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Abstract—An inhibitor of haemopoietic stem cell proliferation has been prepared (a) by making extracts of
haemopoietic tissue containing slowly proliferating colony-forming units—spleen (CFU-S) and fractionating
by molecular ultrafiltration; and (b) by preparing “conditioned” supernatant media of such tissue. Dose—
response studies of the effects of these inhibitors on the proportion of ‘proliferating CFU-S which are
synthesizing DNA have been carried out for different periods of exposure to the inhibitor. It was found that
there is a minimum threshold dose for effective inhibition which varies inversely with the duration of
exposure to the inhibitor. Two possible models to explain these results are suggested. First, at the threshold
dose, the inhibitor is effective only at the start of the G, phase. This permits the G, cells present to progress
normally into the S phase and, therefore, prevents an immediate observation of the inhibition. As the dose is
increased, the effect is extended throughout the G, phase to the G,—S boundary, effectively blocking the entry
of cells into the S-phase and resulting in immediate inhibition. Second, the threshold dose is effective early in
the G, period, which is long compared to the G, phase, but the affected cells continue their progress only up to
the end of that cycle. The block, therefore, is not seen until this time has elapsed. Higher doses of inhibitor
affect later G, cells, also resulting in early recognition of the block. The effects of the inhibitor are not lost
simply by washing the cells, so that once it has become effective the stem cells remain in a switched off state

0006-2952/79/0615—1843 $02.00/0

until such time as they are switched on again by an applied proliferation stimulator.

In recent publications [ 1-4] we have demonstrated the
presence of factors in haemopoietic tissue which are
capable of modifying the proportion of haemopoietic
spleen colony-forming units (CFU-S, a functional defi-
nition for the morphologically unrecognizable cells
generally considered to be pluripotent haemopoietic
stem cells) estimated to be synthesizing. Normal bone
marrow, in which CFU-S proliferation is low (< 10 per
cent are synthesizing DN A when incubated in saline for
2—4 hr, released into the medium a factor which was
separated by Amicon Diaflo filters as having a molecu-
lar weight between 50,000 and 100,000 daltons [1].
This factor (NBME-1V) inhibited the incorporation of
tritiated thymidine ([*H|TdR) into rapidly proliferat-
ing CFU-S but did not inhibit the ultimate capacity of
CFU-S to form spleen colonies i.e. the measured num-
ber of spleen colonies was unaffected. Thus, it was
concluded that NBME-IV was a reversible non-cyto-
toxic, CFU-S proliferation inhibitor. In addition, since
it had no effect on the proliferation of CFU-C (commit-
ted precursor cells of granulocyte and macrophage
development and immediate descendants of the CFU-
S), it also was considered to be specific for CFU-S
proliferation [1]. A similarly effective inhibitor was
found in medium which had been conditioned by the
presence of spleen cells from phenylhydrazine (PHZ)-
treated mice [2]. The active part of the PHZ spleen-
derived inhibitor has been shown recently to be directly
equivalent to and probably the same as that in NBME-
IV [4]. Under these conditions also, splenic CFU-S are
largely non-proliferating. By contrast, any haemo-
poietic tissue containing rapidly proliferating CFU-S
(e.g. post-irradiation regenerating bone marrow or
spleen, or marrow from PHZ-treated mice or foetal
liver) has been found to elaborate another factor which

enhances the incorporation or [*HITdR into slowly
proliferating CFU-S [2}. From regenerating bone mar-
row, this factor was partially purified by Amicon Diaflo
filtration and was retained as fraction-III (RBME-III)
with a molecular weight between 30,000 and 50,000
daltons. We have considered this to be probably a
stimulator of CFU-S proliferation [3]. Although there
are small differences in the details these observations
have been supported by complementary publications
from Frindel et al. [5, 6).

