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Abstract

Plasma samples were obtained from 34 bone marrow trans-
plant (BMT) recipients before and after administration of the
preparative regimen and tested for their ability to promote
and/or support growth of hemopoietic colonies. The ability of
plasma samples to promote colony formation on their own was
tested on normal nonadherent target cells without addition of
exogenous growth factors. The growth-supporting activity was
examined in the presence of medium conditioned by phytohem-
agglutinin-stimulated leukocytes (PHA-LCM) and/or erythro-
poietin (EPO). A series of kinetic changes was routinely ob-
served. Pretransplant samples rarely gave rise to colonies
without addition of exogenous growth factors. Plasma samples
obtained after completion of the preparative regimen demon-
strated increments of growth-promoting activities for mega-
karyocyte and granulocyte-macrophage progenitors (CFU-
Megand CFU-GM), respectively, that peaked between 7 and
21 d after transplantation. By day 30, activity levels of some
patients bad returned to-pretransplant values, whereas in other
patients, activities remained elevated. Persisting activity levels
were associated with delayed engraftment. In contrast, activi-
ties for progenitors committed to erythropoiesis (BFU-E) and
pluripotent precursors (CFU-GEMM) were only rarely ob-
served. The activities were independent of febrile episodes.
Their growth-promoting influence on CFU-GMcould be neu-
tralized completely by anti-granulocyte-macrophage colony-
stimulating factor (GM-CSF) antibodies. These data suggest
that at least some of the observed activities in post-BMT
plasma are related to GM-CSF. The growth-supporting activi-
ties of pretransplant plasma samples are lower than normal
plasma when tested on CFU-Meg and CFU-GM. The growth-
supporting activities improved transiently within the first
month after BMT. A decline during the second and third
month was followed by a gradual return to activity levels that
were comparable to normal plasma. The effects of these
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plasma samples on BFU-E and CFU-GEMMwere assessed
with PHA-LCMand EPO. Similar to CFU-Meg- and CFU-
GM-supporting capabilities, they improved transiently after
BMTwith a return of normal support function after 5-6 mo.
The observed endogenous production of growth-promoting and
growth-supporting activities for hemopoietic progenitors may
serve as a background to design clinical trials for the timely
administration of recombinant hemopoietic growth factors to
BMTrecipients.

Introduction

Human recombinant hemopoietic growth factors are now
available and have shown effectiveness in cell culture (1-10).
Preclinical and clinical studies have also demonstrated their
ability to increase the level of peripheral blood cells in vivo
(1 1-15). A well-timed administration of these growth factors
to bone marrow transplant (BMT)' recipients may provide the
opportunity to improve the speed and quality of bone marrow
recovery after BMT(16). In a previous study (17) now con-
firmed (18), we were able to demonstrate that plasma samples
collected from 11 BMT recipients contained activities that
promoted growth of progenitors committed to megakaryocy-
topoiesis (CFLJ-Meg) and granulocyte-macrophage production
(CFU-GM). Some of these samples also facilitated the devel-
opment of erythroid bursts, while multilineage colonies were
not observed. Operationally, the described activities supported
and promoted the growth of hemopoietic progenitors replac-
ing the requirement for an additional source of exogenous
growth factors completely or at least partially. This contrasts
with the finding that normal plasma samples give rise to hemo-
poietic colonies only if a source of exogenous growth factors is
added to the cultures (19). It is the purpose of this investigation
to describe growth-supporting and growth-promoting, growth
factor-like activities in the plasma of BMTrecipients collected
before and serially after BMT. In addition, attempts are made
to determine whether or not a correlation exists between the
kinetic behavior of these activities and engraftment.

1. Abbreviations used in this paper: ALL, acute lymphoblastic leuke-
mia; AML, acute myeloid leukemia; BFU-E, progenitor committed to
erythropoiesis; BMT, bone marrow transplantation; CFU-GEMM,
pluripotent precursor; CFU-GM, progenitor committed to granulo-
cyte-macrophage production; CFU-Meg, progenitor committed to
megakaryocytopoiesis; CML, chronic myeloid leukemia; EPO, eryth-
ropoietin; GM-CSF, granulocyte-macrophage colony-stimulating fac-
tor, GvHD, graft vs. host disease; IL3, Interleukin 3 2ME, 2-mercap-
toethanol; PHA-LCM, medium conditioned by PHA-stimulated leu-
kocytes; rg, recombinant gibbon; rh, recombinant human; WRS,
Wilcoxon rank-sum test; WSR, Wilcoxon signed rank test.
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Methods

Patients. 34 consenting patients that received marrow grafts from
HLA-identical sibling donors were studied prospectively. These in-
cluded eight individuals with acute myeloid leukemia (AML), seven

with acute lymphoblastic leukemia (ALL), 14 with chronic myeloid
leukemia (CML), one with aplastic anemia, three with multiple my-

eloma, and with malignant lymphoma. In addition, plasma samples
of 27 additional patients were examined who had at least survived yr

after BMT. All recipients were prepared according to previously pub-
lished protocols (20). Graft versus host disease (GvHD) prophylaxis
included administration of four doses of methotrexate followed by
prednisone 40 mg/M2 perd from day 10 to 40 with slow dose reduction
over the subsequent 100 d. Patients who developed acute GvHDof
grades II-IV were treated with cyclosporin A either orally at 12.5 mg/d
or intravenously at 5 mg/d (21).

