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1 Introduction

Over thuly years ago 1t was proposed that the
mtoss of cells may be controlled by a negalve feed-
back mechanism [ 1,2], anidea whuch was subslantially
applied to the regulation of epidermal cell growlh
|3.4] These workers suggested that endogenous
mitotic mhubitors were produced by cells which would
inhibit only that specific cell type Fhstoncally, these
inhibitors have been referred to as '‘chalenss’, from
the Greek word meaming to brake or slow dowm. The
history of the chalone concept has been reviewed [5]
and 1s too vast 1o be treated here. The pnmary charac-
tenstics of a classic chalone have been defined as: (1)
total cell specificaty , (2) species non-specific, (3) revers-

1ble; and (4) non-cytotoxic. Houck [6] coverad the liter-

ature up to 1976 mn detail and summanzed the major
biologcal evidence for the existence of chalones, a
pomnt which has not been unequivocaily established
It 15 a general cnticism of chalone research that the
theones have always been far in advance of the data.
This has come about possibly because of the inherent
difficulties in measunng cell inhabition m a specific
maner, as opposed to measurement of cell arowth
stimulation However, 1t may not be justified to dis-
card an attractive theory simply dug ta techrical dif-
ficulties and weak supporting data

Here we are not concerned with the phenomenaol-
ogy of chalones and consider only recent develap-
ments 1n several areas which show progress toward
punfication and understanding the chemstry of van-
ous chalones Obwiously, much of the biology and
theory will not be relevant until the purified inhabitor
15 at hand Thus we do not present a comprehensive
review of the hterature and cite only general or repre-
sentative papers 1n any area We consider two specific
chalones in detail, lymphocyte and granulocyte, and
several others briefly Considerable progress has been
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made with these two and they may be representative
of chalones m peneral We also meation seme prob-
Jems recopmzed 1 research on growlh mhibiters

2 Chalone systems

2 1 Lymphocyte chalone

Inhubitors of lymphoeyte transformation have been
shown in vileo m exiracts of lymphoid tissue [7-135]
This work (reviewed [16—18]) showed that extracts
of spleen, thymus, or lymphnodes, contamed a factor
{ar factars) with an app. M, of 10 90050 DOA as
determined by ultrafiltration, which would specific-
ally inhubit the lectinstimulated transformation of
lymphocytes as well as graft-versus-host response and
allograft rejection [ 19—21] Subsequently it was found
[18,22--24] that part or all of the actmty could be
present at a much lower M Pre-treatment of the
extravils with nbunuclease, acid , or streptomycin sul-
Fate could cause the inhibitory activity to pass through
a 10 000 M, ultrafilter and be relamed on a column
of Sephudex G-25 The recogmition of the low M,
nature of lymphocy te chalone has accelecatcd progress
m s puntfication and (as always has been the case n
chalone research) presented several new preblems We
present [irst the recent steps toward the puntication
of thus factor

Most progress mn the purdication of an rmmunosup-
pressive factor has been reported by Lenfant er al
[25 26] workang with an extragt of spleen Thus 1sola-
tion scheme alsa gves same esight into the possible
chemical nature of lymphocyte chalone The activity
15 extracted from spleen and a low M} fraction
obtaned by ultrafiltration This 1s absorbed to and
eluted from neutral alumnia by organic solvent mix-
tures, fractionated on a Sephadex LH-20 column in
an ethanol water mixture, and subjected to thinlayer
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chromatography on cellulose plates. At this stage of
purity, the factor was active at a dose of 2 X 107" mg
in reducing the haemolysin plaque-forming response
of mouse lymphocytes. They subjected their most
purified fraction to high-pressure liquid chromatog-
raphy (HPLC) where the activity was one of the last
components eluted from the C greversed phase
column. No data has been forthcoming concerning
the structure of their factor, nor on its specificity. It
should be noted here that the authors reported that
the activity was lost upon prolonged storage at —20°C,
or by repeated freeze—thawing, which may hamper
efforts to accumulate quantities of the active factor!