By using these two factors in competition with one
another, it was found that normal marrow CFU-S,
stimulated by RBME-III to show a high [*H]TdR
incorporation, could subsequently be inhibited again by
excess NBME-IV [3]. Conversely, proliferating bone
marrow CFU-S, inhibited by NBME-IV, could sub-
sequently be re-stimulated by the addition of excess
RBME-IIL. The fact that the results of experiments
using mixtures of cell populations containing proliferat-
ing and non-proliferating CFU-S are essentially similar
to those using cell extracts [2] has encouraged us to
conclude that the extract factors are probably responsi-
ble for the physiological control of CFU-S prolifera-
tion. (Pilot experiments (Lord, unpublished) indicate
that NBME-IV is effective also in vivo.) Furthermore,
the finding that both the stimulator and the inhibitor can
be present in the same haemopoietic cell population f 7]
together with the competition experiments just out-
lined, led us to the conclusion that these two factors
probably act in concert, their relative concentrations
determining the rate of CFU-S proliferation appropri-
ate to the requirements of the animal. In this present
paper, we have attempted to investigate the mode of
action of the inhibitory factor by studying its dose- and
time-effectiveness and its reversibility of action.
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MATERIALS AND METHODS

Male BDFI mice, 8 to 10-weeks-old, were used
throughout. For CFU-S assays [8] ten mice/group
which had been given 800 rad of 12MeV electron
radiation were used as recipients. [*H|TdR-kill meas-
urements for assessment of CFU-S proliferative activ-
ity were carried out in vitro as described previ-
ously [9. 10] by incubating the cells with
isotonic [*'HITdR (200 uCi/ml, 15 Ci/m-mole) for
30 min prior to injection for CFU-S assay.

Preparation of NBME-IV

Marrow from mouse femora and tibiae was incu-
bated at 37° in saline (conc 5 to 10 x ¢ cells/ml) for
4 hr. The cells were then removed by centrifugation and
the supernatant “conditioned” medium was fraction-
ated on Amicon Diaflo ultra-filters. The fraction pass-
ing through the 100,000 mol. wt filter but retained on
the 50,000 mol. wt filter was washed and freeze dried
for storage as NBME-IV. Lowry protein estimations
were made on the extracts and the dosages used were
expressed as pg protein/ml.
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Preparation of PHZ spleen conditioned medium

Mice were injected on days 0, 1 and 3 with 60 mg/kg
of phenylhydrazine and on day 7 their spleens were
removed [2, 11]. Spleen cells were suspended in
Fischer’s medium and then separated again by centrifu-
gation (10 min at 800 g). The cell free supernatant
fraction conditioned by the cells, has been shown previ-
ously to contain the CFU-S proliferation inhibitory
activity and thus has been used in this crude form [ 7.

Assay cells (proliferating CFU-S)

A convenient source of cells for assaying NBME-IV
and PHZ-spleen conditioned medium (CM) is femoral
marrow from the same PHZ-treated mice. It has been
shown that under these conditions the marrow CFU-S
are proliferating rapidly [2, 11]. As an alternative, in
some experiments, spleens were used from irradiated
(800 rad) mice which had been injected with 10°® bone
marrow cells 7 days previously. These spleens also
carried rapidly proliferating CFU-S.

Dose—response studies
NBME-IV. NBME-IV was dissolved in Fischer’s
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Fig. 1. CFU-S proliferation inhibitor dose-response studies. Percentage of CFU-S synthesizing

DNA after a 30-min (&), 2-hr (x) and 5-hr

(®) incubation of phenylhydrazine-treated bone

marrow cells with NBME-1V (top panel) or phenylhydrazine-treated spleen cell conditioned
medium (lower panel).



