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INTRODUCTION

Mouse or human bone marrow cells form visible colonies when cultured in
agar gel in the presence of a source of colony stimulating activity (CSA).2 The
curve which describes the relationship between CSA concentration and colony
number is gigmoid and the amount of CSA used to stimulate colony formation is
ordinarily on the plateau of the dose-response curve, 9 Itis of interest, there-
fore, that certain materials are capable of increasing the number and size of
colonies formed in vitro in the presence of an optimal CSA stimulus, The en-
hancing activity of red blood cell hemolysates has been described and character-

ized in part.4'1° More recently, the enhancing effect of normal human serum

Lo ol

(NHS) on murine colony formation in vitro has been repecsted. 8 In the present
report, we describe the ability of NHS or plasma to enhance in vitro colony for-
mation by either murine or human bone marrow cells, We have studied this en- i
hancing activity with respect to species specificity, ability to enhance various
celony stimulating factors, dose-response relationship, aund the abilities of non-
human sera to enhance colony formation. In addition, we have attempted to de-

termine whether NHS acts independently or in conjunction with the colony stimu-
lating factor (CSF) to produce its effiect and to provide some preliminary physical
characterization of the active principles, o

METHODS AND MATERIALS

Culiure techniques. Murine bone marvow cells, usually 6 x 10% colls/

cultuxe plato, were dispensed in volumes of 1 ml of eulture medium containing
0.3 porcent agar over a 2-ml basal layer contalning culture medium, 0.5 por-
cent agar, and a source of CSA, L '
Enhancoinent of colony formation s‘imulated by diffexent sources of CSA
was studied, Tho souvee of CSA was either 10% normal hwnan paviphoral blood
leukooytes per culture plate, an extyact propored from the uteri and placental
mombranes of pregaaut nice (}?MUE).3 or mouse I~cell conditionod mediuia,




The culture media used was that desoribed by MacVittle and McCarthy®
containing CMRL 1066, 10 percent fetal calf serum, 10 percent trypticase soy
broth, 5 percent horse serum, and 30 micrograms/ml of l-asparagine, This
was prepared in a concentration of twice normal osmolarity and, together with
cells and serum, diluted with an equal volume of either 1.0 percent (underlayers)
or 0,4 percent (overlayers) agar, V -

Animals used to provide marrow were male and female Swiss Webster or
B6D2F1 BR mice (Cumberland View Farms), 8-12 weeks of age,

Collection of bone marrow, Three to four milliliters of human bone mar-
row were collected in preservative-free heparin (Flow Laboratories, Rockville,
Maryland) from consenting patients* in the course of diagnostic posterior iliac
crest marrow aspiration. The red cells were allowed to settle by gravity and
the nucleated cell-rich plasma collected. The cells were centrifuged at approx-
imately 100 x g for 5~6 minutes and resuspended in 2-4 ml of culture medium
(RPMI 1640). Murine bone marrow cells were flushed with culture medium from
the femurs and tibias and utilized directly,

freparation of hwnan leukocyte feeder plates. Human peripheral blood
leukocytes wers obtained from consenting adults to provide a source of CSA in
the agar culture system. The red cells were sedimented by gravity using 25

percent (v/v) of 3 percent dextran in Earle's salts {Flow Laboratories). Tho
leukocyte-rich plasma was removed and the cells contrifuged (100 x g fox 5~6
minutes) and resusponded in Hanks! balanced salt solution. ‘The volume of cells
vequived to provide 109 cells/2 ml in the final suspension wos addod to 1, 0 por-
cont agar (baoto, Difco) and double strength culture mediwn, Two xillilitexs of
the latter were dispensed into 50-mm plastic potri dishes (FFaleon Company,
Oxnard, California) and allowed to gel,

Propayation of sexa or plasma, Hwman, canine, and mouse blood was col-

lected with oy without presexvative-free heparin, Human donors wore asked to -

* Informed patlent congent was obtained in accordance with the guidelines speci-
fied by the Conunittec for the Protection of Human Subjects, Nutional Naval
Medical Center, Bethesda, Maryland
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sign a standard consent form, Serum was collected and filtered th»ough 0,45-ym
filters (Nalge Company) and stored at -20°C. Human sera of various ABO and
Rh types were used in different experiments. Horse serum and fetal calf serum
were obtained commercially (Flow Laboratories).

