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Abstract

Previously we reported that site-specific modification of the human granulocyte-macrophage colony-stimulating factor (GM-
CSF) A3C analog with polyethylene glycol (PEG) dramatically improved the pharmacokinetic properties of the protein in
rats. However, we could not evaluate the hematological properties of the PEG-A3C protein in rats because human GM-CSF
is inactive in rodents. To study the biological effects of PEGylated GM-CSF analogs in rodents we created a homologous
site-specific PEGylated murine (mu) GM-CSF (T3C) protein. muGM-CSF and the T3C protein were expressed in Escherichia
coli and purified by column chromatography. The purified T3C protein was covalently modified with a linear 20 kDa- or a
branched 40 kDa-maleimide-PEG, and the monoPEGylated proteins purified by column chromatography. muGM-CSF, T3C
and the two PEG-T3C proteins had comparable in vitro biological activities, as measured by stimulation of proliferation of
the murine FDC-P1 cell line. The PEG-T3C proteins had 10- to 25-fold longer circulating half-lives than muGM-CSF and
stimulated greater and longer lasting increases in neutrophils and white blood cells than muGM-CSF following a single
intravenous or subcutaneous administration to rats. Treatment of rats made neutropenic with cyclophosphamide with the
PEG-T3C proteins shortened the time for recovery of neutrophils to normal levels from 9 or 10 days to 5 or 6 days, whereas
muGM-CSF showed no benefit versus vehicle solution. Acceleration of neutrophil recovery in cyclophosphamide-treated rats
required a minimum of three PEG-T3C treatments over five days. The PEG-T3C proteins should prove useful for evaluating
the potential therapeutic benefits of GM-CSF and long-acting GM-CSF proteins in rodent disease models.
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1 Introduction

Granulocyte-Macrophage Colony-Stimulating Factor (GM-
CSF) is a 14 kilodalton (kDa) cytokine that serves as a growth
and differentiation factor for a variety of white blood cell
types, including macrophages, neutrophils, dendritic cells,
and microglia [1, 2]. Clinical uses of recombinant human (hu)
GM-CSF include accelerating neutrophil recovery following
chemotherapy in cancer patients, accelerating hematopoietic
recovery in bone marrow transplant recipients, and stimulat-
ing release of hematopoietic progenitor cells from the bone
marrow into the peripheral circulation where they can be
collected for transplantation [1, 2]. GM-CSF is being investi-
gated as a therapy or adjuvant for various cancers and cancer
vaccines [3—-6], and as a treatment for neurological disorders
[7-9], Crohn’s disease [10], autoimmune diseases [11-14],
and to promote wound-healing [15, 16]. Most patients receive
huGM-CSF by daily injection due to the protein’s short in vivo
half-life [1, 2]. A longer-acting form of GM-CSF that could be
administered less frequently without sacrificing efficacy would
be attractive to patients and potentially expand the range of
clinical uses for the protein, particularly for treating chronic
diseases.

In a previous report we described the construction of
huGM-CSF analogs with improved pharmacokinetic proper-
ties by targeted attachment of a maleimide-polyethylene glycol
(PEG) to engineered cysteine analogs of huGM-CSF [17]. We
identified several sites in huGM-CSF where a cysteine resi-
due could be introduced and modified with PEG (PEGylated)
without appreciably affecting in vitro biological activity of
the protein [17]. One of the most promising analogs had a
cysteine residue substituted for alanine at position-3 of huGM-
CSF (referred to as A3C). PEGylated A3C proteins had up
to a 47-fold longer half-life than huGM-CSF in rats, with the
half-life increasing with increasing size of the attached PEG
molecule. huGM-CSF is not active in rodents, which limits the
number of disease models available for evaluating the in vivo
effects of the PEG-A3C proteins. The first 6 amino acids of
huGM-CSF (APARSP; one letter amino acid code) and murine
(mu) GM-CSF (APTRSP) are identical except for amino acid
position 3, which is an alanine in huGM-CSF and a threonine
in muGM-CSF [18, 19]. Here we describe the construction
of a muGM-CSF analog in which threonine at position 3 is
changed to a cysteine (T3C). The muGM-CSF (T3C) protein
was expressed in Escherichia coli and modified with different
size PEGs. We characterize the in vitro bioactivities of the pro-
teins and their in vivo effects in normal and neutropenic rats.