Haemopoietic stem cell proliferation inhibitor

1845

Table 1. Per cent CFU-S killed by [*HITdR after incubation with NBME-IV or PHZ spleen
conditioned medium

Time of Per cent CFU-S killed No. of
incubation Treatment * by [*HITdR experiments
(2 and S hr Pre-NBME-IV 253 +23
pooled control ) Pre-PHZ-spleen CM 41.0 + 6.5 13
2 hr NBME-1V 6.7 + 2.1

PHZ spleen CM 123+ 7.7 13
2 hr NBME-1V 14.0 £ 5.2
(washed) PHZ spleen CM 25.3+9.7 13
Shr NBME-1V 2.0+3.2

PHZ spleen CM 13.0 £+ 9.9 10
5hr NBME-IV 8.6 + 5.4
(washed) PHZ spleen CM 16.0 + 7.8 10

*Doses used in both cases were compatible with a 2 hr inhibition (see Fig. 1), i.e. 40 ug/ml of
NBME-IV protein or a 67% concentration of PHZ spleen CM.

medium to give the required dose in 0.3 ml. A dose
range of 5—50 ug protein/ml was tested. Bone marrow
cells from PHZ-treated mice were suspended in
Fischer’s medium at a concentration of 107 cells/ml.
Paired incubation mixtures consisting of 0.5 ml cells
0.2 ml horse serum and 0.3 m] of extract solution (or
medium for controls) were maintained in a shaking
water bath at 37° for 1.5 or 4.5 hr. [*'HITdR (200 uCi
in 0.2 ml) was then added to one of each pair of tubes
for a further 30 min of incubation. CFU-S assays
and [*H]TdR-kill measurements were then made for
each group by injecting 7 x 10* marrow cells into
irradiated mice.

PHZ spleen conditioned medium. A series of experi-
ments similar to those for NBME-IV was carried out
using the PHZ spleen CM. The doses used were based
on the cell number initially used to make the CM. For
example, 0.5 ml of assay cells at a concentration of 107
cells/ml of Fischer’s medium mixed with 0.5 ml CM
made by suspending PHZ spleen cells in Fischer’s
medium at the same concentration gave a 50% concen-
tration of CM. Similarly, an 80% concentration of CM
was made up by mixing 0.5 ml of assay cells (107 cells/
ml) with 0.5 ml CM made from a suspension of 4 x 107
PHZ spleen cells/ml. A dose range of 30-80% CM
concentration was investigated.

Requirement for inhibitor

The requirement for the inhibitory factor, NBME-
IV, was investigated as follows. PHZ bone marrow
cells, suspended in Fischer’s medium, were incubated at
37° with NBME-IV (40 ug protein/ml) or with PHZ
spleen CM at a concentration of 67% (see above) for
1.5 or 4.5 hr. They were then washed three times by
centrifugation (10 min at 800 g) and the cells were
resuspended in fresh medium at their original concen-
tration. 200 uCi [*HITdR (or an equal volume of
Fischer’s medium) was then added to paired samples
for a further 0.5 hr of incubation prior to CFU-S assay.
A parallel series of suspensions was similarly centri-
fuged but instead of replacing the supernatant fluid with
fresh medium, the cells were resuspended in their own
supernatant fluid.

In further experiments, normal bone marrow celis
and PHZ spleen cells were assayed for CFU-S prolifer-
ation both before and after washing by centrifugation
and resuspension, three times, in fresh medium.

RESULTS

Dose-response curves for the effects of NBME-IV
and PHZ spleen CM on the proportion of CFU-S killed
by [*HITdR are shown in Fig 1. After a period of 2 hr
of incubation a threshold dose of inhibitor is necessary
before there is any effect on CFU-S proliferation. This
is represented by a dose greater than 10 ug NBME-IV
protein/ml (top panel) or a CM concentration greater
than 50% (bottom panel). After a period of S hr of
incubation much lower doses are effective. On the other
hand, even an 8Q% concentration of CM is totally
ineffective after an incubation period of 30 min (bottom
panel).