Serum or plasma was added usually to the overlayers, but at times also to
the underlayers, of the agar culture system. The final concentration described
is based on the amouut of serum in the total culture volume.

Mechanism of enhancement. Murine bone marrow colony number was de-

termined in the presence of increasing concentrations of CSA (PMUE). Two
curves were plotted showing this relationship with and without serum added to
the culture plates, Demonstration that NHS modifies the concentration depen-
dence of colony number of PMUE would suggest that NHS acts by enhancing CSF
rather than merely to provide some supplementary growth stimulus.

The ability of NHS to enhance colony formation by merely preincubating
the cells with sexum was studied, Murine bone marrow cells were incubated
for 1 hour in suspension with either 25 percent (v/v) NHS, fetal calf serum, or
oulture medium alone (RPMI 1640), Each suspension was centrifuged and the
cells resuspended in fresh RPML 1640, The number of cells per ml in each
fraction was then vedetormined using a Coulter modsl "F* cell counter and the
appropriate dilutions made to reequate the cell counts. Each fraction was then
cultured, In addition, NHS (7.5 percent v/v) was added to a portion of the colls
proincubated with RPMI alone. '

In order to examine the poasibility that the enhancing factor in NHS might
combine with or be absoxbed to CBF extracellularly, human bone marxvow cells
@x 10° por culture plate) were cultured in the prosence of NHS (7.5 porcent
v/v) with and without added PMUE. PMUL is capable of stimulating colony for-

mation by mouse but not by human bone marvow cells, It is known, howevor,

~ that colony formation by mouse bone marrow is enhanced by NHS, Hence, if

PMUL and NHS intoract ox combine extracellularly, this might vreduce the quan-
tity of NHS available to interact with human CSF provided by the human
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peripheral blood feeder leukocytes, Thus, a reduction in the enhancement of hu-
man colony formation in the presence of PMUE would suggest extracellular inter-
action of the enhancing factor(s) and CSF. : |
Physical characterization, NHS was tested for enhancing activity before
and after dialysis for 3 days against distilled water or phosphate-buffered saline.
The effect of freezing and of heating to 56°C for 1 hour was also determined,
Evaluation of experimental res;dts. Colonies estimated to contain 50 cells

or more were counted, At least three replicate culture plates were generally
employed for each experimental condition,

Data were analyzed statistically by making specific individual comparisons
using Student's "t test for unpaired data, Colony numbers were assumed to ad-
here to a Poisson distribution. Differences were considered to be statistically
significant when "P" values exceeded 0.01.

RESULTS

Enhancement of human and murine colony formation by normal human
gerum (NHS). Normal human sexum enhanced in vitro colony formation in the
agar culture system by both lnunan and murine bone marrow cells (Table 1).

Both the number and size of colonies were increased, Serum alone did not

Table 1, Enhancement of Human and Murine In Vitro Bone Marrow
Colony Formation by Normal Human Sorum (NHS)

Without savum With serum A%
No. Colonies + S.F.M, 13.2 NHS MALE  28.0 % 2.5 98
Per 2 % 10° Human
Bone Marrow Cells NS PEMALE 30.0 + 1.2 11}
Stimulated by Huvaan ‘
Peripheral blood ¥FCS 23.0 + 1.5 62
Leukocytes . :
No. Colonies + S.E.M. $9.4 NHS MALE  130.7 + 4.7 120
Per 5 x 10* Murine A
Bone Marrow Cells NHS PFLMALE 149.3 # 8.4 151
Stimulated by Human
Leukocytos 4 FCS 84.0 + 1.7 -4l

)
4




stimulate colony formation. There were no differences in the enhancing abilities
of human male and female sera or of serum and plasma,

