evaluated. The null cells were obtained by the technique described
in section 2.3.12. In addition, the proliferative state of CFU-c in peripheral blood and bone marrow was compared by studying the fractional
survival of bone marrow CFU-c from four healthy donors. For logistical
reasons it was not possible to obtain bone marrow and peripheral blood
suspensions from the same donors. To make the bone marrow and peripheral blood null cell suspensions mutually comparable, mononuclear
bone marrow cells were cultured after Ficoll-Isopaque (ds. 1.077 g/ml)
gradient centrifugation. By this procedure the majority of mature myeloid cells, which have an established inhibitory effect on CFU-c growth
in vitro (4, 7, 8), were removed. Furthermore, we were interested to see
if additional removal of monocytes from the bone marrow mononuclear
cell suspension would alter the fraction of surviving CFU-c.
The results of this experiment are presented in Fig. 3.5. For bone
marrow A (marrow cells obtained from the interphase after Ficoll-Isopaque, ds. 1.077 g/ml, centrifugation) 52.1 ± 6.5 CFU-c per 2 x 104 cells
plated were found. For bone marrow B (the same processing as bone
marrow A, but with monocyte elimination by carbonyl-iron pre-incubation) a significantly higher (p < 0.05) number of CFU-c were found:
102.8 ±11.9 per 2 x 104 cells plated. The abovementioned values were
obtained from 5 triplicate cultures from each of four normal bone
marrows.
After 3H-TdR suicide the fractional survival for bone marrow A was
85.0 ± 4.3%, for bone marrow B a value of 80.5 ± 5.5% was found. The
difference between these two fractional survival percentages was not
significant.
For the null cell suspensions a fractional survival of 94.6 ± 3.1% was
found, which is significantly higher (p < 0.05) than the fractional
survival for bone marrow A and B.
It was stated by Liu et al. (39) that the fractional survival of clusters
was higher than for CFU-c in human peripheral blood. Therefore the 3 H-

112
Fig. 3.5: Percentage of CFU-c in DNA-synthesis, estimated as the CFU-c surviving fraction after
3
H-TdR-suicide in vitro of human bone marrow and peripheral blood null cell suspensions.
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Surviving fractions after 3 H-TdR-suicide expressed as mean (± s.e.m.) percentages, compared
to control (= 100%) experiments.
Bone marrow A: mononuclear bone marrow cells of 4 individuals, collected from the interphase
after Ficoll-Isopaque (ds. 1.077 g/ml) centrifugation.
Bone marrow B: mononuclear bone marrow cells from the same 4 individuals, collected from the
interphase after Ficoll-Isopaque (ds. 1.077 g/ml) centrifugation after carbonyliron incubation.

TdR suicide for clusters (cell aggregates > 3 < 20 cells) in null cell
suspensions was also tested. A mean of 2.5 ± 0.2 clusters per 5 x 104
cells plates was observed in vitro cultures of null cell suspensions. The
fractional survival of these clusters was found to be 91.7 ± 5.1, which is
not significantly different from the fractional survival for CFU-c present
in peripheral blood. The fractional survival of clusters for both bone
marrow A and B was found to be 90.2 ± 3.0, which is not significantly
different from the fractional survival of CFU-c in bone marrow and from
clusters or CFU-c in peripheral blood.
3.3.4 Determination of CFU-c radiosensitivity (Do-value)
In our experiments the radiosensitivity parameters for human peripheral
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progenitor cells were studied and compared to those obtained from normal human bone marrow.
From four healthy donors, mononuclear bone marrow cells (A) were
collected from the interphase after Ficoll-Isopaque (ds. 1.077 g/ml)
centrifugation, while from the same donors monocyte-free bone marrow
cells were obtained by pre-incubation with carbonyl-iron and subsequent
Ficoll-Isopaque (ds. 1.077 g/ml) centrifugation (B).
The individual survival curves of bone marrow (A), after irradiation
with various doses of 6 ° cobalt gamma-rays (dose rate 42 Rad/min.) are
presented in Fig. 3.6, while the cumulative data for bone marrows A and
Fig. 3.6: Radiation-survival curves of bone marrow CFU-c from 5 individuals. Bone marrow
samples were irradiated in vitro with * °Co-7-rays (dose rate 42 Rad/min).
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Abscissa: irradiation dosage (in Rads) to which the bone marrow samples were exposed.
Ordinate: Fractional survival of CFU-c expressed as percentage of the "control" non-irradiated
samples. Each point indicates the individual surviving fraction at each level of irradiated dosage.
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B are presented in Fig. 3.7. The calculated Do-values for CFU-c and
clusters as well as the various extrapolation numbers (n) are summarized
in Table 3.II.
Fig. 3.7: Mean radiation survival curves of bone marrow CFU-c from 4 individuals. Bone marrow samples were irradiated in vitro with • °Co-7-rays (dose rate 42 Rad/min).
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Abscissa: irradiation dosage (in Rads) to which the bone marrow samples were exposed.
Ordinate: fractional survival of CFUc, expressed as percentage of the "control" non-irradiated
samples. Each point represents the mean (± s.e.m.) surviving fraction at each level of
irradiation dosage.
•
• : mononuclear bone marrow cells.
o
o: mononuclear bone marrow cells, from which the monocytes were removed.

A mean CFU-c Do-value of 82.9 ± 10.7 was found for bone marrow A
with an n-value of 3.5 ± 0.7. Bone marrow clusters were much more
radioresistant than CFU-c: Do 191.2 ± 28.7, with an n-value of 1.5 ± 0.1.
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Table 3.II: Radiosensitivity of human bone marrow CFU-c/clusters.
60
Co-irradiation (42 Rad/min.)
Do-value* (Rad)

Extrapolation number** (n)

# bone marrow sample

A

mean ±s.e.m.

mean Is.e.m.

1
2
3
4

CFU-c

clusters

CFU-c

clusters

52.1
83.1
83.6
113.0

103
199
264
199

6.1
3.2
2.5
2.3

1.8
1.7
1.3
1.4

191128.7

3.5±0.7

1.510.1

101.9
109.8
143.1
145.6

280
367
389
295

1.1
1.3
1.1
1.2

1.4
1.0
1.7
1.6

125.1+9.7

332+23.1

1.1+0.04

1.4+0.1

82.9±10.7

A = Inter phase bone marrow cells after Ficoll-Isopaque (ds. 1.077 g/ml) centrifugation
B= Interphase bone marrow cells after Ficoll-Isopaque (ds. 1.077 g/ml) centrifugation, with
initial carbonyl-iron incubation
*,** Do-value = —
; n=
; both derived from the calculated linear regression
100
slope
line of e?ih individual survival curve (irradiation range 100-200 Rad)

These differences are significant when tested with Student's t-test for
paired observations (p < 0.05). The same differences between the Dovalue of CFU-c and clusters were found for bone marrow B (p < 0.05),
but no significant difference was found between the extrapolation numbers for CFU-c and clusters.
When bone marrow A was compared to bone marrow B by Student's
t-test for paired observations, a lower radiosensitivity for CFU-c and
clusters for bone marrow without monocytes was found (p < 0.05). Also
a lower extrapolation number for CFU-c was found (p < 0.05), but there
was no difference for the extrapolation number of clusters. So the removal of monocytes (and also more granulocytes) by carbonyl-iron preincubation induced a significant alteration in the radiosensitivity of bone
marrow progenitor cells.
Next the radiosensitivity parameters were studied for human peripheral
blood CFU-c present in null cell suspensions, as well as in control MNC
suspensions. The radiosensitivity of CFU-c present in null cells was

116
Fig. 3.8: Mean radiation survival curves of peripheral blood CFU-c. The cell samples were
irradiated in vitro with 60Co-y-rays (dose rate 42 Rad/min, o
o and A
A)
and ' a 7Cs (dose rate 660 Rad/min, •
•).

CFu-c
surviving.fraction

Abscissa: irradiation dosage (in Rads) to which the peripheral blood cell suspensions were
exposed.
Ordinate: fractional survival of CFU-c, expressed as percentage of the "control" non-irradiated
samples. Each point represents the mean (± s.e.m.) surviving fraction at each level of
irradiation dosage.
peripheral blood mononuclear cells (N = 2).
peripheral blood null cells, exposed to high dose rate irradiation (N = 6).
peripheral blood null cells, exposed to low dose rate irradiation (N = 5).

determined with low dose rate irradiation ( 6 ° cobalt X-rays, dose rate 42
Rad/min.) and with high dose irradiation ( 137 Cesium: 660 Rad/min.).
This dual experiment was done to study the effect of dose rates on
survival of CFU-c's irradiated in vitro. The survival curves are presented
in Fig. 3.8. The individual Do-values and extrapolation numbers for
CFU-c and clusters are summarized in Table 3.III.
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Table 3. Ill: Radiosensitivity of human peripheral blood CFU-c/clusters
present in null cell suspensions
Do-value* (Rad)

Extrapolation number** (n)

# cell suspension

1
2
3
4
5

CFU-c

clusters

CFU-c

clusters

68.3
55.2
52.2
65.0
46.4

115.0
85.0
71.0
77.2
77.3

1.0
1.4
1.1
1.0
1.0

1.0
1.0
1.2
1.3
1.0

l.l±0.06

l.l±0.01

1.0
1.0
1.0
1.1
1.0
1.0

1.3
1.2
1.0
1.0
1.0
1.0

57.4±3.6

mean ±s.e.m.
1
2
3
4
5
6

80.1
95.2
44.0
55.6
83.9
77.8

85.1±6.9
115.6
108.4
67.2
59.6
92.0
93.7

mean ±s.e.m.

72.7±7.1

89.4±8.2

1.0±0.01

1.0+.0.04

Suspensions C + D
mean ±s.e.m.

65.7+4.8

87.4 ±5.5

1.0+0.03

1.0+0.01

84.2
73.9

108
217

2.3
1.9

1.6
1.0

2.1±0.1

1.3±0.2

1
2

E
mean ±s.e.m.

79.0±3.6

162.5±38.5

C = null cells, irradiated with 60 Co (42 Rad/min.)
D = null cells, irradiated with 137 Cs (660 Rad/min.)
E = control MNC, cells irradiated with 60 Co (42 Rad/min.)
N.B.: group C, D and E are different individuals.
*.**

Do-value =•

1
2 72'ntercept
; both derived from the calculated
slope ' n
" =•
100

linear regression line of each individual survival curve (irradiation range 100-200 Rad)

For low dose irradiation a mean Do-value of 57.4 ± 3.6 for CFU-c was
found, while the Do-value for clusters was 85.1 ± 6.9 (p < 0.05). No differences were found for the extrapolation numbers. For high dose irradiated CFU-c and clusters Do-values of 72.7 ±7.1 and 89.4 ± 8.2 were
found respectively (p < 0.05). As observed before with bone marrow,
the clusters were more radioresistant than CFU-c. In analogy with the
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Fig. 3.9: Mean radiation survival curves of peripheral blood CFU-c from two individuals. The
cell samples were irradiated with 60Co-7-rays (dose rate 42 Rad/min). Differences in
the low dose irradiation-range for CFU-c survival.

CFu-c surviving
fraction (%)
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67

Rad.
Abscissa: irradiation dosage (in Rads) to which the peripheral blood cell suspensions were
exposed.
Ordinate: fractional survival of CFU-c, expressed as percentage of the "control" non-irradiated
samples. Each point represents the mean (± s.e.m.) surviving fraction at each level of
irradiation dosage.
peripheral blood mononuclear cells.
peripheral blood null cells.
peripheral blood T- + B-lymphocyte suspensions.

irradiation survival data, no differences were found between the extrapolation numbers for CFU-c and clusters. When the Do-values and extrapolation numbers for CFU- and clusters obtained from the low irradiation dose group were compared to the high irradiation dose group with
Student's t-test for two observations, no significant differences were
found. Hence, for both groups together the calculated Do-value for CFU-c
was 65.7 ± 4.8 with an extrapolation number of 1.0 ± 0.03, while for
clusters a Do-value of 87.4 ± 5.5 and an extrapolation number of 1.0 ±
0.01 was found.
In Table 3.IV the collected data from bone marrow and peripheral
blood are summarized; the overall picture is that bone marrow CFU-c
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and clusters have higher Do-values and extrapolation numbers than found
for CFU-c and clusters in peripheral blood null cell suspensions.
From Table 3.Ill it is clear that the control MNC suspensions did not
differ in their mean Do-value for CFU-c, when compared to CFU-c
present in null cells, but had a higher mean extrapolation number (p <
0.05). So the removal of monocytes results in lower extrapolation
numbers as was already observed for bone marrow. For clusters in two
"control" MNC suspensions a higher Do-value (p < 0.05) was found
when compared to null cells, but no difference in extrapolation numbers.
Since these two "control" MNC suspensions were not derived from
the null cell donors and the assays were not carried out as paired observations, the following experiment was performed.
Table 3.IV: Summary of the various radiosensitivity parameters of
CFU-c/clusters in human bone marrow and peripheral blood
Null cells

Differences*

82.9+10.7
3.5±0.7
191.2±28.7
1.510.1

65.714.8
1.0+0.03
87.415.5
1.0+0.01

NSD
p<0.05
p<0.05
p<0.05

Bone marrow (B)

Null ceils

125.119.7
1.1+0.04
332 123.1
1.4 + 0.1

65.714.8
1.010.03
87.415.5
1.0+0.01

Bone marrow (A)
Do-CFU-c
n-CFU-c
Do-clusters
n-ctusters

Do-CFU-c
n-CFU-c
Do-clusters
n-clusters

p<0.05
NSD
p<0.05
p<0.05

Bone marrow A = Interphase bone marrow cells after Ficoll-lsopaque (ds. 1.077 g/ml) centrifugation
Bone marrow B = Interphase bone marrow cells after Ficoll-lsopaque (ds. 1.077 g/ml) centrifugation, with initial carbonyl-iron incubation
All values as: mean 1 1 standard error (s.e.m.)
* tested with Student's t-test for two observations.

To substantiate the different radiosensitivity of CFU-c after monocyte
removal in the low dose irradiation range, buffy coat cells of two normal
donors were processed to obtain 3 cell suspensions.
1) Interphase MNC after Ficoll-lsopaque (ds. 1.077 g/ml) centrifugation
of buffy coat cells;
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2) Interphase MNC after Ficoll-Isopaque (ds. 1.077 g/ml) centrifugation
of buffy coat cells with initial carbonyl-iron incubation (removal of
monocytes and surplus of granulocytes);
3) Interphase null cells, after combined B-RFC + E-RFC sedimentation
from interphase suspension 2.
Samples of these 3 cell suspensions from each of the two donors were
irradiated in vitro with 8.2, 16.5, 24.7, 33.5 and 67 Rad. The results are
presented in Fig. 3.9.
It is clear that removal of monocytes (+ granulocytes) by carbonyliron incubation and an extra Ficoll Isopaque step, eliminates the shoulder
in the low dose survival region. Both monocyte-free and null cells showed
an exponential course and an already demonstrated CFU-c kill of about
30-40% at 8.2 Rad. The presence ot monocytes seems to protect CFU-c
from irradiation damage in the low dose irradiation region.

3.3.5 Volume profile of MNC-subpopulations
The final experiments on "in vitro" characteristics of CFU-c enriched
null cell suspensions dealt with the volume profiles of various MNC subpopulations, obtained during the two-step cell separation technique as is
described in section 2.3.13.
From 6 healthy volunteers buffy coat cells were processed. Suspension A contains buffy coat cells obtained after methylcellulose 2% sedimentation. Suspension B contains MNC after pre-incubation with carbonyl-iron and subsequent Ficoll-Isopaque (ds. 1.072 g/ml) centrifugation. Suspension C represents cell suspension B depleted of E-RFC
plus B-RFC by Ficoll-Isopaque (ds. 1.072 g/ml) centrifugation, while
suspension D contains the pellet cells obtained after this centrifugation
step. The characteristics of these suspensions, with regard to lymphocyte
subpopulations, are presented in Table 3.V. The model volume (in jtzm3)
of these different cell suspensions are summarized in Table 3.VI.
Table 3.V: In vitro characti Tistics of the various cell suspensions used for MNC volume profile determination
E-RFC
1)
2)
3)
4)

Suspension
Suspension
Suspension
Suspension

A
B
C
D

1) Suspension A =
2) Suspension B =
3) Suspension C
=
4) Suspension D =
All values as mean % ±

53.6+6.5
68.6+4.8
2.1 ±0.4
70.7+6.5

EA3-RFC

EAORFC

22.2±4.2
17.6 + 3.3
30.2+4.9
I7.g±3.5

29.5 + 2.4
24+0.7
13.5 + 1
27+5.6

B-RFC
13.2±3.9
7+2
3.6±2.S
8.8+2.4

SIg(+) cells

Monocytes

3.9+0.6
3.7±1
0.1+0.1
3+0.6

15+2.7
0.3+0.2
0
0.5±0.1

Granulocytes CFU-c/SxlO4
26.5+3.8
13.5±3.1
5±2.1
15+3.2

buffy coat cells obtained after methylcellulose 2% sedimentation
MNC after pre-incubation with carbonyl-iron and Ficoli-lsopaque (ds. 1.077 g/ml) cenlrifugation
suspension B, after removal of B-RFC + E~RFC by Ficoll-Isopaque (ds. 1.077 g/ml) centrifugation
pellet cells obtained after centrifugation step 3.
1 standard error (s.e.m.)

0.8+0.2
1.1 + 0.3
I0.S+ 2.8
0.6+0.2
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Coulteradjustment*

A

B

C

D

I

1
2

240
237

247
256

253
265

214
256

II

1
2

-

227
237

279
292

221
219

III

1
2

-

247
247

279
283

253
256

IV

1
2

274
229

247
237

256
247

247
237

V

1
2

227
228

247
257

265
270

to to
to to

Table 3.VI: Modal lymphocyte volumes (in (Mm ) determined from
various types of cell suspensions (N=6 donors)

VI

1
2

221

240

286

240

230±2.1
(N=7)

244+2.5

270±4.1

235±4.5

modal volume
(±s.e.m.)in jttm3

"-

Type of cell suspension

00

Donor #

Suspension A = Buffy coat cells obtained after methylcellulose 2% sedimentation
Suspension B = MNC after pre-incubation with carbonyl-iron and Ficoll-Isopaque (ds. 1.077
g/ml) centrifugation
Suspension C = suspension B, after removal of B-RFC + E-RFC by Ficoll-Isopaque
(ds. 1.077 g/ml) centrifugation
Suspension D = pellet cells obtained after centrifugation step 3.
1) attenuator 1 ; aperture 16 - threshold 16 ; count range 512
2) attenuator 0.7 ; aperture 32 - threshold 16 ; count range 512
(using Student's t-test for paired observations: no difference between 1 and 2).

