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Abstract

Recombinant human granulocyte colony-stimulating factor
(rhG-CSF) was administered at a dose of 1-60 ,g/kg of body
weight to 22 patients with transitional cell carcinoma before
chemotherapy as part of a Phase I/II study. In all patients, a

specific dose-dependent increase in the absolute neutrophil
count (ANC) of 1.8-12 fold was seen. In addition, this aug-
mentation in the ANC was accompanied by an increase in leu-
kocyte alkaline phosphatase, a marker of secondary granule
formation. In six of eight patients analyzed, an increase in bone
marrow myeloid to erythroid cell ratio was seen. Day 14 pe-
ripheral blood cell derived colony forming unit granulocyte
macrophage were also increased by day 6 of rhG-CSF treat-

ment. Circulating levels of eosinophils and basophils were un-

changed; however, a 10-fold increase in monocytes was ob-
served in patients treated at the highest doses. There was also
a small increase in CD3+ lymphocytes that was not dose de-
pendent. Hemoglobin, hematocrit, and platelet count remained

niear baseline throughout the period of rhG-CSF administra-
tion. These findings demonstrate that rhG-CSF is a potent
stimulus for normal neutrophil proliferation and maturation.

Introduction

Human granulocyte colony stimulating factor (hG-CSF)' has
recently been biologically and biochemically characterized and
purified (1, 2), molecularly cloned (3) and successfully ex-

pressed in Escherichia coli (3), as a recombinant protein. This
hematopoietic regulator has been shown to promote the prolif-
eration and differentiation of neutrophil granulocytes both in
vitro and in vivo (1-7). Furthermore, polymorphonuclear leu-
kocytes from treated animals demonstrate an enhanced ability
to reduce nitroblue tetrazolium and respond normally to stan-

dard tests for chemotaxis and chemoluminescence (5). Re-

Address reprint requests to Dr. Gabrilove, Department of Medicine,
Memorial Sloan-Kettering Cancer Center, New York, NY 10021.

Receivedfor publication 20 January 1988 and in revisedform 19
April 1988.
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Iscove's modified Dulbecco's medium; rhG-CSF, recombinant hG-
CSF.

cently, we have demonstrated that cynomolgus monkeys
treated with either high-dose cytoxan (60 mg/kg per d X 2 d)
(5), busulfan (8) or in the setting of autologous transplantation
(9) have an accelerated recovery of their neutrophil counts
after treatment with recombinant hG-CSF (rhG-CSF).

This report represents the complete Phase I results ob-
tained from a Phase I/II clinical trial designed to explore the
use of rhG-CSF in cancer patients at risk for chemotherapy-
induced neutropenia. In this portion of the study, the dbjec-
tives were to define the clinical safety, pharmacokinetics, and
hematopoietic cell response to rhG-CSF administration.

Methods

Patients. 22 patients who fulfilled the criteria for the diagnosis oftran-
sitional cell cancer of the genitourinary tract were treated with rhG-
CSF after giving informed consent. The patients ranged in age from 41
to 77 yr and had a median Karnofsky performance status of 90
(60-100). One patient had received prior systemic chemotherapy 1 yr
before entry; four patients had been previously treated with pelvic
irradiation for bladder (3) or colon (1) carcinqma 1-8 yr before rhG-
CSF treatment. Only patients with normal neutrophil (1,500-8,800/
mm3) counts were eligible for the study. All patients had normal plate-
let counts (> 100,000/mm3), preserved coagulation function
(prothrombin < 14 seconds; partial thromboplastin time < 35 s), nor-
mal serum calcium, electrocardiogram, and chest x ray, adequate renal
function (blood urea nitrogen < 30 mg/dl; creatinine < 2.0 mg/dl),
hepatic function (bilirubin < 1.5 mg/dl), life expectancy of 6 mo or
more and the ability to sign a written consent form. Concomitant
treatment with corticosteroids, trimethoprim sulfamethoxazole,
chloramphenicol, H2 antagonists, or lithium was not permitted.