Table 1 shows that simple washing does not immedi-
ately remove the inhibitory effect. Doses of NBME-IV
and CM chosen from Fig. 1 gave protection
from [3HITdR kill after 2 hr of incubation [*HITdR
present for the last 30 min only) and for at least 5 hr:
for NBME-1V a kill of 25 per cent was reduced to less
than 10 per cent and, for PHZ spleen CM, a 41 per cent
kill was reduced to about 12 per cent. Washing the cells
after a 4.5 hr incubation did not abrogate this protec-
tion: in terms of [*HITdR kill experiments an 8.6 per
cent kill is not higher than 2 per cent (NBME-1V) and
16 per cent is not higher than 13 per cent (PHZ spleen
CM). Washing the cells after a 1.5 hr incubation gave a
considerably less clear picture. Of the three experi-
ments recorded, five gave a higher kill after washing
than the unwashed samples, while the other eight did
not. The overall result, therefore, was an apparent small
loss of protection, the [*HITdR kills increasing from
6.7 to 14 per cent (NBME-IV) and from 12.3 to
25.3 per cent (PHZ spleen CM).

Washing normal bone marrow or PHZ spleen cell
populations in which CFU-S proliferation is low(< 10
per cent in S) does not affect the proportion of CFU-S
killed by [*HITdR.
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Fig. 2. Diagrammatic representation of the CFU-S cell cycle illustrating the suggested G, modes of action of

the CFU-S proliferation inhibitor (a, upper row) using the 2-hr threshold dose of inhibitor (see Fig. 1) and (b,

lower row) using a maximally effective 2 hr dose (see Fig. 1). The graphs on the right-hand side show the
changes in the proportion of S-phase CFU-S with time expected from this model.

DISCUSSION

In our previous publications, we reported on the
effects of a 5-hr incubation with NBME-IV and of a 2-
hr incubation with PHZ spleen cells or conditioned
medium. The present results illustrate that the import-
ant factor in timing is the dosage of the inhibitor. Owing
to the different experimental conditions, the results
shown in Fig. 1 (top and bottom panels) cannot be
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Fig. 3. Diagrammatic representation of the CFU-S cell cycle
illustrating a G, mode of inhibitor action.

compared directly. It is clear, however, that the dose-
effectiveness of the CFU-S proliferation inhibitor is
dependent upon the duration of its availability and that
there is a minimum threshold dose required to produce
inhibition. The threshold dose varies inversely with the
time during which the inhibitor is present. These cell
extracts are extremely heterogenous “soups” contain-
ing many molecular species. Any consideration of dose
levels, therefore, can be only relative at this stage and
we have chosen to express them in terms of the protein
content of the freeze-dried materials. These observa-
tions, however, allow some speculation as to the possi-
ble points of action of the inhibitor; two possible
explanations are illustrated in Figs. 2 and 3.

In the first case (Fig. 2), it has been assumed that, of
the CFU-S population under these regenerating condi-
tions, 60 per cent are in cell cycle at a given time and 40
per cent are in a G, state | 12, 13]. Those in cycle have
been allotted a cycle time of 6 hr with tg, = 2 hr,
t,=3hrandt;, ,y= I hr. These figures have no par-
ticular experimental basis but have been chosen to fit
approximately the published estimates of cycle time
and overall [*H |TdR kill indices. Thus, although 50 per
cent of the cycling CFU-S would be killed by [3HITdR,
because of the 40 per cent in G,, the net kill would be
only 30 per cent, an average value under these experi-
mental conditions. From Fig. 1 it is clear that a low
dose of inhibitor (e.g. < 10ug NBME-IV/ml or
< 50% CM concentration) available for 2 hr has no
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inhibitory effect. We assume that this means that cell
flow into and out of S is normal during that period.
There would be thus no block of the G,—S transition
and no direct S-phase block. By 5 hr, however, this low
dose is effective, which means that the supply of new S-
phase cells has been reduced, i.e. all G, cells existing at
the start of treatment have entered the S-phase without
being replaced. This would be most easily achieved if
the inhibitor (at this low dosage) blocked only the
beginning of, or entry into, G, and, possibly, the move-
ment of G, cells into cycle also. Figure 2a illustrates
this process. The ring represents an asynchronously
dividing population of CFU-S and, at any one time, the
proportion synthesizing DNA is represented by the
shaded segment. Initially, 50 per cent of the cycling
cells (30 per cent of all CFU-S) are in S-phase. The low
dose NBME-1V block is effective at the start of G, only
and, for 2 hr, the unaffected G, cells “empty” into S.
The net number of cells in S is unaffected (and since
there is no toxicity involved, the overall [*H]TdR kill
remains unchanged) but no G, cell remains. Beyond
2 hr therefore, there is no flow of cells into S-phase and
their proportion gradually falls to zero, as cells in the S-
phase continue to flow out.