Preparation of plasma samples. A total of 247 heparinized plasma
specimens were collected from BMTrecipients before administration
of the conditioning regimen (32 samples) and serially after transplan-
tation (215 samples). The samples were obtained fasting and at least
12-24 h after the last transfusion of blood products. They were pre-

pared under platelet poor conditions as previously described ( 17) and
stored frozen at -20'C until testing. The tests were performed within 6
moof collection.

Preparation of target cells. Heparinized bone marrow samples were

obtained from consenting normal bone marrow transplant donors.
Mononuclear cells of density < 1.077 g/ml were prepared by centrifu-
gation in Percoll (Pharmacia Fine Chemicals, Uppsala, Sweden) and
extensively depleted of adherent cells ( 17, 19, 22).

In some experiments, nonadherent mononuclear target cells were

further depleted of T lymphocytes using a double rosetting procedure
with 2-aminoethylisothio-uronium bromide hydrobromide treated
sheep red blood cells (23).

Bioassayfor hemopoietic growthfactors in human plasma. Nonad-
herent bone marrow cells at 2 X 105/ml were routinely cultured (17,
22) in Iscove's modification of Dulbecco's medium (Gibco, Grand
Island, NY) supplemented with 5 X lo-' M2-mercaptoethanol (2ME)
(Sigma Chemical Co., St. Louis, MO), 0.9% methylcellulose (Dow
Chemical Company, Midland, MI), 30% normal human plasma, 10%

medium conditioned by phytohemagglutinin-stimulated leukocytes
(PHA-LCM, PHA, HA 15, Wellcome Diagnostic, Dartford, England)
(24), and 1 Uof human urinary erythropoietin (EPO, Terry Fox Labo-
ratory, Vancouver, BC). The use of human plasma at a concentration
of 30% was previously determined as supporting optimal colony for-
mation (19, 22). Colonies were scored after 14 d of culture in a humidi-
fied atmosphere containing 5%CO2using previously described criteria
(19, 22, 23, 25). In addition, each nonadherent target cell population
was also grown under the following three conditions: with normal
human plasma, without further sources of growth factors; with normal
human plasma and EPO; and with normal human plasma and
PHA-LCM.

Cultures containing only normal human plasma were evaluated to
determine the formation of background colonies by the nonadherent
target cell population in the absence of exogenous growth factors.
Cultures with normal plasma and PHA-LCMwere considered to rep-

resent maximal formation of megakaryocyte and granulocyte-macro-
phage colonies. Cultures containing normal plasma, PHA-LCM, and
EPOgave rise to maximal colony formation by pluripotent precursors

(CFU-GEMM)and progenitors committed to erythropoiesis (BFU-E).
All plasma samples obtained from BMTrecipients were tested at a

concentration of 30% under the same four conditions as above by
replacing normal human plasma. The frequency of colonies was re-

corded and the results were expressed as a percentage of colony values
determined in the respective control groups. Background colony for-
mation with normal human plasma alone was taken into account. All
serially collected plasma samples from each BMTrecipient were tested
on the same set of nonadherent target cells.

Neutralization studies with anti-GM-CSF and anti-IL-3. Recom-
binant human granulocyte-macrophage colony-stimulating factor (rh
GM-CSF) (1, 26) and recombinant gibbon (rg 9, 26) IL-3 were ob-
tained as supernantants of chinese hamster ovary cells and monkey
COS- I cells which had been transfected with the respective genes. Both
growth factors as well as affinity-purified antibody preparations (9)
raised in sheep against rh GM-CSFand in rabbits against rg IL-3 were a
generous gift of Dr. S. C. Clark (Genetics Institute, Boston, MA).