The modal volume (in fj.m3) for buffy coat cells (A) was found to be
230 ± 2 . 1 , while removal of monocytes and granulocytes (suspension B)
resulted in an increase of the modal volume to 244 ± 2.5 (p < 0.05).
After subsequent removal of T- plus B-lymphocytes, the null cell suspension C again demonstrated an increment in the modal volume:
270 ± 4.1, which is significantly higher than suspension A (p < 0.05) and
B (p < 0.05). The pellet cells (mainly T- and B-lymphocytes) revealed a
modal volume of 253.6 ± 4.5, which is not significantly different from
suspension A or B, whereas it is significantly lower than suspension C
(p < 0.05).
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These results demonstrate that the CFU-c enriched null lymphocytes
have a higher modal cell volume than the total lymphocyte population,
as is represented by suspension B. An example of the volume profiles of
the various cell suspensions obtained from one blood donor is presented
in Fig. 3.10.
Fig. 3.10: Example of the different volume distribution profiles, determined from various peripheral blood cell suspensions, from one individual.
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Suspension A: buffy coat cells after methylcellulose 2% sedimentation.
Suspension B: mononuclear cells after pre-incubation with carbonyl-iron and subsequent
Ficoll-Isopaque (ds. 1.077 g/ml) centrifugation.
Suspension C: cell suspension B, depleted of E-RFC and B-RFC by combined rosette sedimentation in a Ficoll-Isopaque (ds. 1.072 g/ml) gradient.
Suspension D: pellet cells, after the afore-mentioned centrifugation step.

In suspension A the broad peak in ihe higher volume region represented
granulocytes and monocytes, but this peak is no longer present in the
volume distribution curve of suspension B. The null cell suspension (C)
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not only had a higher modal volume, but also revealed a skewness to the
right, which implied that a substantial fraction of the null cells have a
very high volume. However, in this high volume region 5% granulocytes
were still present, as can be seen in Table 3.V.
From Fig. 3.9, it is obvious that, although a shift to the right in the
modal density of null cells was observed, there was a substantial overlap
with other lymphocytes. This implies that with a cell separation procedure on the basis of volume only, no absolute discrimination from other
lymphocytes can be achieved.

3.4 CONCLUSIONS AND DISCUSSION
Conclusions
1) The lymphocytes present in null cell suspensions did not reveal a
specific pattern in the various cytochemical staining techniques.
2) The CFU-c enriched null cell suspensions obtained by the two-step
density separation technique, as is described in chapter 2, showed a
low reactivity to PHA-stimulation, which was mainly caused by elimination of T-lymphocytes. This low PHA-stimulation was not only
the consequence of monocyte removal, as was demonstrated by
mixing experiments.
The null-cell suspensions did have a normal capacity to respond in
MLC-tests, but had a very high stimulating capacity. This high
stimulating capacity did not show a threshold phenomenon and was
not abolished by co-cultivation with isolated T-lymphocytes.
Therefore, it is very unlikely that the high stimulating capacity in the
MLC should have been caused by elimination of suppressor cells
during the cell separation technique.
3) With the 3H-TdR suicide technique it was found that 15-20% of
the CFU-c in human bone marrow were in S-phase of the mitotic
cycle. The removal of monocytes (and granulocytes) from the bone
marrow suspension by pre-incubation with carbonyl-iron and FicollIsopaque centrifugation did not alter the fractional survival of bone
marrow CFU-c's.
The CFU-c present in the null cell suspension had a much lower
percentage of cells in S-phase: ± 5%. However, it must be stated that
statistic evaluation was not done on paired observations of bone
marrow and peripheral blood cells obtained from the same donors.
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Finally, no differences in fractional survival for CFU-c and clusters in
human peripheral blood could be observed.
4) Radiosensitivity studies revealed that for both bone marrow and peripheral blood, clusters were much more radioresistant than CFU-c.
CFU-c in human peripheral blood showed a higher radiosensitivity
than CFU-c in human bone marrow, especially when compared with
monocyte-depleted bone marrow. The dose rate did not alter the
Do-value or extrapolation numbers.
Elimination of monocytes (and granulocytes) from the test suspensions induced an alteration in radiosensitivity parameters. For
human bone marrow this resulted in disappearance of the shoulder in
the survival curves and consequently a lower extrapolation number.
Moreover, the Do-values increased, which indicates a lower radiosensitivity.
Also for peripheral blood progenitor ceils the removal of monocytes (and granulocytes) from the test suspensions induced an
alteration in radiosensitivity, especially in the low-dose irradiation
region. The shoulder in the survival curve disappeared, which resulted
in a lower extrapolation number.
In general, it can be concluded that the radiosensivitity of haemopoietic stem cells is strictly dependent on the presence or absence
of other haemopoietic cells in the test suspensions.
5) Finally, the volume profile determination of the different MNC suspensions revealed that the CFU-c enriched null cells had a relatively
high mean volume compared to unseparated MNC or T- + B-lymphocyte suspensions. However, there was a substantial overlap in volume
distribution with other lymphocyte populations.
Discussion
The development of semi-solid culture techniques for growing colonies
of differentiating neutrophils, monocyte/macrophages and eosinophils
has permitted an analysis of the properties and behaviour of individual
progenitor cells in the marrow or peripheral blood of humans.
A striking feature of haemopoietic colonies grown in vitro is the
variability in size and shape, indicating the probable existence of a considerable degree of heterogeneity of progenitor cells within even one
haemopoietic family.
Application of physical separation techniques in mice, such as velocity
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sedimentation, density gradient separation and cell adherence procedures,
has confirmed that CFU-s and CFU-c are different cells, while it has
further shown that each compartment comprises several subpopulations
that differ in capacity of self replication or response to growth regulators
in vitro (43, 54, 69, 73). This diversity of human granulopoietic precursor cells in human bone marrow, in analogy with that of the mouse, has
been described in detail by Jacobson et al. (32), Johnson et al. (34) and
Iscoveetal. (31).
Cell separation experiments with mouse bone marrow suspensions
have yielded a very detailed picture of the pluripotent haemopoietic
stem cell, such as buoyant density (73) and velocity sedimentation rate
(69). Despite its unique biological properties, the stem cell shares several
physical properties with other cell types.
Useful criteria for stem cell recognition may be found in the occurrence
of specific membrane components, such as membrane surface antigens.
Van den Engh et al. (20) studied mouse CFU-s and CFU-c membrane
antigens by incubating mouse bone marrow with antisera of known
specificity and complement and subsequently measuring the suppression
on the CFU-c and CFU-s formation. The CFU-s were found to express
H-2 k , H-2d and an antigen associated with brain tissue (BAS). The differentiation antigens la (H-2') and Thy-1 could not be demonstrated.
None of these antigens were found on the committed CFU-c. In mice
sperm-associated antigens were also demonstrated on the CFU-s (36).
There is no assay system for the detection of multipotent stem cells in
human bone marrow or peripheral blood, so only the committed progenitor cells can be investigated for surface antigens.
In the previous chapter it was already summarized that none of the
"immunological" markers (IgG-Fc, C 3 , receptors for mouse and sheep
erythrocytes) were present in human CFU-c. In man, the only antigens
that have been proved to be present on CFU-c are HLA-antigens (23) and
the la-like antigen P23.30 (13, 33, 72). However, these unique glycoproteins are also present on most B-lymphocytes (12), Fc-receptor bearing
T-lymphocytes, monocytes and macrophages (21, 72), immature myeloid
cells, and erythroid precursor cells (72). Also, 25% of the megakaryocytes bear the P23.30 antigen, but this antigen is not detectable on
platelets (72).
When B-lymphocy tes are maturing to plasma cells the P23.30 antigen
disappears (72). Furthermore, on the committed progenitor cells CFU-e
and CFU-c, the blood group antigen i was demonstrated (28).
However, with more refined serological techniques it can be expected
that stem cell specific antigens will be detected in the near future, which
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will provide the possibility of selective purification of these stem cells by
fluorescence activated cell sorter techniques. The possibility to study
properties of progenitor cells in man with techniques that are also available for animal studies can be extended, in order to determine parallels
in the biological properties of these circulating progenitor cells.
The CFU-c-enriched null cell suspensions in our study demonstrated a
very slight response to PHA, which is one of the parameters for the
absence of acute GVHD inducing cells (2, 16). Addition of monocytes to
the null cell suspensions did not enhance the stimulating effect of PHA.
It has been shown by Mookerjee (52) that monocytes (macrophages) are
necessary for the lymphocyte response to phyto mitogens, due to release
of humoral factors into the culture supernatant fluids.
The fact that no increase in PHA response was found after monocyte
addition indicates that the low response to PHA was not a result of eliminated monocyte "helper" function, but purely by the fact that insufficient T-lymphocytes were present. This is in complete accordance
with the findings by Lohrman et al. (41).
It is generally agreed that the cells responding in MLC are T-cells
(1, 11, 41, 66). Conflicting evidence has been presented, however, as
to which lymphoid cell subpopulation expresses MLC-stimulating determinants. While B-lymphocytes are generally considered capable of MLC
stimulation (1, 59), conflicting reports have been published on T-lymphocytes (59, 66). The presence of monocytes, derived from either the
stimulating or responding cell population, is essential for a proliferative
response to take place. Monocytes have been shown to express MLCstimulating determinants (1).
We demonstrated that null cell suspensions which are virtually depleted
of T-lymphocytes, B-lymphocytes and monocytes, but have a relative
high percentage of complement and IgG-Fc bearing cells, are highly
stimulatory in the MLC. This could be explained by the fact that DR-like
antigen-bearing cells in the null cell suspension are relatively enriched in
their concentration, resulting in a higher stimulatory capacity. The fact
that the null cell suspensions displayed a normal response capacity
compared to unseparated mononuclear cells, is in contrast with the
observations of Chess et al. (11).
The high stimulatory capacity of null cell suspensions in the MLC
reaction did not show a threshold phenomenon and was not caused by
absence of suppressor cells, which latter is in accordance with the experiments of Van Oers and Zeilemaker (59).
Despite the vast demands for the daily replacement of blood cells, the
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proliferative rate of the pluripotent haemopoietic stem cell in mice
(CFU-s), the ultimate source of these cells, is less than 10% (5). The high
cell output is affected by two interrelated amplifying transit populations:
the committed precursors and the "recognizable" precursors. Under conditions of haemopoietic regeneration or in cases of sudden greatly increased (or sustained) differentiation demands, the proliferative rate of
the stem cell is increased to such an extent that 30-40% of the cells may
be in DNA-synthesis (5, 14, 38). In contrast, more CFU-s in peripheral
blood of mice are normally already in S-phase: 25-36.3% (25).
In mouse marrow the red cell progenitor cell CFU-e showed a S-phase
percentage of 74, irrespective of being tested in normal or in regenerating
bone marrow (51). From progenitor cells of megakaryocytes (CFU-m) in
mouse bone marrow 3040% of the population is in S-phase of the
mitotic cycle (49).
Most committed progenitor cells in peripheral blood do have a lower
percentage of cells in S-phase, as was demonstrated for the CFU-c in dogs
(58) and for mixed erythroid-granulocytic colonies in mice (35).
For human bone marrow we found a percentage between 20 and 25% of
bone marrow CFU-c in S-phase, which is in accordance with results found
by Moore (52), Iscove (29), Rickard (62) and Jacobsen (32). Measured
with hydroxyurea, approximately the same percentage of cells in S-phase
was found in human bone marrow (6, 18, 55, 67).
However, CFU-c from human bone marrow scored on day 7 or day 14
were not only found to have different sedimentation velocities, but also
different percentages of cells in S-phase. From CFU-c scored on day 14,
21 ± 7% were killed with 3H-TdR, whereas day 7 scored CFU-c demonstrated a cell kill of 48 ± 4% (32). This observation indicates a tremendous heterogeneity of haemopoietic precursor cells in humans. This was
further illustrated by the studies of Dresch et al. (17), who demonstrated
that eosinophilic precursor cells had a lower percentage in S-phase than
neutrophilic precursor cells, 20 and 50% respectively.
For human peripheral circulating CFU-c we found a very low percentage of cells in S-phase of the mitotic cycle. This is not only in accordance
with studies done in animals (35, 58), but also with previous studies in
humans.
Tebbi et al. (68) studied 6 normal volunteers and found that 12%
of colony-forming cells in the blood were in DNA-synthetic phase.
Less than 15% was found by Dresch and Faille (17) for CFU-c in human
peripheral blood. It is remarkable that these authors also tested umbilical
cord blood in which they found 66% of the CFU-c in S-phase. Also the
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red cell progenitor cell BFU-e in human peripheral blood shows a very
low percentage of cells in DNA-synthesis (60).
Our results are in contrast to those observed by Liu et al. (39), who
found a 26 ± 10% reduction in colony formation after 3H-TdR exposure
for human peripheral blood CFU-c. They found no difference in the
magnitude of reduction in colony formation following exposure to
3
H-TdR for CFU-c in blood and those in bone marrow. However, it
should be emphasized that 2 out of these 6 studied persons had a higher
CFU-c kill in the bone marrow than in the peripheral blood samples
studied in parallel. Furthermore, these authors used peripheral blood
lymphocyte suspensions, filtered through nylon-wool and subsequently
centrifuged in Ficoll-Isopaque gradients. The cell composition therefore
is different from that used by us. Although the monocytes and B-lymphocytes were eliminated, T-lymphocytes were still present in their test
samples.
It is conceivable that the presence or absence of helper T-lymphocytes
can influence the mitotic cycle of CFU-c. Variations in the number and
type of MNC in the test suspensions can be responsible for the difference
in percentage of cells in S-phase, as reported by several groups of investigators. In this connection it has been demonstrated that mature granulocytes have inhibiting properties on colony formation by CFU-c (4, 7,8)
and that the monocytes (or macrophages) can have stimulatory capacities
by the production of colony stimulating activity (CSA) (9, 37) or
inhibitory capacities by the production of prostaglandin-E (9). Therefore,
it is absolutely necessary in these kinds of studies to make an exact
statement of the cell composition of test suspensions. Furthermore, the
degree of cells killed in S-phase by hydroxyurea or 3H-TdR is also
dependent on the type of CSA in the "in vitro" culture system (10).
The same strict criteria should be applied for studies on radiosensitivity of human CFU-c in bone marrow and peripheral blood. In this field
too, the results reported are conflicting. In the most thoroughly studied
animal, the mouse, irradiation experiments in vitro as well as in vivo have
been performed to determine the radiosensivity of different classes of
progenitor cells.
For the CFU-s in the bone marrow of mice, a Do-value of 100 Rad
was found by Gidali et al. (25) and 86 Rad by Nakeff et al. (56). It was
found by Siegers et al. (65) that the observed Do-value for CFU-s in
mouse bone marrow was related to the stage of the mitotic cycle. Cells in
S-phase had a Do-value of 80 Rad (n = 1.23), while cells in all other stages
of the mitotic cycle had a Do-value which was significantly higher: 185
Rad (n= 1.14).
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The committed haemapoietic progenitor cells in mouse bone marrow
have Do-values of approximately 120 Rad for CFU-c (46) and CFU-m
(56). The CFU-e in mouse bone marrow have a higher radiosensitivity:
Do-dose of 66 Rad. Greenberger et al. (26) observed for bone marrow
CFU-c in the mouse, that the Do-value was increased from 120 to 210
Rad, if the number of plated cells per well were increased from 2 x 10s
to 5 x 10 s .
Furthermore, McCulloch et al. (46) found that for CFU-c in the bone
marrow of mice no difference in Do-value was seen when the stem cells
were irradiated in vitro or in vivo, but a significant difference was observed in extrapolation numbers, which were higher when the stem cells
were irradiated in vitro.
In animals the data on radiosensitivity of haemopoietic progenitor
cells in peripheral blood are scanty.
Gidali et al. (25) compared the radiosensitivity of CFU-s and CFU-c in
the peripheral blood of mice and found a Do-value for CFU-s in peripheral blood of 140 Rad, which is significantly higher than the Do-value
of 100 Rad for CFU-s in bone marrow.
The most relevant studies concerning human bone marrow CFU-c have
been published by Broxmeyer et al. (6). Their most important observation was were that the potency CSA used to stimulate cultures of irradiated cells, determined the Do-value obtained. The higher the level of
CSA, the greater the Do-value. Depending on the CSA-concentration,
Do-values between 45-165 Rad for human bone marrow CFU-c were
found. In contrast to observations in mice (26) they found no alterations
in Do-values by higher plating doses of marrow cells per well. Secondly,
they found that preferentially CFU-c in S-phase of mitosis were affected
by irradiation in the lower dose region.
Our observation that the Do-value for human bone marrow CFU-c
was increased by removing monocytes and/or granulocytes from the
test suspension, while the CSA-activity in the conditioned medium remained constant, implies that not only the amount of CSA is of importance, as was found by Broxmeyer et al. (6), but also the cell composition of the test suspensions.
From the differences found in extrapolation numbers it can be assumed that the presence of monocytes interferes with the lethal effect of
low-dose irradiation to CFU-c in S-phase. This phenomenon was also
found in experiments using peripheral blood CFU-c present in cell
suspensions with or without monocytes (and granulocytes), but too few
data concerning the radiosensitivity of human peripheral blood CFU-c
have been reported to make a sensible comparison.
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It is known that other MNC, such as monocytes and T-lymphocytes
(9, 37, 47), can influence the CFU-c growth capacity in vitro. From
animal studies it is known that both monocytes and T-lymphocytes are
more radioresistant (3, 48). When present in the irradiated test suspension a non-lethal radiation effect might increase the likelihood that these
cells become more differentiated and/or stimulated and release stimulatory and/or colony-inhibiting substances. As was previously stated for
the 3H-TdR suicide results, an adequate description of the cell composition of the test suspensions is warranted.
Furthermore, it is known that other circumstances such as anoxia
during the irradiation (46) as well as the number of cells in DNA-synthesis
(45,65) can influence the Do-value and extrapolation number.
As far as the lymphocyte volume distribution profiles are concerned
our results with unseparated mononuclear blood cells are in accordance
with the results published by Westring et al. (71), Loos et al. (42),
Zucker et al. (75) and Zipursky et al. (74).
The observation by Zipursky et al. (74), that the lymphocyte volume is
inversely correlated with the cell density, is in accordance with our
observation that the CFU-c-enriched null cells, which are present in the
low density region (see chapter 2), have a relatively high modal volume.
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Chapter 4
QUALIFICATION AND QUALIFICATION OF COLONY
FORMATION BY HUMAN PERIPHERAL BLOOD
HAEMOPOIETIC PROGENITOR CELLS IN
PLASMA CLOT DIFFUSION CHAMBERS*