Several other research groups, including ourselves,
have reported on the purification of low M, inhibitors
of lymphocytes. Maschler and Maurer [27] have begun
the isolation of an M, 10002000 chalone from
bovine thymus which will inhibit colony growth of
lymphocytes under serum free conditions. Two activ-
ities were observed by ultrafiltration, an unstable
activity at M, 10 000—30 000 and a stable activity at
M, <10 000. The low M, fraction eluted after bacitra-
cin on Bio-Gel P-6 columns, indicating an M, < 1400,
and could be partially purified by DEAE-cellulose
columns. This fraction was carefully tested and found
to be non-cytotoxic and reversible, both properties
necessary for a chalone. The activity, in contrast to
that reported by Lenfant, was stable to repeated
freeze—thaw cycles, and to storage at 4°C up to
120 days or 37°C for 24 h. The authors suggested, as
have others, that the higher M, inhibitory activity,
which was unstable and variable in yield, was due to
large carrier molecules which associated with the
smaller factor.

Grundboeck-Jusko [24] has reported very similar
results to the above in antimitotic fractions isolated
from bovine spleen and assayed in vivo by examining
the number of mitotic cells in lymphoid organs of
treated animals. Two activities were observed at
M, 38 000 and 2100 from smooth microsomes and
one at M, 2500 extracted from rough microsomal
fractions. From biological studies, it was concluded
that the M, 38 000 inhibitor was specific for B-cells
while the smaller species demonstrated specificity for
the Tells.

We have found both high and low M, inhibitory
activity in our studies of a thymus derived factor
which inhibits the alloantigen stimulation of lympho-
cytes in mixed leukocyte culture (MLC). In the origi-
nal studies [17,18], ultrafiltration was used to prepare
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a fraction of M, 10 000—50 000 which exhibited the
properties of a lymphocyte chalone. Similar material
could be prepared from media conditioned by cultured
lymphoid cell lines [17]. Treatment of the ultrafil-
trate from thymus with ribonuclease would enable
the activity to pass through a 10 000 M, filter and be
retained above a 500 M, filter [22]. This suggested to
us that the chalone may become associated with
RNase-sensitive molecules during tissue extraction,
possibly transfer RNA of this molecular size. Gel fil-
tration on columns of Sephadex G-25 confirmed the
low M nature of the activity [18,28] and indicated
that it was in fact <2000 M,.

The low M, fraction is isolated from thymus by
60% ethanol extraction followed by acetone precipita-
tion. The crude fraction is then separated on a column
of Sephadex G-25 which demonstrates only one active
area when aliquots are added to MLC in the presence
of human serum (fig.1A). The activity is detected
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Fig.1. Column profile of 60% ethanol soluble fraction from
calf thymus resolved on Sephadex G-25 (A) and then
Sephadex G-10 (B). Column fractions are screened for 4,,,
(—) and inhibition of the mixed lymphocyte culture in
human serum determined by [*H]thymidine incorporation
(0———0) and by visual estimation (w). (A) The pool indicated
I was lyophilized and applied to the Sephadex G-10 column.
(B) Pool I indicates area of activity determined by both
methods, pool II, the area of elution of NaCl, and pool IiI,
fraction containing inhibitors of label incorporation only.
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both by visual examination of the cultures for lym-
phoblast formation and by labeled thymidine incor-
poration. The active area is concentrated and applied
1o a column of Sephadex G-10, the elution pattern
of which is shown in fig.1B. This column separates
the low M, inhibitor (pool I) from the salt (pool II)
and unlabeled nucleotides (pool III}. The poot 111
material only inhibits labeled thymidine incorpora-
tion into stimulated lymphocytes without any effect
upon morphological transformation. This will be dis-
cussed in more detail in section 3.1. Although consid-
erably cleaner than the crude starting material, the
inhibitory fraction from the Sephadex G-10 column is
still extremely complex, containing at least 40 distinct
components by analytical HPLC analysis (D. Barrantes,
unpublished).

It is difficult to ascertain true M, values using
exclusion chromatography since chemical adsorption
effects must be considered. The solubility properties
of this active fraction indicate that it has considerable
hydrophobic nature.