Enhancement of colony formation in the presence of various colony stimu-
lating factors, Human serum enhanced murine colony formation stimulated by
normal human peripheral blood leukocytes, pregnant mouse uterus extract
(PMUE), and mouse L~cell conditioned medium (Table 2), A 0,3 percent NHS
control was used to exclude the possibility of nonspecific antigenic stimulation,

R e Ao s /e o e s R I A st T i o AR

Table 2, Effect of Normal Human Serum (NHS) on Colony Formation
by Mouse Bone Marrow Cells Using Different Colony Stim-
ulating Factors 3
Number of Colonies Per 5 x 10‘
Murine Bone Maryrow Cells
3
CSA Source Control (0.3% NHS) 108 NHS AR 3
PNUE 47.0 194 313
L CELL CN 72.0 179 148
HUMAR ,
LEBOKOCYTES 28.0 59 104

At the 0,3 percent NHS concentration, thoxe was no deteotable enhancement
(Figure 1), Enbancemont was most ovident when coantrol colony numbor was
greatost, Thus, while enhancement of feedor loukooyte colony stimulating
activity was approximately 100 pereent, that with PMUE or L-cell vonditionod
modiwm was 150-300 percent (Table 2). 'This suggests that the action of human
‘soxum may bo to enhance CSF yather than merely to provido a supplomentary
growth sthmulus. '

Dose-reaponse xclationship, Normal human serum enhanced colony for-

mation by mouse bonc marvow cells in a vango of concentrations between 1 pox-
cent and 15 porcent. Tho dose-xespouse velationship for PMUE-stimulated

7
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Figure 1, Dose-response curves for bone marrow colony formation in the

prosence of NHS. e—e Dose-response curve for murine bone
marrow colony formation using PMUE as a source of CBA,
e--- Dogc-response curve for human bone marrow colony for-
mation using human peripheral blood leukoeytes as a source of
C8A. o---p Partial dose-response curve for human bone mat-
row colony formation stimulated by a mononuclear cell popula-
tion of human perviphoral blood leukooytes, -

murine bone marrow colony formation and NHS concontration is presented in
Figure 1, Maximal enhancement was seon at o eoncontration of approximately
7.5 pervent (v/v). The configuration of the dose-yesponse curve for numuber of
hwman bone marrow~devived colonies versus percant NHS was similar to that of
murine marvow, A peak was scen at 13 pevvont sexun with a 2eexease in colony
swmber at the single higher concentration, Recantly, we have exaployed a mono-
nucloar cell preparation obtained by the use of a Hypague~Ficoll gradient,
togothox with added phytohenngiylutinin (10 microe;rxmm/].06 cells poy 2ml)as a
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source of CSA., These feeder leukocyte plates stimulated a greater number of

colonies using, however, a different donor of human bone marrow, The response
to several concentrations of NHS is shown also in Figure 1.
Enhancement of colony formation by nonhuman serum. Dog, horse and

fetal calf sera (FCS) were compared to human sera for their ability to enhance

colony formation (Table 3), Mouse bone marrow was cultured over human feeder
leukocytes; the concentration of serum used was 3.3 percent (v/v). In this ex~
periment, dog, fetal calf serum, and horse serum enhanced colony formation
only slightly (20-30 percent) while NHS produced approximately a 70 percent in-
crement in colony number, The difference between the number of colonies
formed by the controls and that in the presence of NHS was statistically signifi~
cant (P<0,001), while colony enhancement in the presence of nonhuman sera was
not statistically significant (0, 05< P <0.1).

Table 3, Enhancing Effect of Various Sera on Colony Formation by
Murine Bone Marrow Cells

TSR BQURCE NUMAN LEUROCYTES PRUE
Numbar of Colonies Per Number of Colonias Por
$ % 101 Colls ¥ S.EM. A3 s x 104 colls ¥ S.E.M. AV
Contxol - 61,2 5.2 - Controlsm ;.'gg b ig} -
Control 60.7 ¢ 2.2 - res B 2%1% 3 i
o () 104 ¥ 9.3 47
FCS 67.8 » 2.5 22 DS i Y930 % sa 4
006 68.0 ¢ 5.0 Y nonge [N} 104.7 & 16.6 e
HORSE 72,8 £ 4.3 n | oweuss @ AL S0 2
NORMAL, NORMAL, (N) 136 ¢ 14.7 95
HUNAK 94.3 2 5.7 - n HUNAN (W) 110 ¥ 10.5 55
{t)  non harated scrum.
(R}  Sorum previously heated to 56°C foy
ong houe.