4.1 INTRODUCTION

The development of the in vitro agar colony technique and its application to study the colony formation ability of human haemopoietic
progenitor cells has been a major advance in experimental haematology
(16,46).
There are two main features of this system, which form the basis of
its potential clinical application. It allows the quantitation of granulocyte-macrophage progenitor cells in human marrow and blood, and it
opens the possibility to study the biochemical regulators which control
blood cell proliferation and differentiation.
Comparable in vitro techniques are used for the detection of committed
erythroid progenitor cells in human peripheral blood and bone marrow
(46). However, these methods have several limitations. The cell population being assayed is not that of the multipotential stem cell, but committed progenitor cells. The n mber, type and size of the formed colonies
can be influenced by slight alterations in culture conditions. Moreover,
the removal of colonies for examination is difficult and time-consuming.
A culture system which would prevent either the entry or exit of
cellular elements, but permits exposure of the cultured cells to humoral
factors, would be of additional value in analysing the control of haemopoietic cells. The diffusion chamber culture technique appears to fulfil
many of these requirements. The physiological conditions provided by
the chamber host may produce a more realistic cell proliferation and
*A modified version of this chapter is published; Zwaan FE, Te Velde J, Puliga A, Goselink H
and Lobatto R: Stem cells in human peripheral blood: A method for histologic analysis of colony
formation in plasma clot diffusion chambers. In: Diffusion chamher culture, Eds.: Cronkite EP
and Carsten AL. Springer-Verlag, Berlin, Heidelberg, New York; 157,1980.
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differentiation, since the cells are not subject to the vagaries of in vitro
culture, which can alter the number, size, and type of the colony formed.
The diffusion chamber technique was introduced by Algire et al. (1) in
a study designed to distinguish cellular from humoral mechanisms of
homograft rejection. The cells under study were enclosed in a chamber
constructed from millipore filters, with a pore diameter small enough to
prevent passage of intact cells, and a supporting plastic ring. The chambers were then surgically implanted into the peritoneal cavity of host
animals (mostly mice) and were removed at various intervals for analysis.
In 1959 Berman and Kaplan (6) used diffusion chambers to culture
culture mouse bone marrow cells in syngeneic hosts. Cells, capable of
colonizing and therefore promoting the survival of lethally irradiated
mice, persisted in the cultures for up to 30 days. In 1966, Nettesheim
et al. (48) found that the clot formed within the chambers could be dissolved by incubating the unopened chambers in a 0.5% pronase solution,
without damage to the enclosed cells. This pronase treatment thus permitted the harvest of cells in suspension.
Benestad (5) and B<^yum and Borgstr^m (10) subsequently developed
methods for using pronase in the quantitative evaluation of haemopoietic
cells cultured in diffusion chambers. B^yum et al. (12) reported an increase in myelopoiesis and numbers of CFU-c in diffusion chambers implanted in irradiated hosts. This observation suggests that the environment of the irradiated host triggered additional precursor cells into cycle,
and once triggered they continue to proliferate even after re-implantation
into a normal environment. The same year Breivik et al. (13) reported a
decline in the number of CFU-s, to about 60% within two hours after
implantation of normal mouse bone marrow. Thereafter, the numbers of
CFU-s increased within the chambers and reached a level of about 150%
compared to that of the original inoculum by the 4th to 5th day of
culture. Also the number of committed myeloid progenitor cells (CFU-c)
increased in the diffusion chamber (61). Hence, the diffusion chamber
technique seems to be a useful technique for studying the regulation of
haemopoietic progenitor cells.
With the "in vivo" diffusion chamber technique, normal human bone
marrow (8, 11, 18, 59) or peripheral blood progenitor cells (2, 15, 34)
give rise to recognizable granulopoietic and erythropoietic cells and
megakaryocytes. This technique offers a method to demonstrate all
three committed progenitor cells simultaneously. This culture system
has recently been modified to facilitate the study of colony formation
by normal human haemopoietic progenitor cells in either semi-solid
agar (26, 27) or fibrin clots (36, 37, 38, 39, 40, 41).
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The plasma clot diffusion chamber offers a supporting semi-solid
matrix, so that differentiating progeny cells remain localized and develop
into discrete and quantifiable colonies. This system could circumvent
problems of cell migration as was noted in CFU-c cultures (46) and the
CFU-s assay (57). The number and morphological characteristics of cells
comprising each colony provide a means to evaluate the proliferative and
differentiating potential of progenitor cells.
To obtain more specific information about the colony formation
capacity of human peripheral progenitor cells cultured in plasma clot
diffusion chambers, we adapted the methyl-methacrylate embedding
technique described by Te Velde et al. (66). With this technique the
diffusion chambers are in toto embedded in plastic, so that manipulation
of the plasma clot can be avoided. The present study provides some
quantitative information on progenitor cell proliferation and differentiation in diffusion chambers and attempts to describe the different types
and structures of colonies.
4.2 MATERIAL AND METHODS
4.2.1 Mice
The mice used were from the inbred strain NMRI. The diffusion chamber
recipients were females, 8 to 10 weeks of age. The mice were given a
commercial pellet diet (Hope Farms, Woerden, The Netherlands) and tap
water ad libitum. The irradiated animals were given water acidified with
hydrochlorid acid (6 ml HC1/1; pH 2.9) to prevent intestinal infections.
The mice were kept in cages in groups of 4 to 8 during the experiments; otherwise up to 20 mice per cage. To harvest the diffusion chambers, the mice were killed by an ether overdose.

4.2.2 Irradiation of mice
The mice received 650 Rad total body irradiation (TBI) by a Tele-cobalt
60-source (source-skin distance: 60 cm, dose rate 100 Rad/min.), 24 hours
before diffusion chamber implantation.
4.2.3 Phenylhydrazine pretreatment of mice
When indicated, NMRI-mice were given phenylhydrazine-hydrochloride
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(PHZ), 60 mg/kg b.w. i.p. on two occasions, one day before and at irradiation.
Diffusion chambers were implanted 24 h later and harvested at various
intervals.
4.2.4 Diffusion chamber technique
"Conventional" chambers were constructed using commercial millipore
plexiglass rings, millipore filters (type GS, porosity 0.22 fx) and millipore
MF-cement (Millipore Corporation, Bedford, Mass., U.S.A.) according to
techniques described earlier (5,6,10,11,12).
The plexiglass ring had an
external diameter of 13 mm, an internal diameter of 10 mm and a thickness of 2 mm. All chambers were sterilized for 12 h at 80°C and tested
for leaks before use.
5 x 105 MNC (suspension A) in 100 jul RPMI were injected into each
chamber using a 20-Gauge needle; the filling orifice was thereafter closed
with a nylon rod and subsequently heat-sealed. The sealed chambers
were stored in a 96 mm Falcon plastic culture dish (Falcon Plastics,
Oxnard, Calif., U.S.A.) with 4 ml medium at 4°C until implantation.
Two chambers were implanted into the peritoneal cavity of each mouse
under ether anaesthesia. Approximately 0.5 ml RPMI-medium containing
1% penicillin and streptomycin was instilled and the wound closed with
metal suture clips. At various times after implantation some of the
animals were killed, the chambers removed, wiped clean with tissue paper
and processed for cell analysis. After 7 days of culture, as a routine, all
chambers were removed, cleaned and re-implanted into newly irradiated
mice. To dissolve the fibrin clot in the chambers, they were shaken (1 h,
37°C) in a 5 ml solution of 0.5% pronase (pronase, B-grade, 45,000 p.u.k./
g, Calbiochem, San Diego, Calif., U.S.A.) and 5% Ficoll (Pharmacia,
Uppsala, Sweden) in RPMI-medium. One membrane was pierced with a
pasteur pipette, the chamber contents were aspirated into a 1.0 ml
syringe and the chamber was thereafter rinsed twice to get all cells in
suspension. The chamber contents and washings were transferred to a
small pre-weighed conical plastic tube. The total volume was determined
by weighing and the cells counted in a haemocytometer, so that the total
cell amount per chamber could be calculated.
Finally, the tubes were centrifuged (5 min., 200 g), the cell pellet resuspended in a 20% albumin solution and smears prepared for cytological
analysis.
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4.2.5 Cell staining and counting
Nucleated cells obtained after conventional diffusion chamber culture
were counted in duplicate in a haemocytometer (Biirker) in Turks solution (0.01% cristal violet + 1% acetic acid in saline). Cell smears were
fixed in absolute methanol for lOmin. at 20°C and thereafter stained
with May-Grunwald-Giemsa (diluted to 10% in a pH 6.8 buffer) for
10 min. The slides were then washed in the buffer and air-dried. Monocytes were determined by the use of the a-naphtyl-butyrate-esterase
staining technique, described by Ornstein et al. (51). Cytochemistry
(Sudan-Black-B, periodic acid Schiff (PAS)) was performed using standard
techniques described by Dacie et al. (19).

4.2.6 Plasma clot diffusion chamber technique
Plasma clot diffusion chambers were constructed according to a modification of the technique described by Steinberg et al. (60). Each chamber
was seeded with 5 x 10s MNC (suspension B) in 50 nl RPMI, containing
40% citrated bovine plasma. The chamber was then filled to capacity
with RPMI-medium containing 0.4 I.U. thrombin/ml (Hoffmann- La
Roche, Basel, Switzerland). Each chamber was immediately sealed and
shaken, to ensure a uniform distribution of the cells within the chamber.
Each chamber was set aside for 5 min. until the clot was formed and
then stored in 4 ml medium at 4°C in a Falcon plastic culture dish
until implantation.

4.2.7 Methyl-methacrylate embedding technique and histological processing of plasma clot diffusion chambers
After harvesting, the plasma clot diffusion chambers were cleaned with
tissue paper and immediately fixed and embedded in methyl-methacrylate
as described by Te Velde et al. (66). By using this technique there is no
manipulation of the clot, the tissue shrinkage is minimal, and the resulting
semi-thin sections are of high histological quality.
Plastic blocks containing one chamber can be cut at 1.0-30 ju thickness
on a Zeiss heavy duty microtome. All routine histochemical staining
methods can be used, but some require slight modification of the staining
times, depending on the thickness of the sections.
300 sections of 3.0 n thickness were made throughout the midportion
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of each chamber, and the sections were automatically collected on a long
cellophane tape. Three consecutive sections were thereafter mounted on
a glass slide and stained with Gallamine-Giemsa or PAS. Then every sixth
section was scored for different types of cell aggregates (CA) of > 3 cells
(see Fig. 4.1).
Methyl - methacrylate
embedded plasma-clot
diffusion chamber

300 sections of 3.0/u
•from midportion
e' the chamber
plasm*
clot

plastic
colony

each midsection on slide
analysed for
type and number
of cell-aggregates
of ?- 3 cells

O 00
mounted on
glass-slide
and stained

sections
automatically
on plastic
tape

Fig. 4.1: Diagram of the histological processing of methyl-methacrylatc embedded plasma clot
diffusion chambers.

It has to be stressed that in this study a cell aggregate is defined as cells
lying in close proximity in a histological section and are not equal to a
colony. From several whole colonies three dimensional reconstructions
were made. For that purpose, serial sections of 5.0 [i thickness were
made through whole colonies, which sections were subsequently analysed
for total cell numbers, types of cells and spatial position of the cells.
All slides were interpreted (magnification: 40 x, oil-immersion) by the
same investigator.
4.2.8 Human peripheral blood mononuclear cell suspensions used in
diffusion chamber cultures
440 ml blood was collected from healthy volunteers in 60 ml ACD (2.7%
w/v anhydrous disodium citrate and 2.3% w/v anhydrous glucose).
After centrifugation (1,200 g, 8 min., 20°C) plasma and cells were se-

141
parated and 50 ml of the upper layer of the packed cells was collected
(= buffy coat). This buffy coat was diluted to 200 ml with RPMI-medium
(Flow Laboratories, Irvine, Ayrshire, Scotland).
To obtain mononuclear cells (MNC), 25 ml buffy coat was layered
onto a 10 ml Ficoll-Isopaque density gradient (ds. 1.077 g/ml) and centrifuged for 20 min. (1,000 g, 20°C) (9). All cell separations were performed with a Sorvall-RC-3 centrifuge. The MNC in the interphase were
collected and washed (10 min., 450 g, 20°C) three times with RPMImedium in a Sorvall-GLC-1 centrifuge. These cells (suspension A) were
used for culturing in conventional diffusion chambers.
To obtain more 'purified' CFU-c suspensions, MNC were depleted of
monocytes and T-lymphocytes (= suspension B). To remove phagocytic
cells, 50 ml buffy coat cells were diluted to 100 ml in RPMI and incubated with 500 mg sterile carbonyl-iron powder (type SF, Aristofarma.
Delft, The Netherlands) in siliconized Erlenmeyer glass flasks (45 min. at
37°C, under continuous agitation) in a volume of 25 ml per flask.
Thereafter a sterile magnet was added and the cell suspension was shaken
2 STEP

CELL SEPARATION TECHNIQUE

Buffy coat

Carbonyl-iron
incubation (30 min, 37°C)

£

Step I

Ficoll-Isopaque (ds -1.077 g/ml)
Sedimentation
Neutrophils, monocytes ,erythrocytes

E-Rosette Formation

Step II

Ficoll - Isopaque (ds :1.072 g / m l )
Sedimentation
T- lymphocytes

650 R

5 x 10 s cells/Diffusion-chamber

-Cultivation 13 days

Fig. 4.2: Diagram of the CFU-c "purification" technique and subsequent culture in diffusion
chambers.
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for another 5 min. Then 25 ml of the cell suspension in RPMI was
layered onto a 10 ml Ficoll-Isopaque (ds. 1.077 g/ml) gradient and the
MNC in the interphase were collected after centrifugation (1,000 g,
20 min., 20°C). The MNC-suspension was subsequently allowed to
form E-RFC according to the technique described in section 2.2.10.
After incubation (1 h, 4°C) the rosettes were resuspended and 10 ml
Ficoll-Isopaque (ds. 1.072 g/ml) was carefully layered underneath the
rosette suspension with a 10 ml pipette. After centrifugation (20 min.,
1,000 g, 4°C) the non-rosetting cells were collected, washed three times
in RPMI and processed for further diffusion chamber culture (Fig. 4.2).
The various characteristics of these cell suspensions, used for culture
in conventional diffusion chambers (suspension A) or plasma clot diffusion chambers (suspension B), are summarized in Table 4.1.
Table 4.1: Several 'in vitro' characteristics of the cell suspensions
used for diffusion chamber culture
Initial buffy coat

Suspension-A

Suspension-B

500
(= 100%)

321130.1
(=64%)

23.61 3.1
(= 4.7%)

E-RFC %

47.213.1

61.21 2.5

4 . 9 1 0.8

Monocytes %

10.2 ±1.2

10.5 1 1.4

3.4 1 0.5

5.310.6

6.91 0.6

11.1 1 1.5

10.4 11.9

26.1 110.3

83.7 122.0

Mononuclear cell yield (xlO 6 )

SIg(+) cells %
s

CFU-c/5 x 10 MNC
Mean CFU-c 'purification' factor (x)

1.0

2.5

8.0

Suspension A: Buffy coat cells after Ficoll-Isopaque (ds. 1.077 g/ml) centrifugation only,
without specific monocyte elimination
Suspension B: Buffy coat cells after two Ficoll-Isopaque separation steps (see Fjg. 4.1), with
sequential monocyte and T-cell elimination
Alle values are given as the mean 1 s.e.m. The number of mononuclear cells in the initial buffy
coats is recalculated to 500 x 10 6 (=100%) and the subsequent mononuclear cell yields of
suspension A and B consequently corrected.

4.2.9 Statistical methods
The results are expressed as arithmetic mean values ± 1 standard error
(± s.e.m.). Differences in experimental results were anlysed with Student's
two-sided t-test, for two samples or paired observations. Statistical sig-
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nificance was confirmed by a non-parametric rank test (Wilcoxon Mann
Whitney). Homogeneity of the CA-distribution in 50 sections per chamber was tested with Spearman's rank correlation test. Only p-values of
less than 0.05 were considered as significant.

4.3 RESULTS
4.3.1 Effect of irradiation and/or phenylhydrazine pretreatment on the
survival and peripheral blood counts of mice
Besides the total body irradiation (TBI) applied to diffusion chamber
host mice, phenylhydrazine (PHZ) pretreatment was also instituted in a
Fig. 4.3: Survival of NMRI-mice after total body irradiation.
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group of mice in an attempt to stimulate human erythropoiesis in
diffusion chambers (see section 4.3.7).
Irradiation of the host mice is essential to allow an optimal growth of
human cells. The total dose should be as high as possible, but the mouse
must live at least 7 days to make re-implantation of the diffusion chambers possible.
Two groups of 20 mice each were exposed to TBI of 650 Rad and 750
Rad respectively; the survival curves are presented in Fig. 4.3. From this
experiment we adapted the 650 Rad TBI dose to diffusion chamber
bearing NMRI-mice.
Thereafter an experiment was performed using three groups of mice
(10 mice in each group), which received 650 Rad, 650 Rad + PHZ, or
PHZ only. The peripheral blood counts were obtained by sampling
free-flow tail blood. The results are presented in Fig. 4.4. From the
leucocyte curves (Fig. 4.4a) it is obvious that PHZ induced a leucocytosis
in the host mice, since with 650 Rad + PHZ higher values were obtained
than with 650 Rad only. The haematocrit (Fig. 4.4b) showed a very
rapid decrease after PHZ only, with a nadir on day 2 and normalization
on day 9. The 650 Rad + PHZ curve therefore showed a lower course
than 650 Rad only, but no clear dip.
As far as the reticulocytes were concerned (Fig. 4.4c), PHZ induced an
initial decrease, nadir on day +1, followed by an overshoot with a maximum on day +5. However, a second dip in reticulocyte-counts was
observed on day +6.
As expected, the 650 Rad + PHZ treatment showed higher values than
650 Rad only, with a small peak on day 6. This suggests that, although
the marrow is irradiated, it is still capable to respond to an erythropoietic
challenge.
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Fig. 4.4: The influence of iriadiation with 650 Rad (o
o); irradiation + phenylhydrazine
(•
• ) , or phenylhydrazine only (^
&) on the peripheral blood values of leucocytes (Fig. 4.4a), haematocrit (Cig. 4.4b) and reticulocytes (Fig. 4.4c).
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4.3.2 Proliferation and differentiation of human peripheral blood mononuclear cells in conventional diffusion chambers. Cytological
aspects and growth profiles
The change in the total number of nucleated cells per chamber with time
after implantation of 5 x 105 MNC of suspension A, is illustrated in Fig.
4.5.
Fig. 4.5: Change in total number of nucleated cells per chamber with time after implantation
of 5 x 10 s mononuclear peripheral blood cells (suspension A) from 6 healthy individuals.
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Chambers were implanted into irradiated (650 Rad) hosts and re-implanted on day 7 into newly
pre-irradiated mice.
Mean values of 4-6 chambers from each individual at each time harvest arc given.
Vertical bars indicate ± s.e.m.