150 ,d of each plasma sample obtained from BMTrecipients were
incubated in Eppendorff tubes for 1 h at 370C using the antibody
preparations in dilutions from 1:50 to 1:5,000 and kept overnight at
4VC. The resulting immune complexes were removed from the plasma
by centrifugation at 1,500 g after a 2-h incubation at 4VC with protein
G-bearing Omnisorb cells (Calbiochem, Terochem Laboratories,
Mississauga, Ontario) (27). The plasma specimens were tested without
further addition of growth factors at a final concentration of 30%using
5 X 103 E rosette-depleted (23), nonadherent normal bone marrow
cells plated in flat-bottomed microtiter plates (Nunclon, Gibco Can-
ada, Burlington, Ontario), in a volume of 0.1 ml containing methyl-
cellulose, 2ME, and Iscove's modified Dulbecco's medium as de-
scribed above. The target cell population was also plated with rh GM-
CSFand rg IL-3 as well as growth factor preparations that had been
preincubated with anti-GM-CSF and anti-IL-3.

Statistical methods. The activity levels used in the statistical analy-
sis were calculated as a percentage of the maximal colony formation of
normal controls above the background colony formation.

For the purpose of this study, time to engraftment was defined for
each lineage as the time elapsing between the transplant and the day
when > 50,000 platelets, > 50,000 reticulocytes, or > 1,500 granulo-
cytes/mm3 of peripheral blood were recorded and subsequently sus-
tained without transfusions. Platelet counts on the day of or on the day
after platelet transfusions were not considered for this study. None of
the patients received granulocyte transfusions. Each patient was evalu-
ated for the presence of GvHDfollowing established criteria (28). The
Wilcoxon rank-sum test (WRS) was used for comparisons between
groups of measurements (29). The Wilcoxon signed rank test (WSR)
was used to test the location of the mean of a population of measure-
ments (29).

Results

All samples were tested on normal nonadherent target cells for
growth-promoting activities in the absence of other exogenous
sources of growth factors. In addition, specimens were exam-
ined for their ability to support growth of hemopoietic pro-
genitors in the presence of PHA-LCM. The majority of target
cells did not form colonies when plated with normal human
plasma in the absence of additional growth factors.

Activities for CFU-Meg
Testing of plasma samples without PHA-LCM. Plasma sam-
ples collected from BMT recipients before transplantation
usually contained activities that promoted growth of a small
number of megakaryocyte colonies in the absence of PHA-
LCM(Fig. 1). The activity levels increased by the day of the
transplant (day 0), determined before infusion of the bone
marrow. Maximal levels were reached between days 7 and 26.
These varied considerably from patient to patient. Plasma of
some patients promoted growth of more megakaryocyte colo-
nies than normal human plasma and PHA-LCM, while sam-
ples obtained from other patients resulted in suboptimal col-
ony formation.

The kinetic activity patterns of individual patients demon-
strated considerable heterogeneity. Three examples of patients
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Figure 1. Colony formation by normal nonadherent target cells
plated with plasma obtained from bone marrow transplant recipients
before and serially after BMT. The cultures did not contain any

other exogenous soulce of growth factors. The data are expressed as

percent of normal controls. Controls for CFIJ-Meg and CFU-GM
were plated with 30% normal human plasma and 10% PHA-LCM.
Controls for BFU-E and CFLJ-GEMMcontained also 1 U of EPO.
The following control values (mean±SEM) per 2 X 101 mononuclear
cells were observed for: CFU-Meg, 63±12; CFU-GM, 189±24;
BFU-E, 217±22; CFU-GEMM,25±3.

that had at least eight serial determinations are displayed in
Fig. 2. A single activity peak with return to pretransplant
values by day 28 (Fig. 2 A) was observed in 15 patients (four
ALL, four AML, four CML, two multiple myeloma, one ma-

lignant lymphoma). The activity levels in 13 patients (two
ALL, three AML, seven CML, one multiple myeloma) were

sustained beyond day 30 (Fig. 2 B). The only patient in this
study transplanted for aplastic anemia showed a different ac-
tivity profile (Fig. 2 C). The pretransplant plasma promoted
megakaryocyte colony growth better than controls plated with
normal plasma and PHA-LCM. The activity declined gradu-
ally and by day 60 the plasma behaved like normal plasma.

The data points collected for five patients were not suffi-
cient to assign them to a specific activity profile. All available
plasma samples of one of these five patients were void of stim-
ulatory activity (Fig. 2 D). This patient suffered from CML
complicated by severe myelofibrosis.

Plasma samples of four patients collected around day 14
after BMTwere plated with 1 X 105 normal nonadherent tar-
get cells that were also extensively depleted of T lymphocytes.
This experiment was performed to determine whether or not
the activities detected in plasma of BMTrecipients require the
presence of T lymphocytes. The pattern of megakarycyte col-
ony formation by these T cell-depleted target cells was similar
to that obtained with nonadherent target cells that contained T
lymphocytes (data not shown).