It can be generally noted now that lymphocyte
inhibitory activity extracted from lymphoid tissue
residues in a low M, molecule which is either specific-
ally carried by a much larger molecule, or becomes
associated with one during extraction procedures. It
is this association which sometimes allows the inhibit-
ory activity to masquerade as a much larger molecule.
The low M, of this inhibitor, while making the isola-
tion somewhat more difficult, raises the possibilities
of eventual synthesis of active molecules which could
be of extreme importance in immunosuppression.

The relationship of lymphocyte chalones to other
inhibitors of lymphocytes such as inhibitory lympho-
kines, lymphotoxin, inhibitor of DNA synthesis (IDS),
and soluble immune suppressor substance (SIRS)
[16,29] or inhibitory activity from thymus-derived
thymosin peptide fractions [30—-32] or FTS (factor
thymique serique) {31,33] is too complex a topic to
be fairly treated in this limited space. On the surface
it seems that nomenclature may be the major source
of differences as the word ‘chalone’ is not treated with
universal regpect among most investigators.

2.2. Granulocyte chalone

Another example of a low M, inhibitor is that of
the granulocyte chalone. Early work on the granulo-
cyte chalone, its biology and role in control of gran-
ulopoiesis has been reviewed [34,35] and the methods
for its assay have been examined [36]. Briefly, it has
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been demonstrated by numerous groups that extracts
of granulocytes, or media conditioned by contact
with granulocytes, reversibly inhibited granulocyte
precursor cells in cultures of bone marrow. This activ-
ity has been shown to exhibit the classic chalone prop-
erties of reversibility, species non-specificity, cell-spe-
cificity, and non-cytotoxicity.

In a series of papers from the laboratory of W. R,
Paukovits, the long, often complicated, steps in the
purification of this chalone activity are detailed.
Paukovits {37] and others [38] found that the inhib-
itory activity present in granulocyte conditioned
media could pass through a 10 000 M, ultrafilter and
be retained above a 500 M, filter. This was in agree-
ment with the elution from Sephadex G-75 which
indicated an M, of 4000 [39]. The activity was found
to migrate on several other types of Sephadex and
Bio-Gel P gels in a manner to suggest considerably
lower M, the activity usually eluting between the
leucine and thymidine markers. Finally [40,41] it
was demonstrated that Sephadex G-10 could provide
the needed resolution and the chalone would elute
from this gel matrix ahead of the salt and thymidine
peaks. This indicated an M, of ~600. The activity did
not stick to Dowex resins but could be further puri-
fied by thinlayer chromatography on cellulose.

Maschler and Maurer [42] have found similar
active fractions in either culture media or ascites fluid.
Sephadex G-25 columns indicating an M, <10 000
and in some cases ~500. Another group [43] have not
presented their preparation in detail but indicate activ-
ity at an M, of 5001000 for a chalone extracted
from leukocyte conditioned media.

The observation that the granulocyte chalone activ-
ity was dependent upon thiol groups [44], has resulted
in considerable progress in the purification. The activ-
ity from leukocyte conditioned medium, referred to
as granulopoiesis inhibiting factor (GIF), was absorbed
to and eluted from thiol propyl Sepharose followed
by a reversed phase (;gcolumn and ion-exchange
chromatography [45}. After these techniques a single
spot was demonstrated in several thin-layer chroma-
tography (TLC) systems. Other analyses have indi-
cated that the activity resides in an M, 500—600 acidic
peptide with an N-terminal pyroglutamyl residue, a
thiol group, three carbonyl groups and one lysine
amino group. Presurnably, further analysis must await
the purification of greater amounts of material, but,
with the data indicated already, model peptides can
be synthesized and tested.
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An interesting note here is that mouse Iymphoma
cell lines that demonsirate thiol dependence for cul-
ture may also secrete a thiol containing, small M,

mitotic inhibitor [46].

2.3. Other chalone systems

We now briefly discuss several other chalones, or
chalonedike activities, which have been suggested as
being of low M; and of hydrophobic nature.