In all 6 normal persons studied, the growth pattern was similar, consisting of an initial decrease in absolute cell count of 50%, with a nadir
on day 5, followed by an increase in cell number to a maximum around
day 13, after which the cell count decreased again. However, great
individual variation in growth capacity was observed.
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On day 13, cytological investigation (Fig. 4.6a-d) showed that lymphoid blast cells and macrophages predominated the picture. There was
abundant vacuolization in the majority of cells. However, non-proliferating and proliferating granulopoietic cells were observed, which exhibited strong affinity for Sudan black B. Megakaryocytes were also
present in all chambers and the majority of them were multinucleated.
Megakaryocytes could be easily differentiated from large macrophages
by their negativity in the a-naphtyl-butyrate-esterase staining.
Occasionally eosinophils and erythropoietic cells were observed.
The use of the MNC-suspensions for chamber culture has the advantage
that the subsequent appearance of recognizable haemopoietic cells can
be taken as evidence for their development in the chamber. The appearance of these cells therefore suggests differentiation of committed progenitor or even pluripotent stem cells in these diffusion chambers.

4.3.3 Effect of preculturing haemopoietic progenitor cells in diffusion
chambers on CFU-c forming capacity in vitro
From the above experiment it was clear that haemopoietic progenitor
cells, when cultured in diffusion chambers, gave rise to recognizable
progeny cells of different types.
Besides the differentiating capacity of these progenitor cells, it was
also of interest to know if the committed progenitor cells (e.g. CFU-c)
were subject to quantitative alteration induced by preculturing in diffusion chambers. Therefore, 5 x 105 MNC were implanted into conventional chambers and harvested at different time intervals. After harvest,
the chamber contents were processed for CFU-c culture according to the
technique described in section 2.2.16.
The results obtained with MNC from 6 healthy donors are presented
in Fig. 4.7. It is clear that, although the profiles were different from
person to person, a substantial increase in the total number of CFU-c/
2 x 104 MNC occurs in time, in 4 out of 6 tested individuals. The other
two individuals demonstrated rather constant CFU-c levels, but on day 0
they already had a relatively higher initial CFU-c number.
This increase in CFU-c numbers could be due to several mechanisms.
First of all, the micro-environment in the chamber allows more primitive
stem cells to differentiate towards CFU-c. Secondly, CFU-c, which were
in Go-phase are triggered into a proliferative state, resulting in an increased potency of colony formation in vitro. Finally, it is quite possible
that the CFU-c population was expanding by self-replication.
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Fig. 4.6: Cy tological aspects of human haemopoietic cells, harvested from conventional diffusion
chambers after 13 days of culture.

4.6.a) large lymphoid cells, macrophages and myeloid cells with abundant vacuolization (MayGrunwald Giemsa)
4.6b) cluster of myeloid cells, surrounded by small and large lymphocytes (May-GriinwaldGiemsa)
4.6c) immature myeloid cells, with a strong affinity for Sudan-black-B
4.6.d) multinucleated megakaryocytes (May-Grunwald-Giemsa)

Therefore, diffusion chamber culture does not only allow committed
progenitor cells to differentiate, but also provides an environment for
expansions of the CFU-c compartment itself.
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Fig. 4.7: Change in concentration of CFU-c during diffusion chamber culture of mononuclear
peripheral blood cells from 6 normal persons.
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Each point is the mean of 4-6 diffusion chambers. Vertical bars indicate ± s.e.m.
Ordinate: CFU-c/2 x 10 4 cells
Abscissa: days of diffusion chamber culture before the harvested cells are transferred to methylcellulose culture for measurement of CFU-c concentration.

4.3.4 The proliferation and differentiation of haemopoietic progenitor
cells in plasma clot diffusion chambers. "Histological" aspects
To obtain more information about the expected colony formation, peripheral blood MNC suspensions were cultured in plasma clot diffusion
chambers.
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To avoid the abundant overgrowth of lymphoid blast cells and macrophages, more "purified" progenitor cell suspensions were made (Fig. 4.2)
and subsequently cultured in plasma clot diffusion chambers. After 7,9,
11 and 13 days of culture the chambers were processed for analysis
according to the schedule in Fig. 4.1.
Erythropoiesis was observed on day 7 and the following days. During
the first few days, only small groups of predominantly immature erythroid elements were seen. On day 11 and 13 most erythroid cell aggregates (CA) consisted of mature elements, recognizable by their abundant
cytoplasm and condensated nuclei. On day 13 only a few proerythroblastic CA were observed. Maturation to erythrocytes was convincingly
observed in several cases. The human erythrocytes were distinct from
"leaking" mouse erythrocytes by their abnormal cytoplasmic configuration. In the PAS-stain they were often positive and showed other signs
of dyserythropoiesis.
Myeloid elements were only observed from day 9 onwards, when the
first immature granulopoietic CA were found. The majority of mature
myeloid cells were found on day 11 and 13. Isolated granulocytes were
often found in the vicinity of other CA, indicating active migration (Fig.
4.8a and 4.8b).
On day 11 and 13, a compact CA of granulocytic cells, mostly comprising less than 10 cells, consisted of myeloblasts and myelocytes with
scattered promyelocytes. Basophilic granulocytes were rare. Eosinophilic
granulocytes were often seen in mature stages and in those cases in
compact clusters. Migration of eosinophilic granulocytes was hardly ever
observed.
Cytological details of all granulocytic lineages generally showed a
normal differentiation and granulation pattern. Only in a few instances
severe megaloblastic nuclear abnormalities manifested themselves.
Maturation and differentiation within the CA was usually asynchronic,
while differences in maturation existed among the different CA. Those
CA usually consisted of only mature cells without younger elements.
The monocytic elements were found at all times, but colonies of
monocytes were very rare. Usually the monocytes were scattered through
the plasma clot and showed abundant phagocytosis which caused PASpositivity by phagocytosed plasma clot material. With their long cytoplasmic protrusions they formed large star-like interruptions in the fibrin
network. The nuclei of the monocytes had a very delicate chromatin
pattern and a fine nuclear membrane. The nucleoli were seldom conspicuous; nuclei sometimes showed hyperlobulation, such as seen in mega-
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Fig. 4.8a: Two adjacent cell aggregates, one consisting of mycloid cells, the other composed of
small megakaryocytes mixed with some erythroids (small cells with dark condensed
nuclei).

i

Fig. 4.8b: Another myeloid colony, with maturating cells in the centre and peripheral migrating
mature neutrophils.

Day 13 of culture, methyl-methacrylate, Gallamine-Giemsa. Original magnification x600.

152
karyocytes. However, especially the distribution of PAS-positivity in the
cytoplasm helped to distinguish macrophages from megakaryocytes.
Megakaryocytes were already found on day 7. These cells were mostly
found in groups of three to four per CA (Fig. 4.9). True megakaryoblastic
elements were rare.
At the stage of differentiation, at which we could distinguish the
megakaryocytes, there were signs of abundant platelet formation. The
cytoplasm showed a strong peripheral PAS-positivity with variable, but
often abundant cytoplasmic protrusions and bleb formation. Isolated
platelets, however, were hardly ever observed.
A peculiar phenomenon was the presence of star-like ghosts, which in
several instances ^ u l d be related to vanishing megakaryocytes, since
their cor.uensing nuclei could be found within the centre of these stars.
Peripheral PAS-positivity in the "dying" cells was hardly retained within
their border but nevertheless, distinct from that seen in the macrophages
with their cytoplasmic extensions. The nuclei of vital megakaryocytes
showed a varying tendency to hyperlobulation, in particular megakaryocytes with clear signs of platelet formation.
Fibroblasts with formation of collagen fibres were not observed.
The groups of haematopoietic cells were usually limited to the area of
the plasma clot itself. At the borders the background of fibrinous material sometimes vanished, thus leading to a seemingly liquid background
in which scattered haemopoietic elements were found. Most cells, however, were found within the plasma clot itself. In control sections made
in close vicinity or through the millipore membranes, no preference for
colony growth could be established. Combinations and fusions of CA
were seen in instances where mature granulocytic cells spread out and
intermingled with other types of CA.
However, in some CA, fewer differentiated elements of various cell
lines were recognized. The ery throid cell line, for instance, was most often
found in combination with other cell lines, especially the megakaryocytic
ones (Fig. 4.10). Combinations of the myelo-monocytic cell lines or
neutrophilic-eosinophilic cell lines were not observed. In all other combinations, each cell line seemed to proliferate and differentiate in the same
manner as in the mono-lineaged CA. The eosinophils within the mixed
CA tended to remain clustered in compact groups, while the megakaryocytes tended to spread out in one or two directions, forming new
clusters.
Mixed CA, in which elements of different cell lines and in different
maturation states were intermingled in a haphazard way, were not
observed within the intact clot sections.
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Fig. 4.9: Cell aggregate comprising megakaryocytes with platelet formation and expulsion.

Fig. 4.10: Same colony as in Fig. 4.9, but section obtained at a different level. Mixture of megakaryocytes and ery throid cells.

AW

Day 13 of culture, methyl-methacrylate, GaUamine-Giemsa. Original magnification x400.
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4.3.5 Quantitative aspects of cell aggregate (CA) formation in plasma
clot diffusion chambers
Since a CA is a cross section through a whole colony, the total number
of CA does not represent the total number of whole colonies per diffusion chamber. Nevertheless, quantitative aspects of CA-formation
could give an impression of progenitor cell proliferation in this system.
Therefore, using 4-6 diffusion chambers per day of analysis, the total
number of CA was scored from each of 4 normal donors on day 7, 9, 11
and 13 after implantation. Moreover, on day 13, 4-6 diffusion chambers
from each of six additional donors were also analysed to obtain more information concerning CA-formation at the moment of maximal cell proliferation.
The total number of all kinds of CA per chamber was increasing with
time (Fig. 4.11): 1.6 ± 1.3 on day 7; 2.3 ± 1.5 on day 9; 28.7 ± 9.4
on day 11, and 187.1 ± 30.5 on day 13. A "control" of unseparated
MNC (suspension A) from the same 4 donors cultured in plasma clot
diffusion chambers and analysed on day 13, showed a significantly lower
(p < 0.05) total number of CA per chamber (23.8 ± 14.1; 8 plasma clot
diffusion chambers). The increase in time of the total number of CA
could represent either an increase in total number of colonies and /or
an increase in the total number of cells per colony.
With the scoring method used in these experiments, it was not possible
to differentiate between these two possibilities. However, since the
"purified" cell suspension B contains more CFU-c in vitro than suspension A (see Table 4.1), and since this phenomenon is also analogized by a
higher total number of CA found on day 13 (187.1 ± 30.5) compared to
suspension A cultured in plasma clot diffusion chambers (23.8 ± 14.1), it
may be assumed that the increased total number of CA in time was not
only caused by an increasing number of cells per colony but also by an
increasing number of colonies.
As stated in section 4.3.4, mixed CA were also observed in the plasma
clot diffusion chambers. Expressed as a percentage of the mean number
of all CA per chamber on day 13 of culture, 5% mixed myeloid and
megakaryocytic, 2.5% myeloid and erythroid, 0.5% myeloid, erythroid
and megakaryocytic, and 0.5% megakaryocytic and erythroid CA were
found.
As CA were counted in cross-sections, it was important to obtain information about the distribution of different kinds of CA throughout
the analysed midportion of the chambers and whether this distribution is
homogeneous. It is conceivable that CA are not equally distributed, but
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Fig. 4.11: Change in total number of all kinds of cell aggregates (CA) with time after implantation of 5 x 10 s mononuclear blood cells (depleted of monocytes and T-lymphocytes
= suspension B) from 4 healthy donors.
total number
of all C.A.
300 200-

100-

80 60 40 -

20 -

10 86I. -

2 •

1 I

13

Days of culture
Chambers were implanted into 650 Rad irradiated mice, and re-implanted after 7 days into newly
irradiated mice. The CA-counts of 4-6 chambers per donor at each time of harvesting were collected and the mean values are given. Vertical bars indicate ± s.e.m.

are preferentially localized in circumscript areas of the chambers. Therefore, 7 at random chosen plasma clot diffusion chambers from different
individuals harvested on day 13, were further analysed. For myeloid and
megakaryocytic CA the mean ± s.e.m. per section was determined by
analysing all 50 sections per chamber.
As can be seen from Table 4.II, the mean number of myeloid CA per
section was 2.48 ± 0.39 and for megakaryocytic CA a mean number of
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Table 4.H: Number of rnyeloid and megakaryocytic cell aggregates (CA) per section
(50 sections from each of 7 plasma clot diffusion chambers were counted, scored on day 13)

myeloid-CA

chamber
number

mean number
of CA/section

1
2
3
4
5
6
7

3.06
3.90
3.90
1.90
1.86
1.36
1.38

skewness

+
+
+
+
+
+
+

0.28
0.48
0.87
0.65
1.50
0.62
0.54

Spearman's Spearman's test:
rank correla- significant diffetion (r)
rence from zero
-0.51
-0.43
-0.77
-0.56
-0.24
-0.02
-0.10

p<0.05
p<0.05
p<0.05
p<0.05
NSD
NSD
NSD

-0.52
-0.65
-0.39
-0.11
-0.57
-0.34
-0.24

p<0.05
p<0.05
p<0.05
NSD
p<0.05
p<0.05
NSD

mean

(±s.e.m.)
of 7 chambers

megakaryocytic-CA

1
2
3
4

2.48
(±0.39)

+ 0.70

5
6
7

1.30
0.86
0.70
0.54
3.04
1.42
2.00

+
+
+
+
+
+
+

1.28
1.14
1.57
1.60
1.18
0.45
0.78

mean
(±s.e.m.)
of 7 chambers

1.40

+ 1.14

(±0.30)

For normal distributions: - 0.5 < skewness <+0.5. The homogeneity of the CA distribution in
the 50 sections per chamber was tested with the Spearman's rank correlation test (p < 0.05
indicates a correlation and therefore an inhomogeneous distribution). NSD = non significant
difference.

1.40 ± 0.30 was found, which difference is not significant. Formyeloid
CA the distribution showed a mean skewness to the right of +0.7, while
for megakaryocytic CA a mean skewness to the right of+1.14 was found
(p < 0.05). This implies that lower CA-counts per section were more
frequently obtained for megakaryocytic CA than for myeloid CA.
With Spearman's rank correlation test, the homogeneity of the CA distribution from section 1 to 50 for myeloid and megakaryocytic CA in
the same 7 chambers was investigated. From Table 4.II it can be seen
that several chambers are non-homogeneous with regard to CA distribution, which is caused by negative or very low CA-counts in a substantial
number of consecutive sections. This means, that quantitative or even
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semi-quantitative estimation of colony formation using histological
sections can easily lead to errors if they are taken from limited parts of
the diffusion chamber content.
Since the scoring of 50 sections per chamber was a very laborious procedure, the total numbers of all kinds of CA per chamber were re-counted
in a decreasing number of sections obtained from the same seven plasma
clot diffusion chambers.
Fig. 4.12: Relationship between the number of counted sections per diffusion chamber and the
scored number of myeloid and megakaryocytic cell aggregates (CA).

of myeloid. CA
200

0

10

20

30

40

50

#i of sections counted

60

0

10

20

30

40

^0

60

# of sections counted

The counts are given as absolute values from 7 plasma clot diffusion chambers, scored on day 13
of the culture.

The sections were counted in a 1:1 (50 sections); 1:2 (25 sections);
1:3 (16 sections); and 1:4 (12 sections) "sample dilution" manner,
whereas every first section was always included. When the numbers of
counted sections were plotted against the total numbers of scored CA,
straight lines were obtained for both megakaryocytic and myeloid CA
(Fig. 4.12), if the points were fitted with the least square method.
All the calculated intercepts were tested against the null-hypothesis:
intercept = 0, using the 95% confidence limits of each intercept. The
majority (except two) of the intercepts were not significantly different,
so the null-hypothesis was not rejected.
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These results demonstrate that, for the interval studied, a limited number of sections could be scored to obtain the same quantitative information, provided that these sections were taken at regular intervals throughout the whole chamber to avoid errors caused by inhomogeneous distributions.

4.3.6 Three-dimensional reconstruction of whole colonies in plasma clot
diffusion chambers; emphasis on the structure of mixed colonies
In the two-dimensional sections through the proliferating colonies various
shapes of the CA were seen. A small CA tended to be spherical, while in
mature and larger CA signs of migration seemed to exist.
In the combination of two or more lineages within one CA, the
two-dimensional sections did not inform us, whether these pictures
resulted from a haphazard sectioning of fused, mixed or touching intrinsic
spherical structures. The methacrylate sections are well suited for threedimensional studies, by the lack of both shrinkage and distortion during
histological processing.
In series consisting of 80-120 consecutive sections through different
chambers, we randomly selected small and large CA in the midportion of
the chambers, which by analysis of serial sections could be studied in
total. In a selection of 8 different CA consisting of different lineages and
combinations, the cells per section were counted and scored individually
to see if they had already been recognized in previous sections (Table 4.IV).
Table 4.FV: Several quantitative characteristics of the three-dimensional analysis
of eight different colonies, scored on day 13 of culture in plasma clot diffusion chambers

type of colony
col.
col.
col.
col.