Clinical and laboratory monitoring. The following battery of tests
was performed before administration of rhG-CSF, on day 6 of rhG-
CSF administration and before commencing chemotherapy: an elec-
trocardiogram, chest x ray, electrolyte measurements, liver and renal
function studies, leukocyte alkaline phosphatase and serum immuno-
electrophoresis (10-60 gg/kg dose level only). Two complete blood
counts with white cell differential platelet and reticulocyte counts were
obtained (at a similar time of day) on two separate days before rhG-
CSF treatment and daily when possible for the remainder of the study
period. Blood samples were also obtained at the onset and periodically
thereafter to test for the presence of neutralizing or nonneutralizing
antibodies to rhG-CSF. In consenting patients, a bone marrow aspira-
tion was obtained before and on day 6 of rhG-CSF treatment. Bone
marrow aspirations were analyzed for morphology, myeloid/erythroid
cell ratio and assayed for day 7 and day 14 colony-forming unit granu-
locyte-macrophage (CFU-GM) content (see below). Vital signs and
physical examinations were performed at regular intervals throughout
the study period. In those patients with measurable disease, monitor-

ing for any evidence of tumor growth was performed.
Hematopoietic progenitor cell assay. CFU-GM assays were per-

formed as follows: peripheral blood samples and bone marrow aspi-
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rates were obtained from patients after informed consent. Peripheral
blood or bone marrow cells were diluted 1:1 with PBS (without cal-
cium and magnesium) and allowed to sediment. The leukocyte-rich
plasma was then collected and subjected to a density cut with Ficoll-
Hypaque (d = 1.077 g/cm3; Pharmacia Fine Chemicals, Piscataway,
NJ). Low density cells were resuspended in Iscove's modified Dul-
becco's medium (IMDM). For CFU-GM, 5 X I04 - 1 X I05 cells per
milliliter in 0.3% agar (Difco Laboratories, Detroit, MI) in McCoy's
modified assay medium containing 12.5% FCS were cultured in
35-mm tissue culture dishes (Coming Glassware, Corning, NY) in a

5% CO2 humidified incubator and scored for colonies and clusters at

day 7 and day 14, respectively. Cultures were stimulated by the addi-
tion of either 50, 500 or 5,000 U of rhG-CSF, rhGM-CSF or 10%
vol/vol conditioned medium from the human bladder carcinoma cell
line 5637.

Neutrophil function. Mature neutrophils were separated and ob-
tained as a distinct population by subjecting peripheral blood to a

discontinuous Percoll gradient (10). Neutrophils recovered from the
75% layer were adjusted to 106 cells/ml. Chemotaxis was measured
using a modification of the method of Boyden (1 1). Briefly, blind well
chambers were filled with zymosan (Sigma Chemical Co., St. Louis,
MO) in HBSS, covered with 5-um pore membrane filter (Millipore
Corp., Bedford, MA) and the top chamber filled with 2 X I05 neutro-

phils in BSS containing 2% BSA (Sigma Chemical Co.). After incuba-
tion (3 h, 370C), the filters were fixed, stained with hematoxylin, and
cleared in xylene. The number of neutrophils crossing the filter (lower
surface) were counted using a light microscope (400X).

Surface marker analysis. Phenotypic analysis of mononuclear cells
isolated from heparinized venous blood by Ficoll-Hypaque gradient
density centrifugation were performed before and on day 6 ofrhG-CSF
treatment. A panel of FITC-conjugated monoclonal antibodies were
used including OKT3, OKT4, OKT8, OKT I 1, OKB (CALLA) (Ortho
Pharmaceutical Co., Raritan, NJ); B 1, B4, CR1 1 (Coulter Corp., Hia-
leah, FL) and Leu 9, anti-Tac, anti-HLA-DR (Becton-Dickinson Co.,
Mountain View, CA). Antibody reactivity with test cells was deter-
mined by direct immunofluorescence. A sample of 106 test cells were
incubated (4°C for 30 min) with 5 ,l of a given test antibody, washed
twice and detected by flow cytometry (FACS IV; Becton-Dickinson).

rhG-CSF. The rhG-CSF (Lot 604, 0.27 mg/ml) used in these stud-
ies was produced by recombinant DNA techniques. The hG-CSF gene
was isolated and then inserted into and expressed by E. coli (3). Re-
combinant hG-CSF purified from E. coli has a molecular weight of
18,800 and is > 95% pure (3). The recombinant protein formulated in
an aqueous buffer contains < 0.06 EU/ml endotoxin as measured in a
limulus amebocyte assay. The specific activity is - 1.0 X 108 U/mg
of protein as measured in a CFU-GM or thymidine incorporation
assay (3).