Some interesting results have been presented con-
rprnmo the nrnnm’hpc of an inhibitor of the JR-1

ascites cells. These cells have been shown [47] to pro-
duce an inhibitor of M, 10 000—50 000 with proper-
ties of a G;chalone. A preliminary report has appeared
[48], which has suggested a considerably lower M.
The inhibitor has been isolated from Iabeled ascites
fluid by columns of DEAE<ellulose, Sephadex G-15,

and AG1X.2 resin 'T‘hm nrnnnr‘nrn u1n1rlc alow hl

\G1X-2 resin. This proce a
(400-700), acidic, and hydrophoblc peptide. JB- 1
ascites cells are 210-20-times more sensitive to the
inhibitor than other cells. The properties of the JB-7
inhibitor are strikingly similar to those reported for
the granulocyte chalone of Paukovits.

It has been suggested that the control of liver
growth and regeneration is under the control of a
chalone mechanism [49]. The traditional extraction
procedure involves extraction of liver tissue and frac-
tionation by cold ethanol solutions, the chalone activ-
ity was usually found in a 60—87% ethanol precipi-
tated fraction. This material could be further frac-
tionated by ultrafiltration or chromatography on
Sephadex G-25 [50,51]. The A4, of this inhibitor has
remained constant at ~2000, not changing as much as
some of the others. Additional steps have been added
to the isolation scheme for this chalone [52] which
has involved chromatography on Sephadex LH-20 fol-
lowed by silica-gel and thindayer chromatography on
polysilicic acid-impregnated sheets. All these methods
suggest a considerable hydrophobic nature for the
chalone. Amino acids were present in the active area
on TLC but further purification is necessary for any
firm conclusions.

A small M, inhibitor of DNA synthesis which is
specific for normal and malignant mammary cells has
been described [53]. The inhibitor is purified from
extracts of mammary tissue of Sephadex G-50, CM-
Sephadex, and Sephadex G-25 columns, and had been
suggested as being an M, 2000—3000 peptide.

A fibroblast chalone which would inhibit the
growth of human diploid fibroblasts was originally
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described as being of high M also by ultrafiltration
dllu IlElS 0eeil SIIOWII to De SlIIl].ldl' io iympnocyte Cﬂal'
one in its sensitivity to RNAse and elution from
Sephadex G-25 [18,22].

The epidermal control mechanisms, history, and
biology have been reviewed [54--56] and are too
extensive to be mentioned here. 1t is commonly
accepted that there exist two epidermal chalones, the
G, and G,. The G, chalone haits cell division at a
point in the cell cycle after S phase prior to mitosis
and is of I'nalq app. M ’)n 000-45 000. Considerable

heterogemety has been noted in the material with
activity noted as low as M, 3000 [56—58].

The epidermal G, chalone owes much of its purifi-
cation to the work reported by Marks [56]. Its proper-
ties indicate that it is a quite stable molecule resistant
to heating (100°C, 1 h), phenol, urea, 1 M formic acid

at 7“ ' ionic deter oents at 100°C +
av Ny AVLLIV UBVAVIRVIILW al LUV U, tl_y yolll, Plullaa\l’

and nucleases. The activity migrates at an app. M,
>300 000 but could be reduced to ~20 000 after
rather brutal treatment with sodium dodecyl sulfate
(SDS), dithiothreitol, blocking of —SH groups by
iodoacetamide, and chromatography in 7 M urea and
0 5% SDS. The activity could be further puriﬁed by

on \,A\./hausv anda Pll\tllul UAlla\/l-l.Ull aud \/UUIU UCPICBD
epidermal mitosis atadose of 0.05—0.1 ug/mouse. Since
the reported M, ranges from >300 000 to <10 000,
Marks [59] mentions that the lowest is probably the
true value. This does not seem unreasonable considering
the stability of the active species and the extreme
efforts necessary to reduce the activity to lower M.

A suminary of the progress toward the isolation of
a chalone would be that many chalones, whether called
that or not, are now recognized as being very stable,
low M, compounds, probably peptides. A number of
these active species previously demonstrated much
higher M_ values either due to specific or non-specific
binding to carriers or due to very strong aggregation
properties. Modern purification techniques such as
HPLC show obvious promise in the resolution of com-
plex tissue extracts containing chalone activities and
should provide much information in the future. Obvi-
ously the controversy surrounding the chalone con-
cept will not resolve itself until purified material is
available in sufficient quantities.