#\.,eosinophilic
#2, neutrophilic
# 3 , pro-erythroblastic
# 4 , mixed megakaryocy'ticeosinophilic
col. # 5 , mixed megakaryocyticerythropoietic
col. # 6 , neutrophilic
col. # 7 , megakaryocytic
col. # 8, megakaryocytic

total number
of
cells/colony

6
52
10
megak.: 47 i
eos.
:11J48
megak.: 56 i _
erythr.: 16 J
11
38
5

Maximal number number of serialof all scored
5 JU sections,
cells/
needed to pass the
single section
whole colony
5
28
9

7(=35jU)
11(=55JU)
7 (=35/1)

27

# 1 5 (-75/1)

28

[J]13 (=65 ju)

6
21
4

8 (=40jU)
1O(=5OU)
7(=35JU)
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In the serial reconstructions of small colonies, the impression obtained
from the two-dimensional sections, that small colonies tend to be sperical, was confirmed. This goes for colonies consisting of immature cells of
all lineages, while differentiated neutrophilic cells and megakaryocytes
showed definite signs of migration into the surrounding plasma clot.
Eosinophils stay together in spherical groups, even when the CA consists of only polymorphonucleated forms. The structure of erythropoietic nests was more complicated, mainly due to the fact that during differentiation the nuclei disappear and mature erythrocytes are difficult to
retrieve with certainty within the plasma clot in all instances. In the large
and composite colonies this phenomenon can be best illustrated by the
colony shown in Fig. 4.13.
In the serial reconstruction, it was found that the eosinophils tended
to cluster, but revealed slight migration into a direction which coincides
with one of the main directions of megakaryocytic migration and proliferation. The megakaryocytic colonies showed protrusions in mainly
three directions with irregular borders and isolated cells at some distance.
This same tendency of outspreading megakaryocytic proliferation is also
seen in Fig. 4.14. Here scattered nests of mature erythroid elements, still
containing dark clumps of chromatin, are found scattered among the migrating megakaryocytic cells. No distinct centre of erythroid proliferation and maturation was found.
From these two examples it is clear, that mixed colonies do not
consist of randomly or homogeneously mixed differentiating cells from
various lineages, but that each lineage tends to grow in the same manner
as in isolated colonies. Besides that, the growth pattern of non-migrating
cells in CA was clearly influenced by the migrating activity of mature
myeloid cells and megakaryocytes.
However, the influence of migrating neutrophils on eosinophilic colony
formation cannot be elucidated here, since we did not find combined
neutrophil-eosinophil colonies.
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Fig. 4.13: Three-dimensional impression of a mixed megakaryocytic-eosinophilic colony scored
on day 13 of the culture.
Both the serial section construction and the artist impression are presented.
Dark spots represent cross-sections through eosinophils. Magnification xl030.
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Fig. 4.14: Three-dimensional impression of a mixed megakaryocytic-erythropoietic colony scored
on day 13 of the culture.
Both the serial section construction and the artist impression are presented.
Dark spots represent cross-sections through erythropoietic cells. Magnification xl030.
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4.3.7 Cell aggregate (CA) formation in plasma clot diffusion chambers
by human haemopoietic progenitor cells in irradiated and phenylhydrazine pretreated mice
When human haemopoietic progenitor cells were cultured in diffusion
chambers, erythroid cells were rarely observed.
Therefore it was of interest to investigate if phenylhydrazine (PHZ)
pretreatment (and TBI) of the host mice could induce an increased
erythropoiesis in the diffusion chambers. PHZ induces a severe haemolysis and subsequently a stimulation of erythropoiesis in the host mice
by a reactive increase in erythropoietin levels (28).
Table 4.HI: Numbers of myeloid and megakaryocytic cell aggregates (CA) per section
(50 sections from each of 5 plasma clot diffusion chambers were counted, scored on day 13).
Chamber bearing mice were prctreated with TBI and phenylhydrazine

myeloid-CA

chamber
number

mean number of
CA/section

I
2
3
4
5

4.90
1.38
1.42
7.34
0.96

mean (±s.e.m.)
of 5 chambers

megakaryocytic-CA

3.2±1.12

1
2
3
4
5

3.52
1.00
0.34
2.36
2.35

mean (is.e.m.)
of 5 chambers

1.91+0.5

skewness

+
+
+
+
+

0.82
1.60
0.45
0.03
0.52

+ 0.60
+
+
+
+
+

1.12
0.76
2.10
1.69
1.03

+ 1.34

From the same four donors from whom CA-time profiles were obtained
(see section 4.3.5), plasma clot diffusion chamber analysis was performed (10 chambers in total) after PHZ treatment of the host mice.
Histological analysis on day 13 of culture showed no increase in the total
number of erythroid CA, nor in the total number of cells per erythroid
CA. Furthermore, no difference was found in the total number of all
kinds of CA per chamber (165.7 ± 50.1) compared to pre-irradiated mice
without PHZ treatment (187.1 ± 30.5).
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CA-distribution profiles throughout the midportion of 5 out of 10 at
random chosen chambers were determined and the results are presented
in Table 4.III.
The mean (± s.e.m.) number of myeloid CA per section (3.2 ±1.1)
was not significantly different from the mean number of megakaryocytic
CA (1.9 ± 0.5). Neither did these values differ from the results obtained
with pre-irradiation only, as is described in section 4.3.5.
From these experiments it can be concluded that an erythropoietic
challenge with PHZ of the irradiated diffusion chamber bearing hosts
does not result in an increase of erythroid cell proliferation or differentiation, nor in any significant alterations in the number of myeloid and/or
megakaryocytic CA.

4.4 CONCLUSIONS AND DISCUSSION
Conclusions
1) Haemopoietic progenitor cells, which circulate in the human peripheral blood, can be induced to differentiate into mature erythrocytes, granulocytes as well as thrombocytes, by culture in conventional diffusion chambers.
2) The number of progenitor cells, which in vitro produce myeloid
colonies (CFU-c), increases if the peripheral blood cells are precultured in diffusion chambers.
3) "Histological" analysis of colony formation in plasma clot diffusion
chambers revealed neutrophilic colonies with normal asynchronous
cell differentiation and signs of active cell migration. Sometimes
megaloblastic changes were evident. The megakaryocytic cell aggregates revealed signs of platelet formation at the cell borders, while
the scanty erythroid cell aggregates were able to form mature erythrocytes.
4) Eosinophils and neutrophils were always found in separate colonies,
supporting the hypothesis that both lineages have separate progenitors.
Furthermore, the mature eosinophilic cell aggregates were very compact and did not show any sign of cell migration. Monocytic cell
aggregates were very rare, while macrophages were frequently found
scattered throughout the plasma clot. Cell aggregates consisting of
lymphoid cells were never observed. Aggregates consisting of a mixture of various cell lineages were found in small amounts; especially
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erythroid cells showed a tendency to grow in the vicinity of megakaryocytic cells.
5) Cell aggregates are not homogeneously distributed throughout the
plasma clot. This means that quantitative or even semi-quantitative
estimation of colony formation, using histological sections, can easily
lead to errors if these sections are taken from limited parts of the diffusion chamber content.
6) Pretreatment of the irradiated host mice with phenylhydrazine did
not increase the number of erythroid cell aggregates, nor the total
number of cells per erythroid cell aggregate. This is in contrast with
observations done in mice.
7) Three-dimensional analysis of various colonies revealed that small
colonies were perfect spheres, while large colonies revealed bizarre
structures with signs of active cell migration and satellite formation.
Analysis of "mixed" colonies suggested that the majority of these
colonies did not consist of homogeneously mixed differentiating cells
from various lineages, but were rather the result of cell migration from
closely developing single cell aggregates. Especially the growth patterns were clearly influenced by cell-migrating activity of mature
myeloid cells and megakaryocytes.

Discussion
In the literature of the past few years, modifications of the diffusion
chamber technique, which facilitates the study of colony formation by
precursor cells in semisolid agar (26, 27) or in fibrin clots (36, 37) inside
the chambers, have been described.
The types of colonies most frequently observed in fibrin clot cultures
consist of neutrophilic, eosinophilic, megakaryocytic, or macrophage-like
cells.
An increased number of neutrophilic colonies is observed when the
host mice are irradiated prior to chamber implantation (37). In contrast,
irradiation of the host has not been found to stimulate the formation of
eosinophilic colonies (37). Colony-forming units in diffusion chambers
(CFU-d) are operationally defined as cells that form colonies in fibrin
clot cultures in irradiated mice.
From the studies done by Hoelzer et al. (34), Barr et al. (2) and
Boecker et al. (8) it was suggested that committed or even pluripotent
haemopoietic stem cells, circulating in human peripheral blood, proliferate and differentiate in diffusion chambers.

165
However, in contrast to bone marrow (37, 38, 54), analyses of colonyformation from human peripheral progenitor cells in plasma clot diffusion chambers have not yet been done. Such analysis is relevant in
relation to the observations done by Gidali et al. (25) and Micklem et al.
(47), that the pluripotent stem cells found in circulating blood of mice
generally have less reproductive ability to sustain haemopoiesis than the
CFU-s found in bone marrow.
Furthermore, the proliferative and differentiating capacity of haemopoeitic progenitor cells present in human peripheral blood must be studied
more thoroughly before they can be used for transplant purposes.
In the techniques described for bone marrow derived colony analysis,
the cell aggregates are studied either after chamber centrifugation (36) or
by direct staining techniques on manipulated plasma clots (54). In both
techniques it is conceivable that, because of interference with the clot
structure, alteration in the colony structure and morphological aspects
can influence the interpretations. Also the light microscopical and
ultra-structural techniques described by Ben-Ishay (3, 4) have the disadvantage that clot manipulation is part of the procedure.
By using the methyl-methacrylate embedding technique, the whole
chamber (including the plastic ring) can be processed for analysis whereby
semi-thin sections of high quality with a uniform thickness and without
shrinkage can be obtained.
The growth profiles of mononuclear cells in conventional diffusion
chambers and subsequent cytological analysis as described in section
4.3.2 confirm the data of Boecker et al. (8) and Hoelzer et al. (34). The
use of a mononuclear cells suspension for implantation also has the advantage that the interpretation is not complicated by the possibility that
these cells are survivors from implanted differentiated cells, as is the case
for bone marrow (15).
Under the experimental conditions of pre-irradiation, times of reimplantation and times of harvesting used, a growth pattern was observed with an initial decrease of 50%. Thereafter proliferation of lymphoid
blast cells, granulopoietic cells and macrophages led to a maximum cell
count on day 13. This growth pattern is similar to that for the culture of human bone marrow cells in diffusion chambers observed by
B^yum et al. (11), Boecker et al. (8) and Squires (59).
Mature megakaryocytes and erythrocytes were seen, and since only
lymphocytes and monocytes were implanted, the appearance of these
cells is good evidence that even if the human pluripotent stem cell does
not proliferate in diffusion chambers, then at least all three committed
precursor cells do so.
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Although the capacity of the human granulopoietic progenitor cell
(CFU-c) to proliferate and differentiate in vitro has been well defined, its
capacity for self renewal and the extent to which its numbers are replicated by inflow from more primitive stem cell compartments, has not
yet been extensively investigated.
The present study extends the observation done by Hoelzer et al. (35)
that the absolute numbers of CFU-c can increase substantially by short
term pre-culturing in diffusion chambers. This phenomenon of increase
in absolute numbers of CFU-c was : Iready known from pre-culturing
experiments in liquid medium (44, 50).
There would seem to be three, not necessarily mutually exclusive,
explanations for this phenomenon. 1. more primitive progenitor cells are
circulating, which differentiate towards the CFU-c, owing to the culture
environment; 2. CFU-c present in the blood are triggered into selfreplication; 3. CFU-c in Go-phase of the mitotic cycle are activated in
the diffusion chamber system.
The present data do not allow us to distinguish between these possibilities. The rapidity of the increase in CFU-c in diffusion chambers favours
the possibility of self-renewal, since recruted more primitive progenitor
cells would have to differentiate and proliferate immediately to account
for the observed increase. Such an expected delay has been observed in
murine bone marrow cultured in diffusion chambers in which an increase
in CFU-s is not seen until after one or two days (61).
Testa and Lajtha (63) suggested that CFU-c have a capacity for selfrenewal limited to approximately five divisions, at least in the regenerating mouse bone marrow system, and Sutherland et al. (62) postulated
from their short-term liquid culture studies on murine bone marrow that
self-renewal alone could not account for the enormous increase they
observed in CFU-c within two days. There is sufficient evidence from
animal experiments, that indeed a more primitive progenitor cell is
triggered to proliferate and differentiate towards more mature progenitor
cells such as the CFU-c.
Sutherland et al. (62) demonstrated by means of velocity sedimentation that this more primitive progenitor cell resembles the CFU-s. The
most convincing evidence was presented by Kurrle et al. (42) in rats,
where the CFU-c pool in the bone marrow was depleted by hydroxyurea.
This "depleted" bone marrow was then cultured in diffusion chambers
and a substantial increase in CFU-c was observed, suggesting an influx
from earlier progenitor cells. The same observations were also done in
mice (55). That hydroxyurea does not affect the CFU-s itself was demon-
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strated by Haas (29), who demonstrated that hydroxyurea-pretreated
bone marrow is able to repopulate lethally irradiated rats.
In the human situation, Jacobson et al. (39,40,41) demonstrated that
this more primitive granulopoietic precursor cell is in fact the same precursor cell that gives rise to colonies in the in vivo diffusion chamber system. This was demonstrated by differences in velocity sedimentation and
the percentage of cells in S-phase between the CFU-d and CFU-c.
Additional evidence that this more primitive progenitor cell differs
from the CFU-c has been presented by O'Hara (33), who demonstrated
the absence of anti-i on this primitive precursor cell, which is in contrast
to its presence on the CFU-c.
This increase in committed progenitor cell by preculturing in diffusion
chambers was also demonstrated for the BFU-e, but not for the CFU-e
(28) and for eosinophilic progenitor cells, which substantiate the fact
that the eosinophilic precursor cell is not identical with the granulopoietic
precursor cell.
With the methyl-methacrylate embedding technique it was demonstrated that human committed progenitor cells can produce discrete
colonies within the plasma clot diffusion chambers. Colonies from different cell lines were observed in the same chambers and in varying total
number of cells per colony. Very small and large neutrophilic colonies
were found at the same time of harvest. Per colony, the cells were only
partly synchronous in their stage of differentiation. Earlier or later
differentiation patterns could be observed in other colonies.
A striking observation was that even in the plasma clot matrix, polymorphonucleated cells showed signs of cell migration, as was already observed in vitro cultures by Chang (14) and Metcalf (46).
Most myeloid cell aggregates were either of neutrophilic or eosinophilic origin, while mixed neutrophilic-eosinophilic aggregates were not
observed. This is in accordance with the findings with human bone
marrow in fibrin clot diffusion chambers as described by Jacobson et al.
(39). Although these authors described some mixed neutrophilic-eosinophilic colonies, in our opinion, these are artefacts due to manipulation of
the plasma clot by centrifugation.
Eosinophilic colonies in plasma clot diffusion chambers were very
compact in structure and did not show any sign of cell migration. This is
analogous to the in vitro data presented by Dao et al. (20, 21) and Dresch
(22). Basophilic cells were rarely observed and were not found as cell
aggregates, which is in accordance with in vitro culture findings done by
Dao et al. (21) and Parmley (52).
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Sometimes the neutrophilic cell aggregates were mixed with erythroid
or megakaryocytic cells, which confirms the observation of Preisler et al.
(54) in human bone marrow colonies in plasma clot diffusion chambers.
However, these authors found very small neutrophilic colonies (usually <
10 cells) on day 10 of culture, which contrasts with the sometimes very
large neutrophilic colonies observed in our system. A reason for this
difference could be the low irradiation dose (400 Rad) used for the
pretreatment of the diffusion chamber bearing mice. This presumption is
confirmed by the fact that Gordon (27) also found very large colonies in
agar clot diffusion chambers, when the mice had been pretreated with
900 Rad.
Lymphoid colonies were not observed, which is also the case in
long-term in vitro liquid cultures, using the Dexter system (64).
Macrophage colonies were not observed either, but these cells were
found scattered throughout the sections, presumably also by active cell
migration.
Erythropoietic single colonies were very rare, but most of the erythroid cells were found intermingled with other cell lines. The reason
for this is not clear, but it could be that myeloid and/or megakaryocytic
cells provide a special environment for erythropoietic cells to differentiate
in this system. Furthermore it was interesting to observe that mature
erythrocytes were found at the borders of the erythroid cell aggregates.
Erythroblastic islands, consisting of a histiocyte surrounded by
maturing erythroid cells as can be found in bone marrow sections (7),
were very seldom observed in the histological sections through the clots.
The central histiocyte in such an erythroblastic island is supposed to
provide stimulating factors for the developing erythroid cells. These
erythroblastic islands were observed by Ben-Ishay (3) when rat bone
marrow was cultured in diffusion chambers, but they were not observed
in mouse bone marrow cultures in plasma clot diffusion chambers as
described by Gerard et al. (24). In this connection it should be noted
that, in contrast to peripheral blood, bone marrow cultures in diffusion
chambers give rise to fibroblast and histiocytic colony formation.
No clear cell migration out of the erythroid aggregates was observed
in the plasma clot diffusion chambers, which is in contrast to the cell
migrations found in in vitro BFU-e cultures (17).
It is known that erythropoietic cells in general have a very low growth
potential in diffusion chambers, except when rabbit progenitor cells are
used (68). By manipulation of the diffusion chamber bearing host, such
as hypoxia (12) or inducement of haemolytic anaemia by phenylhydra-
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zine (60), the number and size of erythroid colonies in the diffusion
chambers can be increased. Phenylhydrazine induces a haemolytic anaemia in the experimental animal and as a consequence an increase in the
number of CFU-s (53) and the committed erythroid progenitor cells
CFU-e and BFU-e (30, 31). On the other hand, there is a decrease in the
number of myeloid progenitor cells, probably on account of stem cell
competition (28, 56, 58).
The alterations in various peripheral blood counts induced by phenylhydrazine pretreatment of our NMRI-mice are in accordance with
observations of Richard et al. (58), Hara et al. (30, 31) and Steinberg et
al. (60). Our observation that erythroid colony formation could not be
increased by phenylhydrazine pretreatment could be explained by the fact
that, in contrast to the above-mentioned studies, the diffusion chamber
bearing mice were also irradiated. However, the re-implantation of the
chambers on day 7 may have abolished the erythroid proliferation and
differentiation. This is substantiated by the fact that Walther et al. (67)
demonstrated that if chamber recipient mice are subjected to a combination of 750 Rad irradiation and long-term non-interrupted hypoxia
without chamber re-implantation, erythroid cell proliferation and
differentiation can be enhanced. Finally, it should be mentioned that,
unlike adult human bone marrow, foetal human liver stem cells give rise
to spontaneous erythroid colonies in diffusion chambers in vivo (49).
Megakaryocytic colonies of various volumes (ranging from 5-65 cells)
were also observed when human peripheral progenitor cells were cultured
in plasma clot diffusion chambers. Interesting was the fact that all these
megakaryocytes showed evidence of platelet production. These megakaryocytic cell aggregates were mostly very large. This is in contrast with
the relatively low number of cells per megakaryocytic colony found by
Jacobson et al. (38, 39), when human bone marrow cells were cultured in
fibrin clot diffusion chambers.
Vainchenker et al. (64, 65), using a plasma clot culture technique in
vitro, described a megakaryocyte colony formation technique for human
bone marrow precursors. The majority of the megakaryocyte colonies
(75%) were pure, while the others were mixed with erythroblasts. This is
in accordance with our finding that erythroid cells can be found intermingled with megakaryocytic cell aggregates. Ultrastructural studies have
shown that the maturation of the megakaryocytes is essentially normal
and that platelet shedding occurs.
In contrast to our system, erythropoietin must be added to the culture
plates to obtain megakaryocytic colony formation. That shedding of
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platelets can take place was observed earlier by Levine (43), using
guinea-pig bone marrow cells in liquid cultures. Also McLeod (45) and
Metcalf (46) demonstrated this phenomenon by in vitro cultures of bone
marrow cells.
The three-dimensional analysis we performed on several whole colonies
demonstrated that small colonies were perfect spheres, but larger colonies
could have very capricious forms. Especially neutrophilic and megakaryocytic colonies showed large protrusions of cell groups and evidence of
cell migration. In accordance with the in vitro studies the cells became
more differentiated at the border of the colonies, but in contrast to the
in vitro cultured colonies, a complete differentiation to many mature
granulocytes was observed. This can be explained by the free diffusion of
inhibiting substances produced by mature myeloid cells out of the chamber and colony stimulating factors into the chamber.
Our three-dimensional studies revealed that it is conceivable that
during the chamber centrifugation technique of Jacobson (36) parts of
the megakaryocytic colony can be separated and subsequently counted
as isolated colonies. This could result in an over-estimate of the total
number of megakaryocytic colonies present in plasma clot diffusion
chambers.
Furthermore, in the case of the described mixed megakaryocyticerythropoietic colony, the erythropoietic cells were hidden in the centre
of the megakaryocytic cell cluster and can easily be missed when direct
staining techniques for the plasma clot are used.
In general, we had the impression that mixed colonies were formed by
two or more committed progenitor cells, which proliferate and differentiate in very close vicinity. On the other hand, it cannot be entirely excluded that pluripotent haemopoietic stem cells proliferate in the plasma
clot diffusion chamber, as was also demonstrated in vitro by Fauser et al.
(23). These authors proved the clonal origin of these mixed colonies,
present in human bone marrow and peripheral blood, by mixing male
and female cells and subsequently demonstrated single X or Y chromosomes in the mixed colonies.
It has been suggested by Barr et al. (2) that the diffusion chamber
cultures may support the proliferation of human multipotent stem cells.
However, this suggestion is not yet supported by results obtained by
clonal techniques for human haemopoietic cells in the diffusion chamber
technique. Clonal techniques in vitro are probably more suitable to
elucidate this problem (32).
The quantitative analysis of cell growth in plasma clot diffusion
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chambers using histologic techniques proved to be very cumbersome, not
in the least by the fact that the cell aggregates were non-homogeneously
distributed. However, since various cell lines are proliferating and differentiating simultaneously, and the histological sections provide an
optimal insight in the cellular events, this technique can contribute to a
better understanding of colony formation and in various kinds of haematologic diseases.
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Chapter 5
HAEMOPOIETIC PROGENITOR CELLS IN HUMAN PERIPHERAL
BLOOD IN MYELOPROLIFERATIVE DISORDERS