G-CSF immunoassay. G-CSF levels were quantitated by a solid-
phase sandwich immunoassay (12, 13) using polyclonal rabbit anti-
rhG-CSF, a G-CSF monoclonal antibody and 125 I labeled anti-im-
munoglobulin (New England Nuclear, Boston, MA) (Chang, D., H.
Hockman, and B. Altrock, manuscript in preparation). The sensitivity
of the assay employed was 100 pg/ml and a linear dose response was
observed through 0.2 ug/ml in human serum. Serum samples were
collected at indicated time points (0, 1, 5, 10, 15, 20, 40, 60, 10, 120,
240, 360, 480, 720, 960, and 1,440 min) following rhG-CSF adminis-
tration, diluted and assayed (at least in triplicate) in parallel with ap-
propriate standards for G-CSF quantitation. Experimental variability
in this assay routinely averaged < 5%. Regression analysis of this data
using the StatView 512+ (Brainpower, Inc., Calabasas, CA) program
allowed slope and, consequently, t1/2 determination according to con-
ventional methods as described in Shargel and Yu ( 14).

Study design. This combined Phase I and II clinical trial was an
open label study of both safety and efficacy, with five dosage groups
containing three to five patients each. Dose levels included were 1, 3,
10, 30, and 60 gg of rhG-CSF/kg/d. Recombinant hG-CSF was ad-
ministered under supervision in either the inpatient hospital or outpa-
tient clinic at Memorial Sloan-Kettering Cancer Center. Recombinant

hG-CSF was diluted into 50 cm3 of 5% dextrose in water containing 2

mg/ml human serum albumin and administered once daily as a half-
hour intravenous infusion. This course of treatment consisted of daily
administration of rhG-CSF for a total of 6 d or until the white blood
cell (WBC) count reached 100,000 per cubic millimeter. A patient was
removed from participation in this study if significant intolerance to
rhG-CSF, noncompliance, a missed visit, or recurrent illness occurred
that would affect assessment of clinical status to a significant degree.

Results

Absolute neutrophil count (ANC). 22 patients were entered

onto this study. 21 patients were evaluable for hematopoietic
cell changes. The daily ANC from these 21 patients treated

with 1-60 ,g/kg per d for 6 d are depicted in Fig. 1. All patients
irrespective of prior therapy, responded to a given dose of

rhG-CSF with comparable kinetics and degree ofANC eleva-
tion (Fig. 1). In patients receiving 1 gg/kg per d of rhG-CSF, a

gradual increase in the ANC was noted, with the maximum
affect achieved by day 3 of treatment (Fig. 1). In patients re-

ceiving 3-30 jg/kg per d, a rapid elevation in the neutrophil
count is seen within the first 24 h (Fig. 1). This augmentation
in neutrophil count plateaued by day 3 and remained consis-
tently elevated throughout the remaining treatment period
(Fig. 1). In patients treated with 60 ,ug rhG-CSF/kg, a rapid
increase in the circulating neutrophil count was also observed
after the first day of rhG-CSF administration; however,
throughout the course of the subsequent 5 d of therapy, the
neutrophil count continued to rise without attaining a sus-

tained plateau. After discontinuation of rhG-CSF, the total
WBC count and the ANC decreased by one-half within the
first 48 h. Subsequently, blood counts in patients receiving
1-10 Atg/kg per d returned to within the normal range in 2-4 d.
The WBC count in patients who received higher doses of rhG-
CSF (30-60 Asg/kg per d) required a longer period (4-7 d) to

return to normal values. Patients with a history of prior radia-
tion treatment exhibited the highest baseline neutrophil counts

and the highest ANC following rhG-CSF administration; how-
ever, the fold increase in ANC observed was similar to that
seen in the respective cohort of other patients treated with the
same dose of rhG-CSF.