100 ~
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Figure 2. Megakaryocyte col-
ony formation by normal non-

adherent target cells using
plasma samples of four differ-
ent BMTrecipients. All cul-
tures were plated without fur-
ther growth factors. Profiles A
and B were most commonly
observed in patients with var-
ious hemopoietic malignan-
cies. The activity profile in C
was obtained for a p~atient with
severe aplastic anemia. Profile
Dshows the absence of any ac-

tivity in a patient transplanted
for CMLwith severe myelofi-
brosis.

Testing of plasma samples with PHA-LCM. The plasma
samples were also evaluated in the presence of PHA-LCM
(Table I). The frequency of colonies observed with plasma
obtained before administration of the preparative regimen was
significantly lower than with normal plasma. The plating effi-
ciency increased with plasma obtained between days 0 and 30
of the BMT. The growth support exerted by plasma collected
from BMTrecipients between days 7 and 30 approximated the
activity level usually observed with normal plasma. Plasma
samples obtained between days 50 and 100 after BMTsup-
ported megakaryocyte colony growth in the presence of PHA-
LCMto a significantly lesser degree than normal plasma: this
was significant at the 0.05 level for days 50 and 100 (WSR, P
= 0.001 and P = 0.030, respectively) and significant at the 0. 10
level for day 60 (WSR, P = 0.059). Specimens studied 5-48
mo after BMTprovided nearly normal growth support
(Table I).

Activities for CFU-GM
Plasma samples obtained from BMTrecipients before trans-
plantation occasionally promoted growth of a small number of
granulocyte-macrophage colonies in the absence of PHA-
LCM(Fig. 1). Growth-promoting activities were routinely ob-
served 7-14 d after BMT. The colony frequency approximated
50% of controls grown with normal plasma and PHA-LCM.
The variability of activity profiles for individual patients was

less compared to activities for CFU-Meg.
The frequency of granulocyte-macrophage colonies ob-

served in the presence of PHA-LCM and plasma collected
from BMT recipients before and during the first 30 d after
BMTranged from 69 to 94%of maximally stimulated controls
(Table I). In addition, PHA-LCM also increased the size of
individual colonies. Consistent with data for CFU-Meg,
plasma samples obtained 40 d or later after BMTsupported
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Table I. Growth Support by Pre- and Post-BMT Plasma in the Presence of PHA-LCMand PHA-LCMplus EPO

Colonies (% control)

BFU-E CFU-GEMM

Time no CFU-Meg 1I CFU-GM I 1 21 1 2

Pre BMT 30 49±711 74±10 6±3 84±8 5±33 87±10
Post BMT(d)

0 26 61±9 81±16 13±4 58±20 21±8 53±29
7 29 76±12 69±12 28±7 84±9 16±5 88±10

14 20 72±14 94±18 23±18 73±16 21±7 71±20
21 25 84±11 71±12 14±6 53±13 11±6 59±19
30 23 80±13 69±15 9±4 54±12 12±7 81±16
40 14 60±22 39±17 1±1 56±28 2±2 64±32
50 15 31±9 36±17 4±3 19±13 2±2 12±8
60 6 21±18 46±23 0±0 63±32 1±1 63±32

100 8 52±15 44±16 0±0 35±12 0±0 66±23
Post BMT(mo)

5-12 10 92±10 84±7 5±5 76±9 3±3 95±11
13-24 7 102±6 90±5 0±0 86±4 0±0 103±4
25-36 7 83±11 90±7 0±0 77±10 0±0 75±18
37-48 3 82±16 90±8 0±0 86±10 0±0 93±2

* Number of recipients tested. Plated with PHA-LCM. § Plated with PHA-LCMand EPO. 'Mean±SEM.

the growth of fewer granulocyte-macrophage colonies than
normal plasma when tested with PHA-LCM. Days 40 and 50
were significantly different from normal at the 0.05 level
(WSR, P = 0.003 and 0.030). The activity on day 100 differed
at the 0.10 level (WSR, P = 0.093). A return to normal sup-
porting activities was observed 5 moafter BMT(Table I).

Activities for BFU-E and CFU-GEMM
Erythroid bursts and multilineage colonies with erythroid
components were only occasionally observed when normal
nonadherent target cells were plated with plasma in the ab-
sence of PHA-LCMand exogenous EPO. Addition of EPOto
the cultures did not improve the plating efficiency signifi-
cantly. The use of PHA-LCM without exogenous EPO re-
sulted in the formation of some erythroid bursts and multilin-
eage colonies when plasma samples obtained from recipients
early after BMTwere examined. The plating efficiency of
BFU-E and CFU-GEMM,however, did not exceed 30%of the
established maximal controls. This observation suggests that
plasma samples collected within the first 4-6 wk after BMT
contain some EPO. The plating efficiency was further im-
proved when EPOand PHA-LCMwas added to the cultures.
Plasma samples collected around day 50 again demonstrated a
deficiency in supporting growth of BFU-E and CFU-GEMM
under otherwise maximally stimulated culture conditions.