5.1 INTRODUCTION
The concept of myeloproliferative disorders was introduced by Dameshek
(5) to group haematological conditions under the common denominator
of morphologic characteristics, without taking into account etiologic
factors.
It has been suggested that these disorders may be caused by abnormalities in the bone marrow micro-environment, an intrinsic stem
cell defect, a disturbance in the haemopoietic regulator systems, or the
presence of a neoplastic cell clone (7, 19). In addition, the mechanism
of the release of mature and immature cells from the marrow into the
blood stream is ill-understood, and might be disturbed in these conditions.
Traditional diagnostic criteria are often insufficient for precise characterization of these disorders. New techniques based upon cell function
and kinetic analysis of cell growth patterns may supplement traditional
morphological and clinical criteria. One such approach to cell growth
patterns in vitro is the agar-colony system, which allows enumeration of
the number of functional myeloid progenitor cells (CFU-c).
There have been several reports on in vitro colony formation in patients with chronic myeloid leukaemia (11, 18, 19, 20, 26), and only a
limited number of reports on patients with other types of myelo-proliferative disorders (14, 19, 22).
Besides studies concerning the number of haemopoietic progenitor
cells in bone marrow, a lot of attention is given to circulating erythroid
(17) and myeloid (3, 12, 23, 27, 28) progenitor cells in diseases such as
chronic myeloid leukaemia, myelofibrosis and polycythaemia vera. Most
of these studies deal with the determination of absolute numbers of
circulating progenitor cells which are cultured in vitro.
Circulating progenitor cells have also been cultured in diffusion
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chamber systems, but only from patients with myelofibrosis (4, 25).
These studies suggest, that the blood of patients with myelofibrosis contains an increased number of granulocytic, erythroid and megakaryocytic
progenitors. But, the pattern of their outgrowth within the diffusion
chambers has never been subject of study.
There is little information available about the morphology of colonies
growing in vitro or in diffusion chambers in myeloproliferative disorders.
Since the aspects of proliferation and differentiation of normal human
haemopoietic progenitor cells in plasma clot diffusion chambers are well
known (see chapter 4), it will be possible to determine whether circulating
progenitor cells from patients with myeloproliferative disorders reveal
normal growth patterns or not.
It is assumed that progenitor cells in diffusion chambers are growing
without the influence of the bone marrow micro-environment. Abnormalities in proliferation and differentiation would under these circumstances indicate an intrinsic defect in the progenitor cell itself.

5.2 MATERIALS AND METHODS
Eight patients with various types of myeloproliferative disorders and two
patients with aplastic anaemia were studied.
For the plasma clot diffusion chamber cultures, 100 ml peripheral
blood in preservative-free heparin was collected from each patient and
processed to obtain a CFU-c enriched cell suspension, as described in
section 2.3.4. These cell suspensions were cultured in vitro, according to
the technique described in section 2.2.16, to determine absolute numbers
of CFU-c.
Simultaneously, 1 x 10s cells/diffusion chamber were processed for
culture and subsequent histological analysis as described in chapter 4.
Due to the low number of cells harvested, only 2-4 diffusion chambers
per patient could be put to culture.
From 9 patients bone marrow histology was investigated by processing a Jamshidi bone marrow biopsy, according to the methacrylate
embedding technique described by Te Velde et al. (29). The bone marrow sections were reviewed independently by two pathologists. The
histological parameters concerned cellularity, presence and/or atypia of
each cell line and stromal features such as fibrosis and abnormalities of
the micro-circulation.
The morphological aspects of the cell aggregates in the plasma clot
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diffusion chambers (harvested on day +13) were compared with the
histological aspects of the bone marrow of each patient.

5.3 RESULTS
Relevant clinical and culture data are given in Tables 5.1 and 5.II.
Patient 1:
Female, 30 years of age, suffering from Ph®-chronic myeloid leukaemia
for 10 years. Until 8 years ago treated with busulphan and recently with
thiotepa because of thrombocytosis. In the bone marrow histology
erythropoiesis was diminished. Granulopoiesis with marked eosinophilia
was intermingled with large numbers of predominantly small and immature megakaryocytes. The marrow circulation seemed fairly normal, in
the sinus lumina only scattered immature granulocytic and eosinophilic
elements were observed.
Microscopy of sections through the diffusion chambers revealed no
viable cell aggregates; only some star-like cell ghosts without nuclei were
found.
Patient 2:
Female, 56 years old, suffering from primary thrombocytosis. Treatment
consisted of one injection with radioactive phosphorus (= p32) and intermittent chemotherapy with thiotepa. In the bone marrow histology the
number of mature megakaryocytes was markedly increased, associated
with a slight increase of reticulin fibres. At the time of investigation,
sinusectasy with intravasation of erythroblasts and immature granulocytes was only focally observed.
In the diffusion chambers only two cell aggregates were found, although star-like cell ghosts were present.
Patient 3:
Female, 52 years old, suffering from polycythaemia vera for 10 years,
which recently transformed to thrombocytosis. No bone marrow histology available, but cytological examination showed an increase of all
cell lines.
In the diffusion chambers only a few aggregates were found, among
which two eosinophilic aggregates. Their granulation was definitely
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abnormal, showing fewer but large granula. Star-like cell ghosts were not
conspicuous but present.
Patient 4:
Female, 53 years old, suffering from polycythaemia vera for 4 years,
controlled by chemotherapy and p32. In the bone marrow all cell lines
were increased with additionally eosinophilia and only focal increase of
reticulin fibres. The sinuses were partially dilated with immature granulocytes and a few megakaryocytes in their lumina.
Cell growth in the diffusion chambers mainly consisted of granulocytic
aggregates, which were small but had normal morphology. Megakaryocytic aggregates consisted of only a few megakaryocytes. Star-like cell
ghosts were present in all sections.
Patient 5:
Female, 51 years old, suffering from polycythaemia vera for 10 years,
treated with chemotherapy because of thrombocytosis. Splenomegaly
was present. In the bone marrow histology, diffuse reticulin fibrosis with
focal condensation to collagen fibrosis was observed. The sinuses were
wide with in their lumina predominantly young erythropoietic cells and
several megakaryocytes. Although granulopoiesis was very abundant in
the marrow, only focally immature granulocytes within the vascular system were observed.
Yet in the diffusion chambers many and huge myeloid aggregates were
seen without cytological abnormalities (Fig. 5.1). Megakaryopoiesis and
ery thropoiesis were both abundantly present, forming large colonies (Fig.
5.2). The megakaryocytes tended to be rather small with one round
nucleus, while at the cell border small and large PAS-positive thrombocytes were present. Star-like cell ghosts could be found, but were rare.
Mature erythropoietic cells showed severe nuclear abnormalities, but no
PAS-positive cytoplasmic granules.
In the bone marrow histology PAS-positivity in the erythropoiesis was
conspicuous, but stainable marrow iron was absent.
Patient 6:
Male, 40 years old, for one year known to be suffering from polycythaemia vera, with splenomegaly and moderate marrow fibrosis. Treatment
had consisted of phlebotomy only. Marrow histology showed a predominance of erythropoiesis and megakaryopoiesis, with rather atypical
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Fig. 5.1: (Pat. No. 5) Granulocytic cell aggregate, intermingled with abnormal erythroid elements.
Gallamine-Giemsa (x400).

Fig. 5.2: (Pat. No. 5) Megakaryocytic aggregates with (dark) platelet formation. In the vicinity
PAS-negative cell fragments (platelets) of vaiying sizes. PAS (x400).
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megakaryocytes. Granulopoiesis was only slightly increased with abnormal localization of the young elements within the central marrow areas
and in the sinuses. The number of eosinophils was decreased. The sinusoidal system was wide and in its lumina megakaryocytes and immature
erythro- and granulopoietic cells were observed.
Cell growth in the diffusion chambers was minimal; the few cell
aggregates present however showed no abnormalities. Isolated eosinophils were found. Star-like cell ghosts were abundant.
Patient 7:
Male, 69 years old, only recently discovered to be suffering from myelofibrosis with splenomegaly and in the bone marrow moderate fibrosis
and an increased megakaryo- and granulopoiesis. All cell lines exhibited
moderate cellular atypia. The sinusoidal system was wide, with in its
lumina abundant immature erythropoiesis, mature megakaryocytes and
scattered immature myelopoiesis.
In the diffusion chambers, massive outgrowth of huge aggregates of all
cell lines, with only a few eosinophils was observed. Star-like cell ghosts
were present, but rare.
Patient S.Male, 51 years old, initially diagnosed as polycythaemia vera, but with
increasing spleen size and progressive myelofibrosis. At the time of investigation, the marrow was still hypercellular with conspicuous eosinophilia. The sinus sytem was moderately and predominantly focally dilated,
with especially in these areas intrasinusoidal megakaryocytes, immature
neutrophils and eosinophils.
' - wth in the diffusion chambers mainly consisted of megakaryocytes,
in which the nuclei were often condensed. The cytoplasm was disintegrated into small and large cell fragments, forming clusters of atypical
thrombocytes (Fig. 5.3). At the same time numerous star-like ghosts
were found (Fig. 5.4). Granulopoietic clusters mainly consisted of small
immature cells, which were mostly in the same stage of differentiation.
Patient 9:
Female, 54 years old, suffering from aplastic anaemia with absence of
haemopoiesis in the bone marrow histology and absence of growth in
the diffusion chambers.
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Fig. 5.3: (Pat. No. 8) Small clusters of megakaryocytes dissolving into platelets of varying sizes,
and with nuclear condensation. Gallamine-Giemsa (x400).

Fig. 5.4: (Pat. No. 8) Star-like cell ghost, probably representing the remnants of dissoluted
megakaryocytes. In contrast, megakaryocytic cells in the same section are demonstrated.
Gallamine-Giemsa (x400).
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Patient 10:
Male, 19 years old, suffering from aplastic. anaemia with absence of
haemopoiesis in the bone marrow and no growth in the diffusion
chambers.
Summarizing the features of the cell lines growing in diffusion chambers, it can be concluded that the spectrum of nuclear and cellular
abnormalities resembles the spectrum of abnormalities in the bone
marrow.
Erythropoiesis in the normal control* diffusion chambers often showed
slight nuclear abnormalities in the mature forms. In one normal control
we observed PAS-positive granules in the cytoplasm of maturating cells.
Yet in the patients, several of whom showed PAS-positivity in the bone
marrow (although partly associated with iron-negative polycythaemia
vera), no PAS-positivity was observed in the diffusion chambers.
The difference between these patients and the normal controls especially consisted in the number of cells in erythroid aggregates. In some
patients, large aggregates of pro-erythroblasts and large fields of maturating erythroids were found, while in the normal controls (on day +13)
erythropoiesis mainly consisted of small nests of maturating cells.
Granulopoiesis in the neutrophilic lineage differed from normal controls mainly in the amount of cells per aggregate. In a few instances the
aggregates consisted of cells in the same stage of maturation, which
phenomenon was less evident in the smaller aggregates observed in normal controls. Migration of mature neutrophils was observed in material
from both patients and normal controls.
Megakaryopoiesis in the patient material showed the most conspicuous abnormalities. The cytological details differed from patient to
patient, but mature megakaryocytes sometimes consisted of small cells
with one round nucleus and production of rather uniform thrombocytes
at the cell borders.
In others, bizarre megakaryocytes were disintegrating into thrombocytes of various sizes and degree of PAS-positivity. In several patients,
the diffusion chamber sections showed an abundancy of dead cells
resulting in star-like cell ghosts. Within these star-like structures neither
nuclei nor cytoplasmic details could be detected. These cell ghosts were
found scattered through the sections, and were hafdly ever clustered in
aggregates. Although their distribution resembled the aspect of migrating
* Normal control = progenitor cells obtained from normal individuals and cultured in diffusion
chambers as described in chapter 4.
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macrophages, patient no. 8 showed the simultaneous appearance of cell
ghosts, dissolving megakaryocytes and bizarre and large megakaryocytes
with intact nuclei and cytoplasm. Abundancy of cell ghosts was found in
patients no. 6 and 8, while in patients no. 2 and 4 their number was
lower. In the other patients some cell ghosts could be found, while these
were never observed in aplastic anaemia.
Eosinophils in the normal controls were mostly found in compact
aggregates. In the patients they were most often found as scattered, isolated elements within the fibrin clot. In one patient the granulation was
clearly abnormal in distribution, form and stainability, which confirmed
the observations that eosinophils in bone marrow can be abnormal in
myeloproliferative disorders.
Between the two methods of culturing peripherally circulating precursor cells, namely the in vitro CFU-c and the diffusion chamber technique, no correlation was found for patiens with myeloproliferative
disorders. Cells from some patients did grow in diffusion chambers, while
no CFU-c growth in vitro was observed.
In the bone marrow histology of patients with myeloproliferative disorders, cellular hyperplasia was generally observed. Yet, no correlation
existed between the amount of proliferation within the marrow parenchyma and the outgrowth of precursor cells from the peripheral blood
in diffusion chambers.
Furthermore, a clear correlation between outgrowth in diffusion
chambers and the clinical diagnosis, the application of chemotherapy,
and blood cell counts could not be established in this limited number of
patients.
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5.4 CONCLUSIONS AND DISCUSSION
Conclusions
1) With the diffusion chamber system haemopoietic progenitor cells can
be detected in the peripheral blood of patients with myeloproliferative disorders, even in the absence of "in vitro" CFU-c growth.
2) The morphology and distribution of cell aggregates in diffusion
chambers in myeloproliferative disorders is abnormal, as compared to
normal controls described in chapter 4, indicating an intrinsic progenitor cell defect.
3) Star-like cell ghosts observed on day +13 of diffusion chamber culture
are probably disintegrating megakaryocytes. They might reflect the
presence of abnormal megakaryocytic precursors, differing in rate of
proliferation and differentiation as compared to normal megakaryocytic precursors.
4) In aplastic anaemia with absent haemopoiesis in the bone marrow,
circulating haemopoietic precursor cells can neither be detected with
the CFU-c nor the diffusion chamber technique.