When PMUE was used as the source of CSA to stimulate murine colony
formation, NHS ulso enhanced to a greator dogree than dog, horse, ov fotal calf
serum (Table 3). Untreated murine serum increased the size of individual colo-
nics examined at 10 days but their number was actually decreased compaved to '
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controls. In the presence of serum which had been heated to 56°C for 45 minutes -

the number of colonies equalled controls and, again, were larger in size
(Table 3), |
Mechanism of action, The addition of NHS (7.5 percent v/v) increased

PMUE-stimulated colony formation by mouse bone marrow cells by 90-100 per-
cent (Figure 2). The slope of the dose-response curve was greater in the pres-
ence of sexrum which is consistent with the concept that sexrum modifies the ac~
tivity of CSF.
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Figure 2. The offect of NHS on the CSA dose-response curve,
Number of colonies per 5 x 104 murine bone mar-
row cells using PMUE as a source of CSA,

Preincubation of murine marrow cells with 7.5 percent (v/v) or 26 percent
(v/v) NHS in suspension for 1 hour before oulturing in agar did not vesult in en-
haucemeont of colony formation, In the same exporiment, NHS in the underlayers
cnhaneed colony formation by cells uot preincubatod with sevum (Table 4).
These xosults indicated that soxum must be coatinuously present to enhance col-
ony formation and that enhancement doos not ensue as a rosult of ons time oxpo-
swie of the cell mewbyane to the serum factox(s).
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- Table 4. Effect of Preincubating Murine Bone Marrow Cells for
1 Hour with Serum before Plating in Agar

Number of Colonies Per
5 x 104 Cells + S.E.M.

Preincubated Cultured with

Control with Serum Sexrum
13049.1 7.5% 138 + 3.5 7.5 272 + 10.4
25 % 165 + 9.1 25% 276 + 20,2

Normal human bone marrow cells were cultured using human peripheral
blood leukocytes as a CSA source and the effect of added PMUE on enhancement
by NHS dstermined, Since it is known that human CSF (but not murine CSF)
stimulates colony formation by both species, the molecular interaction of enhanc-
ing factor and an sdditional, but inactive, CSF source might reduce the degree
of enhancement., In control cultures of human marrow stimulated by peripheral
blood leukocytes, 44 + 5.7 colonies (number + S, E, M., ) were obtained; with NHS
(13 percent v/v) colony number increased to 130 + 12.2, With both NHS and sev-
eral dilutions of ®MUE in the underlayers (undiluted, 1:1, and 1:9), 113 + 16,5,
142 + 9,8 and 137 + 5,9 were obtained, Thus, the addition of PMUE iu these
conoceutrations did not influence enhancement by NHS,

Physieal chavacteristics, The enhancing ability of NHS was preserved for

over 6 months by freezing at ~20°C, Its activity was not decveasod by dialysis
against phosphate buffered saline for 3 days but decreased after dialysis against
distilled water for 3 days; (number of colosios por § x10% PMUE-stimulated mu-
rine bone marrow cells) contyol 61,3 & 2,7, with 2,5 percent NHS 126.3 1 7.7,
with 2,5 porcont NHS aftex dlalysis 81.4 4 7.5, The decrease in activity follow-
ing dialysis was -36,5 pevcont, Heatlng murine sexum at 56°C for 1 hour -
oreased the number of colondes from less than to equal to that of controls

{Tablo 3). Thore was no appavent effeot of heating on human serum,

11

S R T N A oA bl Y

SN e e AR e 27 e T R e e P

ez e




o e i e 7]