Using high doses of inhibitor (e.g > 40 ug NBME-
IV/ml or > 67% CM concentration) inhibition is pro-
duced already at 2 hr, suggesting that the block is
extending for the whole G, period or into the S-phase
itself. A direct S-phase block, however, is unlikely in
view of the fact that even very high doses are ineffective
after a 30-min treatment (Fig. 1, bottom panel). This
suggests that, as the dose of the inhibitor is increased,
the block extends further into G, until the whole of the
G, period [i.e. some process{es) on which the onset of
DNA synthesis is dependent] is blocked. Thus, as
shown in Fig. 2b, the block would now be not only
effective at the start of G, but would act to “freeze” all
the existing G, cells. There would be, therefore, no
futher entry of G, cells into the S-phase, and an immedi-
ate run down of S cells would commence. By 2 hr
(based on these figures) only one-third of the original S-
phase cells would remain, representing 10 per cent of
the total CFU-S. In terms of [*H]TdR suicide experi-
ments, this is a non-significant value and, therefore,
represents complete inhibition. By 4 hr, only “frozen”
G, cells would remain.

An alternative explanation of the results is that the
inhibitor may establish a block which becomes effective
only after a finite delay. Figure 3 illustrates the CFU-S
cycle in which, in contrast to Fig. 2, the G, period is
relatively long but the G, period is short (15-30 min).
The G, state exits between mitosis and G,, as before. If
the cells were highly sensitive to the inhibitor in early
G, but were allowed to continue normally through G,
and M into G, but not beyond, the same results would
be obtained. A low dose would affect only the early G,
cells so that for a period of 2 hr, for example, no block
would be seen. At this time, the cells affected by the
inhibitor 2 hr earlier which are entering the M-(G,)-G,
transition will be retained in G, and prevented from
entering G,. By § hr, the block on flow through G, and
S will have caused S to empty and thus will demonstrate
complete inhibition. A high dose, on the other hand,
projects its effects through to late, as well as early, G,.
In this case, all subsequent cells entering the M-(G,)-G,
transition will be retained in G, and, apart from those
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Fig. 4. Changes in the proportion of S-phase CFU-S in the

phenylhydrazine-treated bone marrow with duration of expo-

sure to inhibitor at the 2-hr threshold and maximally effective

doses: (top panel, NBME-IV); (lower panel, phenylhydra-

zine-treated spleen cell condtioned medium ). The experimen-
tal points are redrawn from Figure 1.

cells in the 30-min G, phase (and even the high dose has
no inhibitory effect on CFU-S within 30 min), there
will be an early and continuous run down of S-phase
cells, i.e. rapid and continuously increasing inhibition.

Comparisons of the 2—5 hr kill patterns obtained
from either model (Figs. 2 and 3) with the re-drawn
experimental data taken from Fig. 1 show very accepta-
ble agreement (Fig. 4). At this stage we are attempting
to determine which, if either, of these models may be
applicable.