When the average ANC on days 6 and 7 of treatment was

compared to the average ANC of the two pretreatment values,
a 1.8-12-fold increase in the ANC was noted (Table I). In
patients receiving 1-10 gg/kg per d of rhG-CSF, this increase
in ANC was due to an absolute increase in mature segmented
PMN granulocytes with some increase in band forms at the
I 0-,ug dose level (Table II). In patients receiving higher doses of
rhG-CSF (30-60 ,g/kg per d), the increase in the ANC also
included a small percentage of immature neutrophils (Table
II). In addition, at doses of 10 ,ug/kg per d or more ofrhG-CSF,
an increase in band forms was initially seen within the first 24
h, concomitant with the initial rise in the circulating ANC
(data not shown). Other morphological changes including
Dohle bodies, toxic granulations, and decreased nuclear lobu-
lation were observed in neutrophils from rhG-CSF-treated pa-
tients. These changes were most prominent in patients receiv-
ing the highest doses of rhG-CSF.

Patients' neutrophil function was measured by chemotaxis
both before and upon completion of rhG-CSF treatment and
compared to values obtained for healthy volunteers. In some

of the patients analyzed, a marked increase in spontaneous
leukocyte migration was seen before rhG-CSF treatment. This
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Figure 1. Absolute neutrophil
counts (ANC) in patients treated
with recombinant human granulo-
cyte colony stimulating factor. ANC
in patients having had no prior
cancer therapy (-), prior radiation
therapy (-- -) and prior chemo-
therapy (---). Recombinant hG-CSF
was administered daily as described
in the methods section on days 1
through 6. Baseline ANC values are
shown for one pretreatment day (P)
and on day 1 before rhG-CSF treat-
ment.
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neutrophil migration was not further augmented in the pres-
ence of a chemoattractant such as zymosan, suggesting that
neutrophils from some of these tumor-bearing patients were
already chemokinetically activated. In addition, Mol antigen

Table I. The Range in Absolute Neutrophil Count Increase
over Baseline Calculatedfrom the Average Counts Recorded
on Days 6 and 7

Dose Increase

pglkg

1 1.8-2.1
3 3.1-4.0
10 3.9-5.7
30 4.7-8.3
60 5.9-12.1

expression, an additional marker of neutrophil activation, ap-
peared to be increased in that same patient population. In
other patients, a significant decrease in spontaneous leukocyte
migration was noted at baseline. In this instance, neutrophils

Table I. Percent Segmented Neutrophils (S), Band Forms (B),
and Immature Myeloid Cells (IM) in the Peripheral Blood before
and at the End of Treatment with rhG-CSF

Pre Post

No. of
Dose patients S B IM S B IM

pg/kg % %

1 3 100.0 0.0 0.0 100.0 0.0 0.0
3 4 96.9-100 0.0-3.1 0.0 82.6-96.8 0.0-17.4 0.0-3.2
10 4 94.7-100 0.0-5.3 0.0 69.2-96.5 2.9-29.6 0.6-7.7
30 5 99.4-100 0.0-0.6 0.0 69.0-91.8 8.2-29.3 0.0-4.1
60 5 99.3-100 0.0-0.7 0.0 60.2-93.9 8.7-30.7 1.2-4.5
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did exhibit enhanced migration in response to zymosan. After
rhG-CSF, spontaneous leukocyte migration either normalized
or decreased, while enhanced migration in response to a che-
moattractant such as zymosan was preserved in this group
(data not shown).

Other peripheral blood hematopoietic cell lineages. Eosin-
ophil and basophil granulocytes remained unchanged (data
not shown). Monocytes were unchanged in patients treated
with lower doses of rhG-CSF (1-10 lg/kg); however, a 10-fold
increase in monocytes was noted in patients receiving higher
doses (30-60 tlg/kg). In addition, approximately a twofold in-
crease in the absolute lymphocyte count was noted that was
not dose related. Phenotypic marker analysis of peripheral
blood mononuclear cells employing a panel of HTC-conju-
gated monoclonal antibodies including OKT3, OKT4, OKT8,
OKTl 1, TAC (IL-2r), OKB (CALLA), B1, B2, and HLA-DR
revealed the majority of the increase could be attributed to

OKT3+ (pan T) lymphocytes. Hemoglobin, hematocrit and
platelet counts were not significantly changed from baseline at
any dose level (Table III).