Long-term observation indicated that the growth-support-
ing activity improved in plasma samples collected 5 mo or
later after BMT(Table I).

Neutralization of growth-promoting activities for CFU-
GMin post-BMT plasma by anti-GM-CSF antibodies
Post-BMT plasma samples were exposed to anti-GM-CSF and
anti-IL-3 antibodies to determine whether or not the activities
identified in the biological assay system were related to known

hemopoietic growth factors. The E rosette-depleted, nonad-
herent target cells did not form colonies in the absence of
growth factors, but gave rise to granulocyte-macrophage colo-
nies when either rh GM-CSFor rg IL-3 were added (Table II).
Colony formation under the influence of rh GM-CSFand rg
IL-3 was abrogated by preincubation with respective antibody
preparations. Similarly, the growth promoting activity for
CFU-GMidentified by bioassay in six tested plasma samples
was completely neutralized after preincubation with anti-
GM-CSF. The neutralization was concentration dependent
(Table II). In contrast, similar studies with anti-IL-3 on two
plasma samples did not result in a reduction of the growth
promoting activity.

The frequency of megakaryocyte colonies per microwell
was too low to permit definitive conclusions about the influ-
ence of anti-GM-CSF and anti-IL-3 on plasma activities that
promote the growth of megakaryocyte colonies.

Clinical correlation
Influence of plasma activities on time to engraftment. We
compared the growth-promoting activities in plasma samples
before and after BMTwith time to recovery of single lineage
peripheral blood counts. The distributions of the plasma activ-
ities at each time were determined. The times to recovery of
platelets, granulocytes, and reticulocytes were compared for
patients with activities above and below the median. Only the
day 30 post-BMT activity level for megakaryocyte precursors
was significantly related to the time to engraftment as deter-
mined for platelets. Patients with activity levels less than the
median tended to engraft faster than patients with activity
levels greater than the median (WRS, P = 0.017). A similar
trend was observed for stimulating activities for granulocyte-
macrophage precursors. Higher activities than the median,
around day 30, were associated with slower engraftment as
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Table II. Influence ofAnti-GM-CSF and Anti-IL-3 on Stimulating Activities for CFU-GMin Post-BMT Plasma

No. of GMcolonies* with different antibody concentrations

Source of plasma Growth factors Preparations 0 1:5,000 1:1,000 1:100 1:50

Normal 0 0 0 ND ND ND ND
Normal GM-CSFt Anti-GM-CSF 15 12 1 0 ND
Normal IL-3§ Anti-IL-3 6 5 0 0 ND

BMT140(11)1 0 Anti-GM-CSF 19 8 11 2 ND
BMT156 (4) 0 Anti-GM-CSF 5 1 0 0 ND
BMT156 (15) 0 Anti-GM-CSF 9 2 1 0 ND
BMT200 (7) 0 Anti-GM-CSF 18 ND 10 4 0
BMT200 (14) 0 Anti-GM-CSF 14 ND 5 0 0
BMT210 (7) 0 Anti-GM-CSF 17 16 13 0 0

BMT200 (7) 0 Anti-IL-3 18 ND 20 19 16
BMT200 (14) 0 Anti-IL-3 14 ND 12 13 14

ND, not done. * 5 X 103 E rosette-depleted nonadherent cells plated in microwells. * GM-CSF1:104 dilution of Chinese hamster ovary cell
supernatant. § IL-3, 1:5,000 dilution of COS-I cell supernatant. "l Days after BMT, when plasma was collected.

determined for granulocytes, although the difference was not
significant at the 0.05 level (WRS, P = 0.059). Activities higher
than the median for BFU-E observed at day 21 after BMT
were also consistent with a slower return of reticulocytes
(WRS, P = 0.012). The activity levels measured at all other
times posttransplant were not significantly related to time to
engraftment for any of the three lineages.

Influence offebrile episodes on colony-stimulating activities
in post-BMT plasma. The observed growth-promoting activi-
ties in post-BMT plasma may be related to the release of en-
dotoxin during febrile episodes. Wetherefore excluded from
the analysis 19 samples that were collected during a febrile
episode or within 4 d of defervescence. The activity profiles of
this subgroup of 196 samples were indistinguishable from
those of all 215 samples depicted in Fig. 1. In addition, 19
patients remained completely afebrile during their post BMT
course. Separate assessment of their 111 plasma samples also
resulted in similar activity profiles.

Influence of GvHD. Based on our previous study (30),
GvHDhas a major influence on engraftment. We therefore
determined whether or not the observed activity profiles for
CFU-Meg differed for patients with and without GvHD. As
previously observed, patients with GvHD in this study also
engrafted slower (25 vs. 35 d: WRS,P = 0.039). Examination
for the activity profiles yielded some possible differences. Pa-
tients with GvHDappeared to have higher peak activities than
patients without GvHD, and patients with GvHDhad a ten-
dency to sustain activities longer. However, these differences
were not statistically significant at the 0.05 level.