From the washing experiments it is clear that, given
sufficient time for it to act, a simple washing out (or off)
of the inhibitory factor does not result in a quick
reversion to a rapid cycling state. The effect of the
factor is, however, reversible since (a) CFU-S treated
with inhibitor produce spleen colonies normally, i.e. in
a stimulatory environment, requiring eventual rapid
CFU-S proliferation [ 1], and (b) competition experi-
ments between NBME-IV and RBME-III result in on/
off or off/on changes in CFU-S proliferation 2, 3.
Thus, NBME-1V does satisfy the reversibility criterion
required for physiological proliferation inhibitors. On
the other hand, its effect is not as simple as that of other
inhibitors in haemopoietic tissue. For example, extracts
of granulocytes (GCE) and erythrocytes (RCE) inhibit
the proliferation of their immediate precursors, the
myelocytes and normoblasts respectively, very rapidly
in their normal milieu (or media)[14-16). Equally
quickly the cells resume a higher rate of proliferation on
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washing | 17]. It appears that the effect of inhibitor on
these cells was to act simply as a brake, slowing down
the progress of the cells through their cycle, so that
fewer amplification divisions are permitted during their
transition to mature functional cells. Furthermore, the
extent of the inhibition seems to be limited to reducing
proliferation by not more than about 50 per cent of
maximum. For stem cells, however, unlike the amplify-
ing transit populations, it has been suggested that under
normal conditions a large part of the population is held
in a prolonged G, state {12, 13] and may, therefore,
require a more stringent control system. It seems rea-
sonable to consider that proliferation control in the
stem cell compartment acts by extensive alteration of
the G,— cycle transition probability, i.e. the triggering
rate from G, to cycle. That some factor in addition to
the inhibitor is necessary is shown by the fact that
CFU-S which had been subjected to prolonged mainte-
nance in a state of low proliferation (e.g. normal bone
marrow or PHZ spleen CFU-S) or treated for at least
5 hr with NBME-IV (or PHZ spleen CM) were not
triggered into synthesizing DNA by washing out their
endogenous inhibitor. Only by the addition of exoge-
nous stimulator 3] or by the natural production of
endogenous stimulator [ 7] can DNA synthesis be in-
duced. Prolonged exposure of CFU-S to the inhibitory
factor, therefore, appears to leave CFU-S effectively in
a proliferatively switched off state. It appears that, cells
progress through their cycle and find their re-entry to
G, inhibited, they will be delayed in G,. The longer the
block is maintained the greater will be the proportion
held in Gy, a state from which they can be released only
by the addition of excess exogenous stimulator. This is
probably the state of CFU-S in haemopoietic tissues
such as normal bone marrow and PHZ spleen which
have been almost totally inhibited for some time.
Hence, the two factors [stimulator (RBME-IIT) and
inhibitor (NBME-1V)] effectively act by triggering
CFU-S into cycle or driving them into G, respectively.
A balance of these two factors acting in a stochastic
manner could thus effect a very sensitive control over
the CFU-S proliferation rate. In addition, it cannot be
stressed too highly that both these factors are function-
ally source specific in that they are both obtained from
the tissues in which they are themselves effective. In a
future publication we shall explore the cellular origins
of the inhibitor and the stimulator but at this stage it
suffices to point out that the control of CFU-S prolifera-
tion is effected by locally produced factors.

B. I. LOrRD, E. G. WRIGHT and L. G. LAJITHA

CONCLUSIONS

A specific inhibitor of CFU-S proliferation can be
obtained from haemopoietic tissue containing slowly or
non-proliferating CFU-S. It acts by blocking some
process(es) either in the early part of the G, phase on
which eventual DN A synthesis is dependent or, alterna-
tively, in the early part of the G, phase on which
eventual re-entry to the cycle is dependent. Increasing
doses extend the inhibition further along the G, or G,
phase until reaching, respectively, the G1-S or M-G,
boundary. It does not inhibit cells already in the S
phase, but cells completing their cycle are apparently
“held” in (or switched into) the G, state from which
they may be triggered into cycle only by direct
stimulation.
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