Bone marrow changes. Bone marrow cellularity and my-
eloid to erythroid ratio was assessed in 10 patients who agreed
to two bone marrow aspirations. In two patients, the samples
obtained before administration ofrhG-CSF contained no spic-
ules and were not technically adequate for evaluation. In six
patients, an increase in the bone marrow myeloid to erythroid
cell ratio was observed when compared to pretreatment values
(Table IV). In two other patients, no change in the marrow

myeloid to erythroid cell ratio was seen. One of these two

patients was treated at the lowest dose level of 1 ,ug/kg per d.
Patient 9, who was treated at a dose of 10 leg/kg per d, had
previously received pelvic irradiation as part ofprior treatment
for colorectal carcinoma (Table IV). It is interesting to note

that this patient had a pretreatment ratio almost twice that of
the other patients.

An estimation of cellularity was assessed by examining the
spicules ofthe marrow and comparing the hematopoietic to fat
cell ratio. In three of four patients treated at a dose of 3-10
leg/kg per d, the increase in marrow cellularity and myeloid
elements in particular was primarily due to an increase in the
number ofmature segmented neutrophil granulocytes present.

Table III. Hemoglobin, Hematocrit, and Platelet Count Values
in Patients Treated with rhG-CSF

No. of
Parameter Dose patients Pre* Treatmentt

Ag/kg mean±SD

Hemoglobin 3 4 13.4±2.3 14.0±3.0
(gidl) 60 4 14.3±1.2 13.8±0.7

1-60 20 13.3±1.6 13.1±1.7

3 4 40.4±7.1 40.6±8.6

Hematocrit 60 4 43.9±2.0 43.0±2.3
(%) 1-60 20 40.6±4.9 40.0±4.8

3 4 373±129 388±218

Platelets 60 4 331±149 255±112

(cellsX 10-31/l1) 1-60 20 333±120 329±159

Table IV. Myeloid:Erythroid Ratios Determined Both before and
on day 6 ofCourse 1 rhG-CSF Administration

M:E

Patient No. Dose Pre Day 6

Ag/kg

2 1 2.2 2.2

4 3 2.9 7.8

5 3 2.0 6.7

7 10 3.4 12.5

9 10 6.0 5.0

20 30 1.0 5.0

14 60 1.7 5.0

21 60 3.5 19

In two of three evaluable patients treated at a dose of 30-60

,ug/kg per d this change in cellularity resulted from a marked
increase in the proportion of promyelocytic neutrophil granu-

locytes in addition to an increase in nonsegmented and seg-

mented forms. The granule content of these promyelocytes
was also markedly increased.

CFU-GM. Bone marrow and peripheral blood CFU-GM
were assessed in nine patients before and on the sixth day of
rhG-CSF treatment (2 3 gg/kg). Circulating CFU-GM were

responsive in most cases to growth stimuli provided by either
rhGM-CSF (500 U), rhG-CSF (500 U) or 10% (volume to
volume) conditioned medium from the human bladder cell
line 5637, which is known to contain GM-CSF as well as IL-I
(Hemopoietin- 1) (15, 16). There were no peripheral blood
CFU-GM detectable before rhG-CSF administration in eight
of nine patients. One patient before treatment had circulating
CFU-GM, as measured in a 14-d assay (18 colonies with rhG-
CSF, 8 colonies with rhGM-CSF and 10 colonies with 5637
supernate). On the sixth day of treatment with rhG-CSF, the
number ofCFU in the peripheral blood rose substantially in all
the patients tested (day 7 CFU-GM, 0-29 colonies with rhG-
CSF, 0-87 colonies with rhGM-CSF and 0-12 colonies with
5637 supernate; day 14 CFU-GM, 0-29 colonies with rhG-
CSF, 0-26 colonies with rhGM-CSF and 6-31 colonies with
5637 supernate). In contrast, bone marrow-derived day 7 and
day 14 CFU were either unchanged (1 gg dose level) or de-
creased in all but one patient who was treated with 60 ,g/kg
(data not shown).