3. Critique

3.1. Assay artifacts
No review of chalones could be considered com-
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plete without first addressing itself to several problem
areas which become apparent, and are constant criti-
cisms, in the study of growth inhibiting substances.
The most important are several artifacts which can
commonly arise with the use of the popular in vitro
proliferation assays. We will concern ourselves here
with several high M, components which can alter cell
growth and with certain small M, compounds which
have received much attention in the literature, namely,
the polyamines spermine and spermidine. Our men-
tion of these effects, in reference to in vitro assays,
must not be taken to imply that this type of assay is
worthless, rather that careful attention must be paid
to all possible influences on cell growth possible with
tissue extracts. Whenever possible, reference to in vivo
assay systems should be used to substantiate in vitro
studies.

The organ extract, or conditioned media, which
are used as chalone sources contain a wide variety of
components which can specifically or non-specifically
influence cell division in vitro. As the most common
method to ascertain if a particular cell population has
undergone division is a pulse of labeled thymidine, we
will consider briefly various pitfalls to be avoided. A
number of these which have direct effect on labeled
thymidine have been mentioned [36] and can include
breakdown or alteration of thymidine by kinases
released in tissue homogenates or by phosphorylases
resulting from low level mycoplasma infections [60].
The latter must be considered especially when using
conditioned media sources.

Another macromolecular inhibitor which can arise
in crude extracts as well as purified samples is bacte-
rial infection and subsequent toxin production. A
classic example of this problem is that of melanocyte
chalone prepared from crude pig skin concentrate [61]
which was subsequently shown to be associated with
clostridium spores [62,63]. We have had similar expe-
rience with commercially prepared spleen powder
extracts [64].

Various nucleotides, including thymidine, are always
present in small M, fractions from tissue [25,28] and
can of course, inhibit labeled thymidine incorporation
into cells by pool dilution and transport inhibition
[36]. Interestingly , unlabeled nucleotides can be
present in cell supernatants and conditioned media in
sufficient amounts to cause inhibition of cellular
uptake [65—68] and may result from breakdown of
DNA from cell death present in the cultures [67,68].
All of the above influences on labeled thymidine can
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usually be controlled, and eliminated, if the data
obtained by label incorporation is compared with
results obtained by some non-isotopic method. We
have found that some low M, fractions from thymus
were about twice as active in an in vitro assay deter-
mined by isotope as compared to visual determina-
tions. This difference could be eliminated by passage
of the active fraction through a Sephadex G-10 col-
umn which (see fig.1B) separated a peak of activity
with equal potency measured by isotope or visually
from a peak of activity noted only by isotope incor-
poration. The last peak has been identified as a mix-
ture of thymidine and other nucleotides.

3.2. Problems with polyamines

PerhaBs the most interesting (at least the most con-
troversial) small M, inhibitors of cell proliferation to
arise from chalone research recently has been the
polyamines spermine and spermidine. Allen et al. [69]
were among the first to suggest that a chalone (lym-
phocyte) was a complex of spermine and a higher M,
carrier molecule. They isolated a lymphocyte chalone
by published procedures and found that the activity
was dependent on the presence of bovine sera in the in
vitro assays. Simultaneously, Byrd et al. [70] reported
the potent inhibition of lymphocyte transformation
by addition of synthetic spermine or spermidine to
cultures containing bovine sera. Allen’s group further
showed that polyamines could easily survive various
extraction techniques and purification steps such as
dialysis by associating with high M, carriers.

The inhibition of authentic polyamines was inves-
tigated by several groups [71--74] after the appear-
ance of the above papers. Generally it was found that
the inhibition of growth of lymphocytes and granulo-
cytes by these polyamines was dependent on the pres-
ence of bovine or human pregnancy sera. Polyamines
were not inhibitors in the presence of human AB
serum. In all cases the inhibitory activity has been
associated with the presence of the enzymes diamine
oxidase (DAO) or polyamine oxidase (PAO) in the
serum. The absence of the DAO and PAO in human
serum is perhaps not absolute and high levels can cause
inhibition in the presence of polyamines [72]. Addi-
tion of PAO to normal human serum containing poly-
amines causes inhibition of PHA-stimulated lympho-
cytes and lymphoblastic cell lines [73].