' DISCUSSION

i e o

We have studie 1the ability of uormal human serrm (or plasma) to enhance
in vitro granulocyte-macxcphage colony forsmation v hovh murine and human bone
marrow, The addition of NHS .o the culture yyote 1 inceryased colony number and .
size by bone marrow celis fr. m both species by 3¢ -3t.¢ percent, Although mu-
* rine serum failed to enhance the number of colonies fc rmed, their size was jn-
creased in the presence of either untreated serun or serum which had been “-5
heated to 56°C for 30~45 minutes, Fuman sera eshunced colony formation stim-
ulated by several sources of 78A and were more active in this respect than other
nonhuman sera tested. The optimum cuncentrativ . of NHS for enhancement of

murine marrow celony formation was .5 pernent (v/v': at higher serum concen-
trations, enhancement decrec sed, possibly becrnuse ox other inhibliors present in
serum,® The dose-response curve of hurnan marrow coiony number versus per-
cent human serum was similar in anpearance to that for mu~in> mirrow, NHS
increased the slope of the curve descriving coony nuwmher versus CSFPMUE con-
centration suggesting that it mav wrodify the activity of CBF. >erum was required
to be continuously present to enhance ecolony formation, Fnhancenient of human
bone marrow colony formation stasulared by huinan pevipheral blcod leukocytes
was not inhibited by a murine s¢w ¢e of CSA sugeesti g that enhancing factor(s)
in serum did not combine extrac Mudaxly or interam, irrev wsibly with CSF,
Facotors which enhance horaatopofesis have been deseribed “u the past.
Boggs ot al. 1 deseribed an etfeot o foreign plasma on impyroving nostirvradiation
survival and endogenous splesn colony formation whea sw o plasma was injected
before {rradiation. Red blood coll hrimolysates have algo been shown to enhance
In vitro granulooyte-macrophago.co’ vy foviaatic. » 319 1t ho ) been shown also
that foreign protein antigen. mry enharce colony formation.* An erythropolotin
enhancing factor has been describe in the soxum of 1.ovexal patients with myelo~
proliferative disor(brs;]-z how ver, normal contvol AB sexrum did not display the
enhancing offect.  The arility of normal muriue or hy man sexum to enhance in

vitro colony formation by murine bone marvow has recently boen dcscri_bed.a

12
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Van den Engh and Bol!! have also reported on-the ability of murine, postendotoxin

serum to enhance colony formation by mouse marrow cells.

The mechanism of action of this enhancing activity is unknown, One might
speculate that enhancing factor(s): (1) supplies some required metabolic factor
necessary for cellular growth or division; (2) modifies target cell receptors for
CSF, (3) recruits a secondary population of potential CFU-c responsive only to
the combined presence of CSF and enhancing factors, or (4) modifies the CSF
molecule to a more active form, either, for example, by supplying some cofac~
tor, or by altering the molecular structure or configuration. “The first possi-
bility seems unlikely since not all sera enhance equally well, The second possi-
bility also seems improbable since preincubation of the marrow cells with serum
did not result in enhancement, The curve describing the relationship between
colony number and PMUE concentration suggests that enhancing factor(s) may
indeed modify the activity of the CSF molecule, If this is the case, it would not
appear to do so by reacting extracellularly in an irreversible manner with CSF
since PMUE did not inhibit enhancement of human, feeder leukocyte stimulated
colony formation, Finally, enhancing factors may act to recruit a subpopulation
of cells. Metoalf et al, 8 found no evidence for the latter using velocity sedimen-
tation oriteria, Willlame and van den Engh.13 however, have provided evidence
to support the existence of such a subpopulation using the equilibrium deasity

gradient technique,

In the present report we have described the ability of normal hwnan serum
to enhance colony formation by both human and murine bone maxrow cells and
have considered some of tho possible mechanisms of action. Oux obsoyvatious
with vespeot to the effect of NHS on muxine colony formation ave genovally in
agrecment with those of Metoalf et al, , and are, in addition, extended to human
bono marrow culture. The cbservation that murine sexum increased colouy size
without inereasing colony number suggests the possibility that there may be dif-
forent factovs vespousible for cnbancement of the number and size of colonies, -
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