Pharmacokinetics. Circulating levels of rhG-CSF were as-

sessed by radioimmunoassay of patient serum samples col-
lected at intervals after administration. A subset of five pa-

tients receiving rhG-CSF at the 10-60-Ag/kg per d dose levels
were studied. For a period of 40 min immediately after cessa-

tion of the rhG-CSF infusion, the levels of rhG-CSF remained
relatively constant and proportional to the dosage of material

administered. After 40 min, the serum levels of rhG-CSF de-

cayed logarithmically with time allowing the calculation of
elimination kinetics. Fig. 2 depicts results obtained for each
patient. Elimination half-lives for patients 9, 11, 12, 13, and 16
were 3.9, 3.9, 6.3, 6.3, and 5.0 h, respectively, for an average

value of 5.1 plus or minus 0.5 h (standard error). This value is

slightly longer than that previously reported (3.8 h) for rhG-
CSF clearance in hamsters ( 17), probably as a result of species
differences. Furthermore, these results indicate that the elimi-

Granulocyte Colony-stimulating Factor 1457

* Values determined from the average of two pretreatment days.
* Values determined from the average of days 6 and 7.



3.2

2.8

CE 2.2
0~~~~~~~~

C~2.0

" 1.8

01.6
-j

1.4

1.2

1.0-
0 200 400 600 800 1000 1200 1400 1600 1800 2000

MINUTES

Figure 2. Log-linear regression ofG-CSF levels detected by radioim-
munoassay in patients sera at time points from 40 to 1440 min postin-
travenous administration. The data is plotted for patients receiving
either 10 jsg/kg [patient 9 (o)]; 30 ,g per kilogram [patients 11 (0)
and 12 (A)]; or 60 ,ug per kilogram [patients 13 (0) and 16 (X)]. The
slopes of the log linear regression lines were used to recalculate the
elimination half-lives.

nation pathway had not reached saturation for the doses
tested.

Clinical manifestations. Treatment with rhG-CSF was well
tolerated in most patients. Mild to moderate bone "medul-
lary" pain was the only clinical side effect noted in all patients
receiving 3 ,ug/kg per d or more of rhG-CSF. This medullary
discomfort was characterized as a transient pulsating pain lo-
calized primarily to the lower back, posterior iliac crest, and
sternum. Sternal discomfort was in most cases elicited only by
history and not by direct complaint. This medullary pain in all
but three instances was associated only with the infusion, hav-
ing its onset 10-15 min into the infusion of rhG-CSF, in
most cases, on day 1 and days 4-6 of treatment. In the three
other instances, discomfort also occurred 4-8 h after rhG-CSF
administration. One patient developed more pronounced ster-
nal pain, occurring several hours after rhG-CSF administra-
tion. Pulmonary and cardiac evaluation including chest x ray,
cardiogram, and creatinine phosphokinase were unremark-
able. The pain resolved after a single dose ofdiazepam and the
patient remained asymptomatic. On the following day, before
rhG-CSF administration, a repeat cardiogram revealed trigem-
iny. Although the patient had a history oftrigeminy, it was felt
that the evaluation of any treatment-related toxicity would
prove difficult. Therefore, a decision was made to discontinue
this patient's treatment. In one female postmenopausal patient
with mild osteoporosis, medullary pain was associated with
diffuse bone pain relieved only by indomethacin. Other side
effects associated with the therapeutic use of cytokines and
lymphokines (18, 19) were not observed. Episodes of sternal
discomfort were not found to be associated with any changes
in electrocardiograms or cardiac enzymes. No change in physi-
cal exam or in tumor-related measurable disease was noted
during rhG-CSF treatment. In addition, separate studies have
shown no increase in proliferation in either the T24 or 5637
bladder carcinoma cell lines when cultured in the presence
versus the absence ofrhG-CSF as measured by [3Hjthymidine
incorporation (unpublished results).

Laboratory evaluation revealed a marked increase in the
leukocyte alkaline phosphatase (a marker ofsecondary granule
formation in mature myeloid cells), serum alkaline phospha-

tase (nonfractionated), without a concomitant increase in ei-
ther 5' nucleotidase or gamma glutamal transpeptidase and
lactate dehydrogenase (Table V). In addition, a mild increase
in serum uric acid was recorded in patients treated at the
30-60-lig dose level (Table V). All values returned to normal
or near baseline within 1 wk of discontinuing rhG-CSF treat-
ment. No changes in coagulation parameters including
prothrombin time, partial thromboplastin and thromboplastin
time or fibrinogen were noted. In 2 of 17 evaluable patients, a
mild increase in fibrin degradation products was detected dur-
ing treatment.