Discussion
The myeloproliferative disorders — polycy thaemia vera, idiopathic thrombocythaemia, myelofibrosis and chronic myeloid leukaemia — may be
regarded as diseases resulting from an irreversible change in the proliferative behaviour of the haemopoietic stem cell in both medullary and
potential extramedullary sites (7).
The use of genetic markers, such as glucose-6-phosphate dehydrogenase (G-6-PD) isoenzyme analysis has shown that blood cells in polycythaemia vera and myelofibrosis, like those in chronic myeloid leukaemia, are derived from a single clone of cells (6).
Originally it was thought that the marrow fibrosis seen in some
cases of this type was also part of the disordered haemopoietic cell growth.
However, studies with the same marker reveal that cultured fibroblasts,
taken from the marrow of patients with myelofibrosis and chronic
myeloid leukaemia, are not derived from the neoplastic clone; thus it
seems that myelofibrosis in these syndromes is a reaction by normal
stromal cells to abnormal haemopoietic cells directly or indirectly by
changes induced in their environment (16).
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Due to the development of various in vitro progenitor cell culture
systems, more information is now available concerning the patho-physiology of these disorders. However, most of these earlier studies deal with
the quantitative aspects of progenitor cells, measured with various in
vitro techniques and not with the morphological aspects of colony formation.
For instance, it was reported by Rickard et al. (27) that untreated
patients with chronic myeloid leukaemia generally had an increased
CFU-c concentration in the bone marrow. This parameter was often reduced in patients who had commenced chemotherapy. In the peripheral
blood, CFU-c concentrations were greatly increased, up to 1,000-60,000
times the normal value (18), although these values were normal when the
patients were in clinical remission (27).
Also a good correlation existed between the total number of white
blood cells and the counted number of CFU-c (2, 18, 21). The CFU-c in
bone marrow and peripheral blood of these patients had the same
percentage of cells in S-phase as normal controls (2), while mature
granulocytes obtained from the peripheral blood did not inhibit CFU-c
proliferation in vitro (2), suggesting an abnormal regulation mechanism
which allows a tremendous expansion of the myeloid cell production.
Furthermore, an increased number of light buoyant, density CFU-c was
frequently observed, with a preferential accumulation of these cells in
the peripheral blood (2).
There is suggestive evidence, that the majority of these circulating
progenitor cells are released by the spleen and not by the marrow (1,2,
23). However, another possibility is that it results from seeding of stem
cells, that are released prematurely from the disorganized marrow, into
the spleen.
In polycythaemia vera, there is an expanded erythroid progenitor cell
compartment in the bone marrow and peripheral blood, which maintains
a normal responsiveness to erythropoietin modulation (9, 10, i /, 30). A
tentative synthesis of present evidence suggests, that the pathogenesis of
polycythaemia vera relates to evolution of an abnormal pluripotent stem
cell with subsequent expansion of committed progenitor cell pools,
occurring most prominently in the erythroid line.
In patients with myelofibrosis, the number of CFU-c in the bone
marrow is reduced (27), while the blood was shown to contain increased
numbers of granulocytic precursor cells (3, 12, 28); in the same order of
magnitude as found in patients with chronic myeloid leukaemia (11). In
myelofibrosis a correlation between the total number of white blood
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cells in the peripheral blood and thenumber of CFU-c was also observed
(12). As in chronic myeloid leukaemia, in this disorder high numbers of
CFU-c were detected in the splenic venous system (8).
Although these quantitative aspects give some insight in the pathophysiology of these disorders, little attention is given to the morphological aspects of progenitor cell colony formation in vitro or in diffusion
chamber systems. Abnormalities in this resepct would then be an indication for intrinsic defects in the cell function. This finding would give
additional support for a primary cellular aberration instead of defects in
the bone marrow environment or humoral regulation mechanisms.
It was found by Grande et al. (13) that cultures from untreated
patients with chronic myeloid leukaemia contained colonies which
exhibited morphologically normal in vitro differentiation, except some
eosinophilic colonies which could show morphological and cytochemical
abnormalities.
In contrast to the in vivo situation, the myeloid cells in these colonies
can accumulate normal levels of leucocyte alkaline phosphatase (15),
suggesting the existence of extracellular factors which inhibit the function
of the white blood cells in these patients. However, these results can also
be regarded as artefacts induced by the culture environment.
Results of earlier conventional diffusion chamber culture studies of
blood cells from patients with myelofibrosis suggest not only the presence
of increased numbers of granulocytic, but also erythrocytic and megakaryocytic precursors (4, 25). The proliferation and maturation, based
on cytological aspects of the cell lines, was reported to be normal.
However, the contribution of our study was a clear demonstration of
abnormal cell proliferation and differentiation, especially in patients
with myelofibrosis. In particular, the abnormalities in the megakaryocytic
cell line were striking. It was remarkable that in one patient with polycythaemia vera, huge and abnormal erythroid colonies were observed,
while it is known that erythroid progenitor cells have a very low growth
capacity in diffusion chambers.
The fact that we observed cytological abnormalities in the various cell
lines, in contrast to other investigators, can be explained by the fact that
methyl-methacrylate embedded plasm clot diffusion chambers allow a
better histologic evaluation than the conventional diffusion chambers,
where cytological smears are processed. Our findings, although the number of patients is limited, are very suggestive for intrinsic cell defects in
myeloproliferative disorders in all cell-lines, such as abnormal proliferative
and differentiating capacities in the erythroid cell-line in polycythaemia
vera.
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In some patients no CFU-c activity in vitro could be detected, while in
the diffusion chambers cell growth was observed. This phenomenon was
observed by Niskanen et al. (24) in normal individuals, when peripheral
progenitor cells were cultured both in vitro and in diffusion chamber
systems. Their study suggests that human peripheral blood contains two
types of progenitor cells that differentiate along the granulocytic pathway. They are separable by their ability to form colonies in vitro (CFU-c)
and in diffusion chambers. Kinetic studies suggest that the colonies in
the diffusion chambers are derived from an intermediate between the
still hypothetical human pluripotent stem cell and the CFU-c (24). Clearly,
the exact localization of the defect in replication and differentiation is
still to be studied, together with an analysis of the regulatory system.
But OUT findings suggest that diffusion chamber cultures can supply
additional information concerning the presence and differentiating
behaviour of haemopoietic precursor cells in various myeloproliferative
disorders.
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Table S.I: Summary of the clinical aspects and diffusion chamber data of 8 patients
with myeloproliferative disorders and 2 patients with aplastic anaemia.
Peripheral blood counts

Pat
#

Sex/
age

Clinical
diagnosis

Current or
pastchemotherapy

Hb
(mmol/1)

Retic.
°/00

Diffusion chamber (DC) cultures
- Quantitative evaluation -

WBC Platelets
(xlO 9 /l) (xlO 9 /l)

Spleno CFU-c*/ Total*
megaly 2xlO 4
of DC
cells
scored
***

Total# Total# Total* Total*
ofmye- of mega- ofery- of mixed
loidCA karyothroid CA scored
scored cyticCA
CA
in all
in all
scored
scored
DC
DC
in all
in all
DC
DC

1

9.30

Chronic
myeloid
leukaemia

+(Busulfan)
and
Thiotepa)

7.1

8

9.2

430

0

3

0

0

0

0

2

9,56

Primary
thrombocytosis

+(32 p and
Thiotepa)

8.9

21

7.7

235

0

2

2

0

0

1

3

9.52

Thrombocytosis

+(32 p and
Thiotepa)

8.S

15

6.5

440

0.3+0-1

3

3
(2 eos)

0

0

1

10.2

11

9.3

325

3

12
(3 eos)

5

4"

2.2±0.2

4

9.53

Polycythaemia vera

+(32 p and
Thiotepa)

5

9.51

Polycythaemia vera

+(Thiotepa)
and
phlebotomy)

7.7

21

14.0

540

+

0

6

d,40

Polycythaemia vera

-(phlebotomy)

9.0

32

6.8

280

+

0.3+0.1

7

d,69

Myelofibrosis

-(phlebotomy)

8.9

23

8.0

245

++

53.6±2.1

8

d,51

Myelofibrosis

-(phlebotomy)

10.0

12

10.6

250

++

9

9,54

Aplastic
anaemia

-(none)

4.0

1

0.4

10

6,19

Aplastic
anaemia

-(none)

5.1

16

0.5

1.6±0.4

3
3**

3

OO

2.1±0.2

3

0
1.9+0.2

0

5.4±1.4 37.2±2.3 4.0+2.6

0
1.6+0.2

0
4.2±1.1

0

2

6

9

2

2

4

0

2

0

0

0

0

2.5

0

2

0

0

0

0

* : normal value: 8.0/2xl0 4 cells
** : in these chambers abundant cell-aggregate formation was observed, therefore scored as mean ± s.e.m./per section
*** : 12 sections per DC were avaluated

Table 5.H:

Summary of the bone marrow histology and diffusion chamber data of 8 patients with myeloproliferative disorders and 2 patients with aplastic anaemia
Bone-marrow histology

Pat
#

Sex/
age

Clinical
diagnosis

Current or
past chemotherapy

Splenomegaly

Cellularity

Fibrosis

Sinuscctasy

Lineages
present in:
paren- sinus**
chyma

# of cell
aggregates
in diffusion
chambers (sec
table 5.1)

CFU-c/
2x10 4
ct-Us

1 9,30 chronic
myeloid
leukaemia

+ (Busulfan)
and
Thiotepa)

er
gr
eo
meg

2 9,56

primary
thrombocytosis

+(32 p and
Thiotepa)

er
gr
eo
meg

N
N

0
2
0
0(shades +)

3 9,52

Thrombocytosis

+(32 p and
Thiotepa)

er
gr
eo
in eg

+'
+
+
+

0
1
2
0 (shades ±)

0.3±0.1

None

4 9,53

polycythaemia +(32 p and
vera
Thiotepa)

1.6+0.4

None

eo
meg

0
9
3
5 (shades +)

eo
meg

1.9+0.2
2.2+0.2
0
2.1 ±0.2 (shades ±)

er
gr
eo
meg

0
3
± (scattered)
3 (sliades+++)

5 9,51

6 d,40

er

polycythaemia +(Thiotepa
vera
and
phlebotomy)

+

polycythaemia -(phlebotomy)
vera

+

++
++
++

0
0
0
0(shades ±)

0

Recognizable
precursors in
peripheral
blood smears
Some meta- and
myelocytes. No
erythroblasts
None

Few erythroblasts

0.3±0.1

Few metamyelocytes

7 6,69

myelofibrosis

-(phlebotomy)

++

er
gr
eo
meg

4.0±2.6
53.6±2.1
5.4±1.4
± (scattered)
37.2±2.3(shades±)

Erythroblasts,
meta- and myelocytes

8 d,51

myelofibrosis

-(phlebotomy)

++

er
gr
eo
meg

2
6
0
9 (shades+++)

None

9 9,54

aplastic

-(none)

er
gr
eo
meg

0
0
0
0 (shades - )

None

10 c5,19

aplastic
anaemia

-(none)

None

eo
meg

0
0
0
0 (shades - )

+
+
++
+

* No biopsy available, only cytology; ** Polymorphonuclear leucocytes and erythrocytes excluded; N = normal; er = erythroid;gr = granulocytic;eo = eosinophilic:
meg = megakaryocytic. Shades = star-like cell-remnants.
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SUMMARY

Chapter 1 is an introduction into the present views on circulating haemopoietic progenitor cells in animals and men.
Most implantation studies have been performed in dogs; in which it
was established that a consistent haemopoietic engraftment can be
achieved with mononuclear cells obtained from the peripheral blood.
The number of mononuclear cells required for a haemopoietic engraftment varies between 0.32 and 1.63 x 109/cells per kg body weight, corresponding with 0.5-1.5 x 104 CFU-c per kg body weight.
The number of peripheral blood CFU-c collected with different
leucapheresis techniques can be increased by chemotherapy, sequential
pheresis and lymphocyte mobilizing agents such as Dextran sulphate,
Pyran and Poly vinyl sulphuric acid (PVSA). It was also established that
the rate of haemopoietic engraftment was directly correlated with the
number of CFU-c infused and that cryopreservation of peripheral haemopoietic progenitor cells for prolonged periods was feasible with only a
limited loss in CFU-c number and/or function. Furthermore, it was
found that the graft versus host reaction in dogs can be prevented by
using cells which were separated on discontinuous albumin gradients.
In humans, it was established that haemopoietic progenitor cells,
as monitored by the in vitro CFU-c technique, are present in the peripheral blood in a concentration of approximately 60 CFU-c per 1 x 106
mononuclear cells, if a colony is defined as equal to or more than 20 cells.
Using continuous flow cell separation between 6.3 and 18.7 x 109
mononuclear cells (mean: 12.4 x 10 9 ) can be collected, corresponding
with 1.5-15.8 x 105 CFU-c (mean 8.3 x 10 5 ) during a single 4-hour
pheresis procedure. Furthermore, it was established that sequential
pheresis will increase the CFU-c yield with a mean of 134.8% (range: 36.8
to 232.8%).
If the cell dose required for haemopoietic engraftment in dogs (± 1.6 x
104 CFU-c per kg body weight) is applied to men, then approximately
1.0 x 106 CFU-c in total are required for a 70 kg adult. This can be
achieved with about 1 to 3 continuous flow cell separation procedures,
without previous chemotherapy or the use of lymphocyte mobilizing
agents.
In this first chapter a review is presented about the different cell sepa-
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ration procedures that have been performed to concentrate haemopoietic
progenitor cells from human peripheral blood. In most other studies,
multi-step cell separation techniques with density gradients were used.
It was established that the CFU-c were present in the "null cell"
lymphocyte population and that functional separation between haemopoietic progenitor cells and immunocompetent cells could not be achieved
by density separation alone. Therefore, specific adaptations of the technique are necessary for the removal of monocytes and lymphocytes. It
was also demonstrated that the erythroid precursor cells are present in
human peripheral blood.
Although no assay is available for the human pluripotent haemopoietic
stem cell, the quantitative and qualitative aspects of the CFU-c reflect
their presence, as was established in various animal studies. It is to be
expected that progenitor cells can be easily harvested in sufficient
numbers to be used for transplantation purposes, when better methods
for haemopoietic progenitor cell mobilization in the peripheral blood,
leucapheresis techniques and improved cell separation techniques have
been developed.
Chapter 2 deals with the cell separation technique, that was developed
to obtain a purified CFU-c suspension by a limited number of cell separation steps.
Initially it was established that in leucocyte suspensions the CFU-c
content per 5 x 10s cells was 10.4 ± 1.9, which correlated with a mean
absolute CFU-c concentration of 20,800 per 1 x 109 leucocytes. After
removal of the granulocytes by Ficoll-Isopaque density centrifugation,
27.1 ± 10.3 CFU-c per 5 x 10s mononuclear cells were counted.
By the use of linear density gradient centrifugation it was demonstrated
that the CFU-c were localized in the light density region, with a peak at
1.065 g/ml. In the same region the B-lymphocytes and monocytes were
localized, while the T-lymphocytes revealed a peak in the higher density
region.
It was found that the CFU-c did not adhere to nylon wool columns,
neither did they bear Fc-receptors for IgG as was studied with various
EA-rosette techniques.
A two-step cell separation technique was developed to concentrate
and purify the CFU-c. In the first step monocytes were eliminated by
pre-incubation with carbonyl-iron and centrifugation in a density 1.077
g/ml Ficoll-Isopaque gradient. To remove the T-, B-lymphocytes and Fcreceptor bearing lymphocytes, a triple rosette combination was developed
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by which these three cell types were simultaneously eliminated during a
second Ficoll-Isopaque (density 1.072 g/ml) centrifugation step. This
resulted in an increase in CFU-c ratio from 1:121,951 (buffy coat suspensions) to 1:2.515; implying a purification factor of approximately
50-fold.
However, although the CFU-c purification could be quickly achieved,
the ultimate cell yield was only 0.26% and the CFU-c loss was substantial.
However, compared to other existing methods, this approach is easy to
perform and not time-consuming.
In chapter 3 experiments are described which were performed to define
more precisely various in vitro characteristics of the myeloid haemopoietic precursor cell (CFU-c).
The CFU-c enriched null cell suspensions obtained by the two-step
density separation technique showed a very low immunological responsiveness, as demonstrated by PHA-stimulation. In the mixed lymphocyte
culture (MLC-test) it was observed that these null-cell suspensions had a
normal capacity to respond, but a very high stimulating capacity. The
latter phenomenon was not abolished by co-cultivation with isolated
T-lymphocytes. Therefore, it is very unlikely that this increased stimulating capacity could be caused by suppressor cell elimination during the
cell separation procedure.
With various cytochemical staining techniques the CFU-c enriched cell
suspensions did not reveal a specific pattern.
Compared to human bone marrow, in which 15-20% of the CFU-c are
in S-phase of DNA-synthesis as was demonstrated with the radioactive
thymidine suicide technique, the peripheral circulating CFU-c revealed a
lower percentage of cells in S-phase: ± 5%.
Irradiation studies revealed that for both human bone marrow and
peripheral blood the CFU-c were less radioresistent than clusters (colonies
> 3 < 20 cells). For peripheral blood CFU-c a mean (± s.e.m.) Do-value
of 65.7 ± 4.8 Rad was found, while clusters showed a Do-value of 87.4
± 5.5 Rad. The irradiation dose rate did not alter the Do-value or extrapolation numbers. It was demonstrated that the CFU-c present in human
peripheral blood showed a higher radiosensitivity than CFU-c in human
bone marrow.
Elimination of monocytes (and granulocytes) from the test suspensions
induced an alteration in radiosensitivity parameters. For human bone
marrow this resulted in disappearance of the shoulder in the survival
curves and consequently a lower extrapolation number. Moreover, the
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Do-values increased, which indicates a lower radiosensitivity. For peripheral blood progenitor cells the removal of monocytes and granulocytes
from the test suspensions induced an increase in radiosensitivity in the
low dose irradiation region.
From these experiments it was concluded that the radiosensitivity of
haemopoietic progenitor cells is influenced by the presence or absence
of other haemopoietic cells.
Finally, volume profile analysis of different mononuclear cell suspensions revealed that the CFU-c enriched null cells have a higher mean
volume than unseparated mononuclear cell suspensions. However, there
was a substantial overlap in volume distribution with other lymphocyte
subpopulations.
In chapter 4 the proliferation and differentiation of haemopoietic precursor cells in diffusion chambers is described. This system provides a
more physiological environment than the in vitro CFU-c cultures.
It was demonstrated that haemopoietic progenitor cells, present in
human peripheral blood, can be induced to differentiate into mature
erythrocytes, granulocytes as well as thrombocytes, by culturing them
in conventional diffusion chambers.
Furthermore, more immature precursor cells are thought to differentiate towards the CFU-c compartment, as was demonstrated by the fact
that the number of CFU-c counted in vitro increased, if the peripheral
blood cells were precultured in diffusion chambers.
Histological analysis of colony formation in plasma clot diffusion
chambers revealed neutrophilic colonies with asynchronous cell differentiation and signs of active migration of mature neutrophils.
The megakaryocytic cell aggregates revealed signs of platelet formation at the cell borders, while the erythroid cell aggregates, although not
frequently observed, were able to form mature erythrocytes. Pretreatment of the irradiated host mice with phenylhydrazine did not increase
the number of erythroid cell aggregates, nor the total number of cells per
aggregate.
Eosinophils and neutrophils were always found in separate colonies,
supporting the thesis that both lineages have separate committed progenitor cells. Furthermore, the mature eosinophilic cell aggregates were
very compact and did not show any sign of cell migration.
Monocytic cell aggregates were very rare, while macrophages were
frequently found scattered throughout the plasma clot. Cell aggregates
consisting of lymphoid ceils were never observed. Aggregates consisting
of a mixture of various cell lineages were found in small numbers.
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Three-dimensional analysis of various colonies revealed that small
colonies were perfect spheres, while large colonies showed bizarre structures with signs of active cell migration and satellite formation. Analysis
of mixed colonies suggested that the majority of those colonies did not
consist of homogeneously mixed differentiating cells of various lineages,
but were rather the result of cell migration from closely developing single
cell aggregates. Especially erythroid cells showed a tendency to grow in
the vicinity of megakaryocytic cells.
These studies demonstrated that progenitor cells of erythro-, leucoand megakaryopoiesis are present in human peripheral blood and can be
induced to form colonies in the plasma clot diffusion chambers. Histological analysis of these chambers provides a means to study the proliferative and differentiating capacity of these progenitor cells.
In chapter 5 various techniques were applied to study the proliferative
and differentiating capacity oi haemopoietic progenitor cells present in
the peripheral blood of patients with myeloproliferative disorders.
Most earlier studies were dealing with quantitative aspects of CFU-c in
peripheral blood, while little attention was paid to colony morphology.
It was demonstrated that the morphology and distribution of cell aggregates in plasma clot diffusion chambers in myeloproliferative disorders
was abnormal with regard to cell numbers and cytological asepcts.
These findings indicate that, whatever the role of changes in the
micro-environment in the bone marrow might be, an intrinsic progenitor
cell defect is present in myeloproliferative disorders.