Discussion

Plasma samples collected from BMTrecipients after adminis-
tration of their respective ablative pretransplant therapy rou-
tinely promoted growth of megakaryocyte and granulocyte-
macrophage colonies in the absence of any additional source
of hemopoietic growth factors. The growth-promoting activi-
ties usually peaked 7-21 d after BMT. The return time to

pretransplant levels varied considerably from patient to pa-
tient. The duration correlated with time to engraftment. Pa-
tients that demonstrated growth-promoting activities over
prolonged time periods tended to engraft at a slower rate. The
growth-promoting activities were observed independent of fe-
brile episodes and documented infections. This information
makes it unlikely that growth-promoting activities in post-
BMTplasma simply reflect the influence of endotoxin.

The neutralization studies using antibodies against GM-
CSFand IL-3 provided evidence for the view that at least the
stimulatory activities for CFU-GMin the six tested plasma
samples are consistent with GM-CSF. The simultaneous pres-
ence of GM-CSFand EPOmay account for the formation of
occasional erythroid bursts and multilineage colonies. GM-
CSFin these plasma samples may also give rise to some mega-
karyocyte colonies. However, the magnitude of the stimula-
tory effect for CFU-Megmay suggest the presence of a specific
megakaryocyte colony-stimulating activity, since GM-CSF
alone only promotes megakaryocyte colony formation by a
small subpopulation of available CFU-Meg (26). In addition,
the stimulatory activity for CFU-Meg in post-BMT plasma is
likely not related to IL-3. Our studies including the neutraliza-
tion attempts with anti-IL-3 provided little evidence for the
release of IL-3.

These initial investigations suggest that hemopoietic
growth factors may play a role in the engraftment process. The
persistance of growth-promoting activities in the plasma of
BMTrecipients with delayed engraftment bears resemblance
to similar observations in severe aplastic anemia (17) and
other cell deficiencies (31-33). Besides cellular defects, one
may have to consider deficiencies of factors that interact with
earlier pluripotent progenitors such as IL-1 (34) and IL-6 (35).
Alternatively, some of the effects may reflect inhibitory mech-
anisms as previously suggested (36). Future studies are neces-
sary to determine the full spectrum of growth factors, their
cellular sources of host and/or donor origin, and mechanisms
that are involved in their synthesis and release in relationship
to BMT. This information on the endogenous production of
growth factors and an understanding of the described growth-
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supporting plasma activities and their fluctuation after BMT
may provide further insight into the engraftment process, and
may explain mechanisms of delayed engraftment and graft
failure. The data will aid in the design and interpretation of
clinical trials using human recombinant hemopoietic growth
factors in BMT.

Acknowledgments

The authors thank Drs. Fyles, Cruz, and Scofield and the nursing staff
of the transplant unit for their excellent care of patients. Maureen
Phelan and Patricia Warrick helped with the preparation of the manu-
script.

This study was supported by the Medical Research Council of
Canada and the National Institutes of Health.

References

1. Wong, G. G., J. S. Witek, P. A. Temple, K. M. Wilkens, A. C.
Leary, D. P. Luxenberg, S. S. Jones, E. L. Brown, R. M. Kay, E. C. Orr,
C. Shoemaker, D. W. Golde, R. J. Kaufman, R. M. Hewick, E. A.
Wang, and S. C. Clark. 1985. HumanGM-CSF: molecular cloning of
the complementary DNAand purification of the natural and recombi-
nant proteins. Science (Wash. DC). 228:810-815.

2. Lee, F., T. Yokota, T. Otsuka, L. Gemmell, N. Larson, J. Luh,
K. Arai, and D. Rennick. 1985. Isolation of cDNA for a human gran-
ulocyte-macrophage colony-stimulating factor by functional expres-
sion in mammalian cells. Proc. Nati. Acad. Sci. USA. 82:4360-4364.

3. Kaushansky, K., P. J. O'Hara, K. Berkner, G. M. Segal, F. S.
Hagen, and J. W. Adamson. 1986. Genomic cloning, characterization,
and multilineage growth-promoting activity of human granulocyte-
macrophage colony-stimulating factor. Proc. Nati. Acad. Sci. USA.
83:3101-3105.

4. Nagata, S., M. Tsuchiya, S. Asano, Y. Kaziro, T. Yamazaki, 0.
Yamamoto, Y. Hirata, N. Kubota, M. Oheda, H. Nomura, and M.
Ono. 1986. Molecular cloning and expression of cDNA for human
granulocyte colony-stimulating factor. Nature (Lond.). 319:415-418.