Discussion

We examined the effects of intravenously administered rhG-
CSF over a dose range of 1 to 60 ug/kg in patients with transi-
tional cell cancer before their receiving combination chemo-
therapy. The administration of rhG-CSF resulted in a dose-
dependent increase in the ANC in all patients. In patients
receiving a dose of> 10 Mg/kg this augmentation of the WBC
count was associated with an increase in the appearance of
nonsegmented neutrophil granulocytes in the peripheral blood
both at 24 h after the first dose ofrhG-CSF and on days 6 and 7
of rhG-CSF. In addition, the elevation in the circulating WBC
count was accompanied by an increase in the bone marrow
cellularity and myeloid to erythroid cell ratio in all patients
receiving 3-60 ug/kg rhG-CSF, except patient 9 who received
10 ;ig/kg.

Patient 9 had previously been treated with pelvic irradia-
tion. In this individual an augmentation in the myeloid to
erythroid cell ratio was observed at baseline. After treatment
with rhG-CSF, no further increase in this ratio was recorded.
The increased baseline ratio suggests that myeloid cells were
already stimulated, perhaps by endogenously produced col-
ony-stimulating factors. We are presently investigating sera
from patients who have received prior pelvic irradiation on
multiple courses of myeloablative chemotherapy for enhanced
G-CSF production. It may be necessary to give patients with
increased myeloid to erythroid ratios and/or endogenously

Table V. Changes in Leukocyte Alkaline Phosphatase, Serum
Alkaline Phosphatase, Lactate Dehydrogenase, and Uric Acid
in Patients Treated with rhG-CSF

Laboratory parameter Dose Baseline Day 6 Post

lsg/kg

Leukocyte alkaline 3 34-49 257-372 23-97
phosphatase 60 38-113 344-392 67-192

(normal range,

10-90)
Alkaline phosphatase 3 79-97 143-159 72-97

(normal range, 30- 60 45-134 223-374 75-382
115 U/ml)

Lactate dehydrogenase 3 140-216 199-301 140-180
(normal range, 60- 60 153-180 404-1063 138-206
200 U/liter)

Uric acid 3 4.3-9.2 5.9-9.5 4.8-9.4
(normal range, 2.5- 60 5.3-6.3 5.3-11.1 4.3-7.6
6.5 mg/dl)

1458 Gabrilove et al.



elevated G-CSF levels higher doses of rhG-CSF to shorten the
duration of neutrophil nadir from myelosuppressive therapy.
Indeed, preliminary results from the second phase protocol
(where rhG-CSF is administered on days 4 through 11 after
initial M-VAC chemotherapy) indicate that four patients hav-
ing received prior pelvic irradiation had neutrophil nadirs
more pronounced than in the majority ofpatients who had not
received any prior cancer therapy (Gabrilove, J., manuscript in
preparation).

The changes in the number of neutrophil granulocytes,
both in the peripheral blood and bone marrow as well as the
evolving left shift seen with higher doses of rhG-CSF, would
suggest that granulopoiesis is regulated at more than one level
in response to this hormone. At the lowest dose level, the
approximate twofold increase in the neutrophil count was not

associated with either the appearance of nonsegmented neu-
trophil granulocytes in the peripheral blood or with any
change in the bone marrow myeloid to erythroid cell ratio.
This would suggest that the increase in WBC count seen at this
dose level was due to either an increase in release of mature
neutrophils or to a shift from the marginated to the demargin-
ated pool. The mechanism of this potential shift remains un-

clear, but is perhaps regulated by an alteration in expression of
neutrophil associated cellular adhesion molecules, a property
that has recently been described for GM-CSF (20). At higher
dose levels, the initial increase seen by 24 h in the number of
peripheral blood nonsegmented and segmented neutrophils
suggests a direct or indirect effect of rhG-CSF on both the
release of leukocytes from the bone marrow storage compart-
ment as well as on the transit time through the nondividing
maturation pool. The appearance of neutrophils containing
both Dohle bodies and toxic granulations further implies that
the transit time of cells through both the mitotic and nonmi-
totic compartments was decreased (21). The increase in neu-

trophil count may also reflect an increase in the half-life of
circulating neutrophils, since rhG-CSF appears to increase the
survival of neutrophil granulocytes in vitro (22). Finally, the
increase in marrow cellularity and myeloid to erythroid cell
ratio and specifically, the increase in the percentage of promy-
elocytes in patients treated with 30-60 ,ug/kg, demonstrates the
effect of rhG-CSF on the proliferation of the bone marrow
mitotic compartment.