197

SAMENVATTING
In hoofdstuk 1 wordt een overzicht gegeven van de huidige kennis omtrent hemopoiëtische voorlopercellen die voorkomen in het perifere bloed
van mens en dier.
Bij honden is aangetoond, dat transplantatie van hemopoiëtische
cellen kan worden bereikt door gebruik te maken van mononucleaire
cellen uit het perifere bloed. Het aantal cellen dat hiervoor nodig is
varieert tussen 0,32 en 1,63 x 109 per kg lichaamsgewicht, hetgeen
overeenkomt met 0,5 tot 1,5 x 104 CFU-c's per kg lichaamsgewicht.
Het aantal CFU-c's dat kan worden verzameld uit het perifere bloed,
door middel van verschillende leucapherese-technieken, kan men doen
toenemen door voorafgaande chemotherapie, opeenvolgende leucapherese-procedures en "lymfocyten-mobiliserende" stoffen zoals Dextran
sulfaat, Pyran en polyvinyl sulphuric acid (PVSA).
Ook werd aangetoond, dat de snelheid van het hematologisch herstel
direct gecorreleerd is aan het aantal toegediende CFU-c's en dat bovendien cryopreservatie van deze hemopoiëtische voorlopercellen voor zeer
lange tijd mogelijk is, zonder groot verlies in aantal of functie. Bovendien bleek het mogelijk de graft-versus-host reactie in honden te voorkomen door hemopoiëtische voorlopercellen te gebruiken, die waren gescheiden van immunocompetente cellen door middel van discontinue
albumine gradiënten.
Het aantal CFU-c's in het perifere bloed van de mens bedraagt 60 per
1 x 106 mononucleaire cellen, indien een kolonie gedefinieerd is als
> 20 cellen. Door middel van een eenmalige 4 uur durende leucaphereseprocedure kunnen tussen de 6,3 en 18,7 x 109 mononucleaire cellen
met een gemiddelde van 12,4 x 10 9 ) verzameld worden, hetgeen overeenkomt met 1,5-15,8 x 10s CFU-c's (een gemiddelde van 8,3 x 10 5 ).
Bovendien werd gevonden dat achtereenvolgende leucapherese-procedures
het aantal CFU-c's in het perifere bloed doen stijgen met een gemiddelde
van 134,8% (spreiding: 36,8 tot 232,8%).
Indien de celdosis die bij honden nodig is om een hemopoiëtisch
transplantaat te bewerkstelligen (± 1,6 x 104 CFU-c's per kg lichaamsgewicht) zou gelden voor de mens, dan is voor een volwassene van 70 kg
ongeveer 1,0 x 106 CFU-c's in totaal nodig. Dit kan worden verkregen
door ongeveer 1 tot 3 leucapherese-procedures met het "continuous
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flow" cel-scheidingsapparaat, zonder voorafgaande chemotherapie of
toedieningen van "lymfocyten mobiliserende" stoffen.
In dit hoofdstuk wordt verder een overzicht gegeven van de verschillende celscheidingstechnieken die zijn toegepast om humane hemopoiëtische voorlopercellen uit het perifere bloed te isoleren. Gevonden
werd dat de CFU-c's aanwezig zijn in de zgn. "nul-cel" lymfocytenpopulatie en dat een functionele scheiding tussen hemopoiëtische voorlopercellen en immunocompetente cellen door middel van dichtheidsgradiënt-centrifugatie alleen niet kan worden bereikt. Daarom zijn
specifieke aanpassingen nodig om monocyten en lymfocyten te verwijderen. Eveneens werd aangetoond dat ook voorlopercellen van de
erythroiUe reeks in het perifere bloed van de mens voorkomen.
Alhoewel er geen techniek voorhanden is om de humane pluripotente
hemopoiëtische stamcel aan te tonen, geven de kwantitatieve en kwalitatieve aspecten van de CFU-c's toch indirect hun aanwezigheid aan,
zoals in verschillende diermodellen is aangetoond. Het valt te verwachten
dat hemopoiëtische voorlopercellen voor transplantatiedoeleinden op
eenvoudiger wijze en in voldoende mate kunnen worden geoogst, indien
er betere technieken voor mobilisatie van hemopoiëtische voorlopercellen
in het perifere bloed, leucapherese-procedures en betere celscheidingstechnieken ontwikkeld worden.
In hoofdstuk 2 wordt ingegaan op de celscheidingstechniek die is ontwikkeld om in een beperkt aantal stappen een met CFU-c verrijkte celsuspensie te verkrijgen.
In eerste instantie werd aangetoond dat in onbewerkte leukocytensuspensies het aantal CFU-c's 10,4 ± 1,9 per 5 x 10s cellen bedraagt,
hetgeen overeenkomt met een absolute CFU-c-concentratie van 20.800
per 1 x 109 leukocyten. Na verwijdering van granulocyten door middel
van Ficoll-Isopaque centrifugatie werden 26,1 ± 10,3 CFU-c's per 5 x
10s mononucleaire cellen geteld.
Door middel van lineaire dichtheidsgradiënt-centrifugatie werd aangetoond dat de CFU-c's zich bevinden in het lichte dichtheidsgebied met
een piek bij 1.065 g/ml. In hetzelfde gebied bevinden zich de B-lymfocyten en monocyten, terwijl de T-lymfocyten een hogere dichtheidspiek
vertonen.
Voorts werd aangetoond dat de CFU-c's zich niet binden aan nylonwol kolommen en ook geen receptoren dragen voor het Fc-gedeelte van
het IgG-molecuul, zoals werd aangetoond met verscheidene EA-rosettetechnieken.
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Een twee-staps celscheidingstechniek werd ontwikkeld om CFU-c's te
zuiveren en te concentreren. Tijdens de eerste stap werden monocyten
verwijderd door centrifugatie op een Ficoll-Isopaque dichtheidsgradiënt
van 1.077 g/ml, na pre-incubatie met carbonylijzer. Teneinde de T-,
B-lymfocyten en lymfocyten met Fc-receptoren te verwijderen, werd een
combinatie gemaakt van 3 typen rosettes, die gelijktijdig tijdens de
tweede centrifugatie op een Ficoll-Isopaque gradiënt (met een dichtheid
van 1.072 g/ml) konden worden verwijderd. Dit resulteerde uiteindelijk
in een stijging van de CFU-c ratio van 1:121.951 (de uitgangsleukocyten
suspensie) tot 1:2.515, hetgeen overeenkomt met een zuivering van
ongeveer 50x.
Alhoewel de CFU-c verrijking zeer snel en eenvoudig kon worden
bereikt, was de uiteindelijke celopbrengst slechts 0,26% en het verlies aan
CFU-c's dus aanzienlijk. In vergelijking met andere bestaande methoden
is deze procedure echter gemakkelijk en tijdbesparend.
In hoofdstuk 3 worden een aantal experimenten beschreven die zijn
verricht om de myelofde hemopoiëtische voorlopercel (CFU-c) beter te
karakteriseren.
De met CFU-c verrijkte nul-cel-suspensies, die zijn verkregen d.m.v. de
twee-staps dichtheidsgradiënt-centrifugatie, vertoonden na PHA-simulatie
een zeer gering reactievermogen. In de gemengde lymfocytenkweek werd
een normaal reactievermogen gevonden, maar daarentegen een zeer hoog
stimulatievermogen. Dit hoge stimulatievermogen werd niet geremd door
co-cultivatie met geisoleerde T-lymfocyten. Het is dan ook onwaarschijnlijk dat dit verschijnsel berust op verwijdering van suppressor cellen
tijdens de celseparatie-procedure.
Ondanks de toepassing van verschillende cytochemische kleuringsmethodieken vertoonde de nul-cel lymfocytenpopulatie geen specifiek
patroon.
Door middel van radioactief thymidine kon worden aangetoond, dat
van de CFU-c's in humaan perifeer bloed zich 5% in de S-fase van DNAsynthese bevindt, terwijl dit voor CFU-c's in humaan beenmerg 20% is.
Bestralingsexperimenten toonden aan dat de CFU-c's gevoeliger zijn
voor bestraling dan clusters (cel-aantal > 3 < 20). Dit geldt zowel voor
de CFU-c's en clusters in humaan beenmerg als voorperifeer bloed. Voor
de CFU-c's in perifeer bloed werd een gemiddelde (± s.e.m.) Do-waarde
van 65,7 ± 4,8 Rad gevonden, terwijl dit voor clusters 87,4 ± 5,5 Rad
bedroeg. De snelheid van bestraling had echter geen invloed op de
Do-waarde of extrapolatiegetallen.
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Ds CFU-c's die aanwezig zijn in het perifere bloed toonden een grotere
gevoeligheid voor bestraling dan die in humaan beenmerg. Verwijdering
van monocyten (en granulocyten) uit de testsuspensies resulteerde in een
verandering van de bestralingsgevoeligheid. Met name voor humaan
beenmerg leidde dit tot verdwijning van het schoudergebied uit de
overlevingscurve en derhalve een lager extrapolatiegetal. Bovendien nam
de Do-waarde toe, hetgeen duidt op een lagere bestralingsgevoeligheid.
De bestralingsgevoeligheid, in het lage doseringsgebied, van CFU-c's in
het perifere bloed, nam toe door verwijdering van monocyten en granulocyten uit de testsuspensies.
Uit deze experimenten werd geconcludeerd dat de bestralingsgevoeligheid van hemopoiëtische voorlopercellen beihvloed wordt door de
aanwezigheid van andere bloedcellen.
Ten slotte werd d.m.v. volume-profielanalyse aangetoond, dat de met
CFU-c's verrijkte nul-cel suspensies een hoger gemiddeld volume hadden
dan de ongescheiden mononucleaire cellen. Er was echter een vrij grote
overlapping in de volumeprofielen van de verschillende lymfocytensubpopulaties.
In hoofdstuk 4 wordt de analyse van proliferatie- en de differentiatiecapaciteit van hemopoiëtische voorlopercellen in humaan perifeer bloed
in het diffusiekamersysteem beschreven.
Cultivatie van hemopoiëtische voorlopercellen in conventionele
diffusiekamers leidde tot differentiatie naar rijpe erythrocyten, granulocyten en thrombocyten. Verder werd uit deze experimenten de veronderstelling getrokken, dat nog vroegere voorlopercellen gaan differentiëren
in de richting van het CFU-c compartiment, doordat een hoger aantal
CFU-c's "in vitro" werd geteld indien de testsuspensie een aantal dagen
werd voorgekweekt in diffusiekamers.
Door middel van histologisch onderzoek van plasma-clot diffusiekamers
werd aangetoond, dat er neutrofiele kolonies aanwezig zijn die een asynchrone celdifferentiatie vertonen, alsmede tekenen van actieve migratie
van de rijpe granulocyten.
In de megakaryocytaire cel-aggregaten werden aanwijzingen gevonden
voor produktie van thrombocyten, terwijl de spaarzame aanwezige
erythroide cel-aggregaten in staat waren erythrocyten te produceren.
Voorbehandeling van de bestraalde gastheer-muizen met fenylhydrazine
leidde niet tot een toename van erythrofde cel-aggregaten, noch tot een
toename van het aantal cellen per aggregaat.
Eosinofiele leukocyten en granulocyten werden steeds in afzonderlijke
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kolonies gevonden, hetgeen wijst op een aparte voorlopercel van de eosinofiele granulocyt. De rijpe eosinofiele cel-aggregaten waren altijd zeer
compact van structuur en vertoonden geen tekenen van celmigratie.
Monocytofde cel-aggregaten waren spaarzaam, terwijl macrofagen juist
veelvuldig en verspreid door de plasma-clot werden aangetroffen. Lymfoi'de cel-aggregaten werden niet gevonden. Wel werden, in kleine hoeveelheden, gemengde cel-aggregaten gezien.
Drie-dimensionale analyse van verscheidene kolonies bracht aan het
licht dat kleine kolonies een zuiver ronde vorm hadden, terwijl grotere
kolonies zeer grillig van structuur konden zijn met tekenen van actieve
celmigratie en satellietvorming. Analoog onderzoek van de gemengde
kolonies maakte het waarschijnlijk, dat in de meeste gevallen de menging
een gevolg was van celmigratie vanuit enkelvoudige celaggregaten, die
toevallig vlak tegen elkaar aan lagen. Met name toonden de erythroide
cellen de neiging tussen megakaryocytaire cellen te groeien.
De in dit hoofdstuk beschreven onderzoekingen tonen aan, dat in
humaan perifeer bloed voorlopercellen aanwezig zijn van de erythro-,
leuko- en megakaryopoiese, die in het plasma-clot diffusiekamersysteem
onderzocht kunnen worden op hun proliferatieve en differentiatie
eigenschappen.
In hoofdstuk 5 worden de eerder beschreven technieken toegepast om
de proliferatie- en differentiatiecapaciteit van perifere hemopoiëtische
voorlopercellen te bestuderen bij patiënten met myeloproliferatieve
aandoeningen.
Gevonden werd, dat het aantal, de morfologie en de cellulariteit van
de verschillende kolonies afwijkend waren. Deze waarnemingen duiden
erop, dat bij myeloproliferatieve aandoeningen, afgezien van afwijkingen
in de beenmerg-matrix, intrinsieke defecten in de hemopoiëtische voorlopercellen blijken te bestaan.

I
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ABBREVIATIONS AND DEFINITIONS
A
ACD
AET
BFU-e
KSA
B-lymphocyte
CA
CFC
CFU-c
CFU-s
CFU-e
CPM
CSA
CSF
DLA
DMSO
ds
DS
E
EA
EA-RFC
EAC
EAC-RFC
EBV
E-RFC
FCS
FITC
GahuFab
GVHD
3
H-TdR
HSC
HBSS
HES
HuRBC
Ig
IgG-Fc
IgM-Fc

antibody
acid citrate dextrose
2 amino-ethyl-isothioazonium bromide hydrobromide
burst-forming unit - erythroid
bovine serum albumin
bursa-dependent lymphocyte
cell aggregates
continuous flow centrifugation
colony-forming unit — culture
colony-formint unit - spleen
colony-forming unit - erythroid
counts per minute
colony-stimulating activity
colony-stimulating factor
dog leucocyte antigens
dimethylsulphoxide
density
dextran sulphate
erythrocyte
erythrocyte-antibody complex
EA-rosette forming cell
erythrocyte-antibody-complement complex
EAC-rosette forming cell
Epstein Barr virus
E-rosette forming cell
foetal calf serum
fluorescein isothiocyanate
goat anti-human Fab
graft versus host disease
methyl-3 H-thymidine
haemopoietic pluripotent stem cells
Hanks' balanced salt solution
hydroxyethyl starch
human red blood cells
Imrnunoglobulin
Fc-portion of the IgG-molecule
Fc-portion of the IgM-molecule
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IU
kg b.w.
LTT
M
MLC
MNC
MRBC
MW
N
NSD
ORBC
PAS
PBS
PHA
PHZ
PVSA
RBC
RI
SCC
SIg
SRBC
TBI
T-lymphocyte
TRIC
W/V

ze
EA.-RFC
EA2-RFC
EA3-RFC
M-RFC

international units
kilogram body weight
lymphocyte transformation test
molar
mixed lymphocyte culture
mononuclear cells
mouse red biood cells
molecular weight
number
non significant difference
ox red blood cells
periodic acid Schiff
phosphate buffered saline
phytohaemagglutinin
phenylhydrazine
poly vinylsulphuric acid
red blood cells
refractive index
semicontinuous flovv centrifugation
surface immunoglobulins
sheep red blood cells
total body irradiation
thymus-dependent lymphocyte
tetramethyl-rhodamineisothiocyanate
weight/volume
zymosan complement complex

Fc-receptor bearing cells, forming rosUtes with antiD-IgG-coated HuRBC
Fc-receptor bearing cells, forming rosettes with rabbit
anti-sheep IgG-coated SRBC
Fc-receptor bearing cells, forming rosettes with rabbit
anti-ox IgG-coated ORBC
B-cell subpopulation, forming spontaneous rosettes
with mouse erythrocytes
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CFU-c : colony-forming unit — culture
The morphologically as yet unidentified precursor of granuloid and/or
macrophage colonies in bone marrow or peripheral blood cultures, grown
on agar or methylcellulose in the presence of colony-stimulating factor
(CSF).
CFU-s : colony-forming unit - spleen
The morphologically as yet unidentified precursor of spleen colonies in
the mouse. CFU-s give rise to erythroid, granuloid, megakaryocytic or
mixed colonies.
Because of their pluripotency, CFU-s are considered to represent haemopoietic pluripotent stem cells (HSC).
HSC : haemopoietic pluripotent stem cell
The haemopoietic precursor cell capable of self-production or commitment to erythroid, granuloid, or megakaryocytic differentiation. In the
mouse, the CFU-s represents the HSC.
Spleen colony assay
Assay for CFU-s by enumeration of grossly visible colonies in spleens of
lethally irradiated mice, 7 to 10 days after intravenous injection of suspensions of bone marrow, spleen or blood cells.
CFU-e : colony-forming unit — erythroid
The morphologically as yet unidentified precursor of erythroid colonies
in the bone marrow culture in methylcellulose or in plasma clot, grown
in the presence of erythropoietin. Colonies consist of 6 to 64 haemoglobin
positive cells, which may include reticulocytes.
When enumerated, only colonies with at least eight cells are considered.
CFU-e is believed to be a cell derived from BFU-e.
BFU-e : burst-forming unit - erythroid
The morphologically as yet unidentified precursor of a burst. The BFU-e
is believed to be a "committed" cell derived from HSC.
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Burst
An aggregate of three or more erythroid colonies in bone marrow cultures
grown on methylcellulose or plasma clot in the presence of high concentration of erythropoietin (large single colonies containing more than
1,000 erythroid cells are also called bursts).
Do forD31) value
One of the numerical values used to characterize the apparently exponential decline of biological activity as a function of radiation dose. D 3 7
refers to the dose required to reduce the surviving fraction to e"1 or 0.37
on the exponential portion of the curve.
f-factor (= seeding efficiency)
The measured proportion of infused stem cells seeding into the spleen,
as a part of the CFU-s assay.
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