The amine oxidases catalyze the oxidation of the
amino propyl moiety of polyamines to the correspond-
ing amine aldehyde [75]. These amino aldehydes and
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the breakdown of product acrolein (H,C=CH—CHO)
[76,77] are toxic to a variety of cultured cells. It is
unknown if similat compounds are responsible for the
inhibition observed in lymphocyte cultures, but it is not
unlikely . However, the inhibition has been observed to
be fully reversible (after even several days exposure to
polyamines in the presence of bovine sera) and there-
fore does not appear to be associated with gross cellu-
lar toxicity. The degree of sensitivity to polyamine
inhibition can vary considerably and this has been
used [78] to eliminate fibroblasts from mixtures of
fibroblasts and epithelial cells. Obviously more work
must be done on identifying the active component
resulting from the interaction of bovine sera and poly-
amines and capable of inhibiting lymphocyte prolifer-
ation.

Other products of the oxidation of polyamines to
aldehydes by DAO and PAO are possible in addition
to acrolein. Under certain conditions [79,80] amino
aldehydes can form various condensation products
with themselves to form larger polycations. Some of
these as yet uncharacterized products are potent inhib-
itors of sodium transport [80].

The connections of polyamines, PAO, DAO, and
certain immunosuppressed states is still of much inter-
est. The two enzymes are increased in pregnancy [71],
age [81], and polyamine levels increase in fetal and
neoplastic growth [82]. It may be that such an associ-
ation is mere coincidence and further research will
resolve the difficulties.

A number of investigators, in response to the
papers of Allen and Byrd et al., have subsequently
published statements that their particular chalone
preparation does not contain polyamines or that the
activity is present in human as well as bovine sera.
This has been done for lymphocyte chalone isolated
from spleen [83,84], and thymus [28,72,85] and leu-
kocytes [43] and for the granulocyte chalone [43]. It
is noteworthy that the effects of polyamine are impor-
tant to eliminate wherever possible as these molecules
seem able to appear at various M, fractions and can
survive normal purification steps for large or small
molecules. This is of special importance if in vitro
assays are used in the presence of bovine serum.

4. Conclusions

In the seven years since this subject was last reviewed

168

FEBS LETTERS

November 1980

here, relatively little has been added to our knowledge
about the elusive cell-specific and endogenous inhib-
itors called ‘chalones’. The epidermal, lymphocytic
and granulocytic chalones have all been further puri-
fied, but until very recently (and only in the case of
the granulocytic chalone) not to anything near
homogeneity. The major increase in knowledge about
these chalones is:

(1) That they are of much smaller size for the most
part than we had previously perceived and believed;
ie.,lymphocyte, granulocyte, and the JB-1 ascites
chalone are now down to an M, of 600—700,
while fibroblast chalone is clearly <M, 10 000
and both the G-2 and G-1 epidermal inhibitors
have been reduced in size (see table 1). This
reduction in molecular size proceeds from the
aggregative avidity of many of these chalones for
various macromolecules.

(2) One of the major problems in the identification
of endogenous inhibitors is that most tissues con-
tain polyamines and that polyamines will inhibit
the proliferation in vitro of most cell types to
varying degrees, especially when cultured in fetal
calf serum.

Thus, as the chalones themselves ‘shrink’ to smaller
sizes, small cationic molecules (like spermine and sperm-
idine) loom larger as major artifacts in the determina-
tion of specific endogenous mitotic inhibitor capacity
of various fractions during purification attempts.

Table 1
Relative molecular mass estimates for representative chalones

Chalone ‘Old’ M, ‘New’ M,
Lymphocyte 30 000 < 2000
30 000—-50 000 500— 700
38 000 2100
10 000-30 000 < 1400
Granulocyte 2000— 3000 300- 700
< 1000
JB-1 Ascites 10 000-50 000 500- 600
Mammary 2000— 3000 2000-3000
Liver 2000 2000
Epidermal 300 000 <10 000
Fibroblast 10 000-50 000 <10 000

M, values for selected chalones can be found in references and
reviews cited in the text
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