The augmentation of granulopoiesis induced by rhG-CSF
administration in vivo in man and the morphological changes

noted in circulating neutrophils are similar to that described
after the administration of endotoxin (23-26). In mice treated
with lipopolysaccharide, G-CSF has been detected in the
serum by 3 h (27). In man, colony-stimulating activity has
been described to be increased after administration of endo-
toxin (28). More recently, we have been able to demonstrate
by means of a radioimmunoassay that the serum levels of
G-CSF are extremely high in patients treated with Novo-pyr-
exal, purified preparation of endotoxin (Gabrilove, J., and L.
Souza, unpublished observation). It is likely that much of the
WBC change seen in the setting of infection are in fact second-
ary to the effects of endogenously produced G-CSF.

Neutrophil function, as measured by chemotaxis, proved
difficult to interpret, given the differences in the state of neu-
trophil activation before patients received rhG-CSF. Prior
studies have suggested that neutrophil migration and activa-
tion can be correlated with the extent ofdisease (29, 30). Neu-

trophils from patients with early stages of cancer have demon-
strated both an increase (30) and a decrease (31) in chemo-
taxis.

In all but one of eight evaluable patients, bone marrow
derived CFU-GM were unchanged or decreased after adminis-
tration of rhG-CSF. This decrease in CFU-GM per hundred
thousand mononuclear cells could reflect: (a) a relative dilu-
tion in light of the increase in overall marrow cellularity in
these patients, (b) a transient decrease in the size of the CFU-
GM pool due to cell maturation, and/or (c) a decrease in the
transit time of cells through the CFU-GM compartment,
causing a decrease in the number of progenitors detected at
any given point in time. All three possible explanations may be
valid depending on dose, route, and schedule of rhG-CSF ad-
ministration and time of bone marrow sampling. Finally, the
estimation of the real change in marrow CFU-GM content is
hampered by the inability to accurately assess the size of the
medullary compartment in these patients.

The most consistent effect on hematopoietic progenitors
was an increase in the peripheral blood day 14 CFU-GM.
Peripheral blood in both normal individuals (32, 33) and
cancer patients (34, 35) contains a variable number of com-
mitted myeloid progenitor cells. An increase in these circulat-
ing progenitors have been reported in patients with solid
tumors as well as acute nonlymphocytic leukemia in early
remission, recovering from myeloablative chemotherapy (34,
36). Harvested autologous peripheral blood stem cells, ob-
tained during this postchemotherapy recovery phase, have
been employed to achieve hematopoietic reconstitution after
intensive chemotherapy or chemoradiotherapy with some suc-
cess (37, 38). One of the major problems with this approach
has been the relatively low number of circulating stem cells
under normal steady state conditions. The ability to poten-
tially increase the number of autologous peripheral blood pro-
genitors, by pretreating patients with rhG-CSF, would render
this approach to transplantation more feasible. The observed
increase in peripheral blood CFU-GM seen in our patients
suggests a means by which one could facilitate procurement of
a sufficient quantity of autologous progenitors to support he-
matopoietic reconstitution after potentially lethal doses of
chemotherapy.

Recombinant hG-CSF was well-tolerated with the excep-
tion of mild to moderate medullary pain, associated with the
acute administration of rhG-CSF and correlating with the
peak serum levels of rhG-CSF achieved. An increase in the
serum alkaline phosphatase was also observed that was not
hepatic in origin, suggesting a derivation from bone. We are
presently investigating this possibility.

This report demonstrates that rhG-CSF is a potent stimu-
lus for normal neutrophil proliferation in man. The potential
clinical efficacy of rhG-CSF in the treatment of either iatro-
genic (chemotherapy, radiation, bone marrow transplanta-
tion) or disease-related (cyclic neutropenia, congenital agran-
ulocytosis, aplastic anemia, lymphoid leukemias) neutropenic
disorders is presently under investigation.
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