5. Souza, L. M., T. C. Boone, J. Gabrilove, P. H. Lai, K. M. Zsebo,
D. C. Murdock, V. R. Chazin, J. Bruszewski, H. Lu, K. K. Chen, J.
Barendt, E. Platzer, M. A. S. Moore, R. Mertelsmann, and K. Welte.
1986. Recombinant human granulocyte colony-stimulating factor: ef-
fects on normal and leukemic myeloid cells. Science (Wash. DC).
232:61-65.

6. Kawasaki, E. S., M. B. Lander, A. M. Wang, J. Van Arsdell,
M. K. Warren, M. Y. Coyne, V. L. Schweickart, M. Lee, K. J. Wilson,
A. Boosman, E. R. Stanley, P. Ralph, and D. F. Mark. 1985. Molecular
cloning of a complementary DNAencoding human macrophage-spe-
cific colony-stimulating factor (CSF- 1). Science (Wash. DC).
230:291-296.

7. Emerson, S. G., C. A. Sieff, E. A. Wang, G. G. Wong, S. C. Clark,
and D. G. Nathan. 1985. Purification of fetal hematopoietic progeni-
tors and demonstration of recombinant multipotential colony-stimu-
lating activity. J. Clin. Invest. 76:1286-1290.

8. Sieff, C. A., S. G. Emerson, R. E. Donahue, D. G. Nathan, E. A.
Wang, G. G. Wong, and S. C. Clark. 1985. Human recombinant
granulocyte-macrophage colony-stimulating factor: a multilineage he-
matopoietin. Science (Wash. DC). 230:1171-1173.

9. Yang, Y. C., A. B. Ciarletta, P. A. Temple, M. P. Chung, S.
Kovacic, J. S. Witek-Giannotti, A. C. Leary, R. Kriz, R. E. Donahue,
G. G. Wong, and S. C. Clark. 1986. Human IL-3 (multi-CSF): identi-
fication by expression cloning of a novel hematopoietic growth factor
related to murine IL-3. Cell. 47:3- 10.

10. Lin, F. K., S. Suggs, C. H. Lin, J. K. Browne, R. Smalling, J. C.
Egrie, K. K. Chen, G. M. Fox, F. Martin, Z. Stabinsky, S. M. Badrawi,
P. H. Lai, and E. Goldwasser. 1985. Cloning and expression of the

human erythropoietin gene. Proc. Nati. Acad. Sci. USA. 82:7580-
7584.

11. Eschbach, J. W., J. C. Egrie, M. R. Downing, J. K. Browne, and
J. W. Adamson. 1987. Correction of the anemia of end-stage renal
disease with recombinant human erythropoietin. Results of a com-
bined phase I and II clinical trial. N. Engl. J. Med. 316:73-78.

12. Groopman, J. E., R. T. Mitsuyasu, M. J. DeLeo, D. H. Oette,
D. W. Golde. 1987. Effect of recombinant human granulocyte-macro-
phage colony stimulating factor on myelopoiesis in the acquired im-
munodeficiency syndrome. N. Engl. J. Med. 317:593-598.

13. Donahue, R. E., E. A. Wang, D. K. Stone, R. Kamen, G. G.
Wong, P. K. Sehgal, D. G. Nathan, and S. C. Clark. 1986. Stimulation
of haematopoiesis in primates by continuous infusion of recombinant
human GM-CSF. Nature (Lond.). 321:872-875.

14. Bonilla, M. A., A. P. Gillio, G. K. Potter, R. J. O'Reilly, T.
Boone, L. M. Souza, and K. Welte. 1986. In vivo effects of recombi-
nant human granulocyte colony stimulating factor on chemotherapy
induced neutropenia in primates. Blood. 68:160a. (Abstr.)

15. Welte, K., M. A. Bonilla, A. P. Gillio, T. Boone, J. L. Gabri-
love, G. Potter, R. J. O'Reilly, and L. M. Souza. 1986. In vivo effects of
combined recombinant human G-CSF and GM-CSFon hemato-
poiesis in primates. Blood. 68:183a. (Abstr.)

16. Gillio, A. P., M. A. Bonilla, R. J. O'Reilly, G. K. Potter, T.
Boone, L. M. Souza, and K. Welte. 1986. Effect of recombinant
human G-CSF on hematopoietic reconstitution following autologous
bone marrow transplantation in primates. Blood. 68:283a. (Abstr.)

17. Solbirg, L. A., N. Jamal, and H. A. Messner. 1985. Character-
ization of human megakaryocytic colony formation in human plasma.
J. Cell. Physiol. 124:67-74.

18. de Alarcon, P., and J. A. Schmieder. 1986. Megakaryocyte
colony stimulating activity (Mk-CSA) in serum from patients under-
going bone marrow transplantation. In Megakaryocyte Development
and Function. R. F. Levine, N. Williams, J. Levin, and B. L. Evatt,
editors. Alan R. Liss, Inc., NewYork. 335-340.

19. Messner, H. A. 1984. Multipotent stem cells in vitro. In
Methods in Hematology. D. W. Golde, editor, Churchill Livingstone,
New York. 73-86.

20. Curtis, J. E., and H. A. Messner. 1982. Bone marrow trans-
plantation for leukemia and aplastic anemia: management of ABO
incompatibility. Can. Med. Assoc. J. 126:649-655.

21. Fyles, G., H. A. Messner, M. D. Minden, J. E. Curtis, G.
Lockwood, and D. Tritchler. 1986. Cyclosporin A in the treatment of
acute graft vs host disease. Int. J. Cell Cloning. 4(Suppl. 1):200-202.

22. Messner, H. A., N. Jamal, and C. Izaguirre. 1982. The growth
of large megakaryocyte colonies from human bone marrow. J. Cell.
Physiol. (Suppl. 1):45-51.

23. Lim, B., N. Jamal, and H. A. Messner. 1984. Flexible associa-
tion of hemopoietic differentiation programs in multilineage colonies.
J. Cell. Physiol. 121:291-297.

24. Aye, M. T., Y. Niho, J. E. Till, and E. A. McCulloch. 1974.
Studies of leukemic cell populations in culture. Blood. 44:205-219.

25. Messner, H. A., J. E. Till, and E. A. McCulloch. 1972. Density
distributions of marrow cells from mouse and man. Ser. Haematol.
5:22-36.

26. Messner, H. A., K. Yamasaki, N. Jamal, M. D. Minden, Y. C.
Yang, G. G. Wong, and S. C. Clark. 1987. Growth of human hemopoi-
etic colonies in response to recombinant gibbon interleukin 3: compar-
ison with human recombinant granulocyte and granulocyte-macro-
phage colony-stimulating factor. Proc. Natl. Acad. Sci. USA. 84:6765-
6769.

27. Bjorck, L., and G. Kronvall. 1984. Purification and some prop-
erties of streptococcal protein G, a novel IgG-binding reagent. J. Im-
munol. 133:969-974.

28. Glucksberg, H., R. Storb, A. Fefer, C. D. Buckner, P. E. Nei-
man, R. A. Clift, K. G. Lerner, and E. D. Thomas. 1974. Clinical
manifestations of graft-versus-host disease in human recipients of
marrow from HL-A-matched sibling donors. Transplantation.
18:295-304.

260 Yamasaki et al.



29. Randles, R. H., and D. A. Wolfe. 1979. Statistics. In Introduc-
tion to the Theory of Statistics. John Wiley & Sons, New York.
61-112.

30. Messner, H. A., J. E. Curtis, M. D. Minden, D. Tritchler, G.
Lockwood, T. Takahashi, J. Lepine, N. Jamal, M. Tweeddale, and U.
Wandl. 1987. Clonogenic hemopoetic precursors in bone marrow
transplantation. Blood. 70:1425-1432.

31. Mazur, E. M., P. de Alarcon, K. South, and L. Miceli. 1984.
Humanserum megakaryocyte colony-stimulating activity increases in
response to intensive cytotoxic chemotherapy. Exp. Hematol.
12:624-628.

32. Miura, M., C. W. Jackson, and S. A. Lyles. 1984. Increases in
circulating megakaryocyte growth-promoting activity in the plasma of
rats following whole body irradiation. Blood. 63:1060-1066.

33. Kasper, L. V., and T. M. Seed. 1984. CFU-GMcolony en-
hancing activity in sera of dogs under acute and chronic gamma-irra-
diation regimens. Acta Haematol. 189-197.

34. Moore, M. A. S., and D. J. Warren. 1987. Synergy of interleu-
kin I and granulocyte colony-stimulating factor: in vivo stimulation of
stem-cell recovery and hematopoietic regeneration following 5-fluoro-
uracil treatment of mice. Proc. Nati. Acad. Sci. USA. 84:7134-7138.

35. Ikebuchi, K., G. G. Wong, S. C. Clark, J. N. Jhle, Y. Hirai, and
M. Ogawa. 1987. Interleukin-6 enhancement of interleukin-3 depen-
dent proliferation of multipotential hemopoietic progenitors. Blood.
70(Suppl. 1): 173a. (Abstr.).

36. Li, S., R. Champlin, J. H. Fitchen, and R. P. Gale. 1985.
Abnormalities of myeloid progenitor cells after "successful" bone
marrow transplantation. J. Clin. Invest. 75:234-241.

Hemopoietic Growth Factors in Bone Marrow Transplant Plasma 261