2 Materials and Methods
2.1 Cloning of muGM-CSF and muGM-CSF (T3C)

Total RNA isolated from the mouse EL4.IL-2 cell line
(American Type Culture Collection, Manassas, VA; cata-
log number TIB-181) was used in a reverse transcriptase-
polymerase chain reaction (RT-PCR) [20] to prepare a
cDNA encoding the mature muGM-CSF protein [18].
The cells were treated with 1 pg/mL phytohemagglutinin-
L (Sigma-Aldrich Chemical Company, St. Louis, MO)
and 10 ng/mL phorbol 12-myristate 13-acetate (Sigma-
Aldrich Chemical Company) for 6 h at 37 °C prior to RNA
isolation. RNA was isolated using an RNeasy Mini RNA
isolation kit (Qiagen, Inc., Santa Clarita, CA). Single-
stranded cDNA was synthesized from the RNA using
a 1st Strand cDNA Synthesis Kit for RT-PCR (AMV)
from Boehringer Mannheim Corp (Penzberg, Germany)
and random hexamers as the primer. The single-stranded
cDNA was used as the template in a PCR reaction using
forward primer 5'-GCGACGCGTACGCAGCACCCA
CCCGCTCACCCATCACT-3' and reverse primer 5-GCG
GAATTC TTATTTTTGGACTGGTTTTTTGCATTCAAA
GGG-3'. The forward primer anneals to the 24 nucleotides
encoding the first eight amino acids of mature muGM-
CSF, and adds, immediately 5' to this sequence, nucleo-
tides that overlap DNA encoding the carboxyterminal 4
amino acids of the E. coli STII signal sequence [21]. The
forward primer includes an Mlu I restriction site (under-
lined) for cloning purposes. The reverse primer anneals to
the nucleotides encoding the carboxy-terminal 10 amino
acids of muGM-CSF and adds a TAA translational stop
codon and an Eco RI restriction site (underlined) imme-
diately following the coding sequence. The 400 bp PCR
product was digested with Mlu I and Eco RI, and cloned
into a similarly digested pUC18 plasmid that contains
the remainder of the STII signal sequence [22], creating
pBBT435. After confirming the DNA sequence of the
STII-GM-CSF gene, an Nde [—Eco RI fragment encoding
STII-GM-CSF was subcloned from pBBT435 into expres-
sion vector pBBT257, which contains a fac promoter and a
tetracycline resistance gene. A pBBT257 plasmid encod-
ing the T3C mutein was constructed in an identical manner
except that the forward primer used in the PCR reaction
was 5'-GCGACGCGTACGCAGCACCCTGCCGCTCAC
CCATCACT-3". The resulting plasmids were introduced
into E. coli strain W3110 for protein expression studies.
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2.2 Preparation of the muGM-CSF and PEGylated
muGM-CSF (T3C) Proteins

The muGM-CSF and muGM-CSF (T3C) proteins were
expressed in E. coli, refolded, and purified by ion-exchange
and hydrophobic interaction (phenyl) column chromatog-
raphy essentially as described for huGM-CSF cysteine
analogs [17]. The purified muGM-CSF (T3C) protein was
modified with a linear 20 kDa-maleimide PEG (Nektar,
Inc, Huntsville, AL) by diluting the protein to 0.1 mg/mL
with 0.1 M Tris, pH 8 and incubating the protein with a
20-fold molar excess of the PEG reagent and a 15-fold
molar excess of Tris[2-carboxyethylphosphine]hydrochlo-
ride (TCEP) for 4 h at room temperature. The reaction
mixture was then diluted with 50 mM sodium acetate pH
4.8 the and loaded on to an S-Sepharose HiTrap column
(Amersham Pharmacia) equilibrated in 50 mM sodium
acetate, pH 4.8 (Buffer A). The bound proteins were eluted
with a linear salt gradient from 0 to 35% Buffer B (1 M
NaCl, 50 mM sodium acetate, pH 4.8). Column fractions
were analyzed by non-reducing sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and col-
umn fractions enriched in the monoPEGylated protein
pooled, aliquoted and stored at — 70 °C until use. The
same procedure was used to prepare the protein modified
with a branched 40 kDa-maleimide PEG (Nektar, Inc.).
Protein concentrations were determined using a Micro
BCA kit (Thermo Fisher Scientific, Inc.), utilizing bovine
serum albumin as the protein standard.

2.3 InVitro Bioactivity Assay

muGM-CSF stimulates proliferation of the mouse FDCP-1
cell line (American Type Culture Collection, catalog
number CRL-12103) and this assay was used to meas-
ure in vitro bioactivities of the muGM-CSF proteins. The
FDCP-1 cells were routinely passaged in RPMI 1640
media containing 10% fetal bovine serum (FBS), 50 pg/
mL streptomycin, 50 units/mL penicillin, 50 pM beta-
mercaptoethanol and 10-20 units/mL recombinant mulL-3
(R&D Systems, Inc., Minneapolis, MN). The proliferation
assays were performed in the same media minus mulL-3
essentially as described [17] using serial dilutions of the
protein samples and 5,000 cells per test well of a 96 well
tissue plate. Protein samples were assayed in triplicate
wells. CellTiter 96® AQueous One Solution (Promega
Corporation, Madison, WI) was added to each well after
3 days and absorbance of the wells, which is proportional
to cell number, was read at 490 nm using a microplate
reader. A recombinant muGM-CSF standard (E. coli-
expressed; R&D Systems, Inc.) was analyzed in parallel
on the same plates.
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2.4 Animal Experiments

The Institutional Animal Care and Use Committee at the
University of Colorado, Boulder approved all animal stud-
ies. Experimentally naive Sprague-Dawley male rats were
obtained from Harlan Sprague Dawley, Inc. (Indianapolis,
IN) and acclimated for at least 7 days prior to study initia-
tion. Rats were housed 2 to 3 per cage and given ad libitum
access to rat chow and tap water. The animal facility was
maintained at a temperature of 67-76 °C, 30-70% relative
humidity, and provided 12 h of light and dark each day. All
but the terminal blood draws were collected from the tail
vein under isoflurane anesthesia using EDTA as the anti-
coagulant. Terminal blood samples were obtained from the
descending aorta (normal rat studies) or by cardiac punc-
ture (neutropenic rat studies) using EDTA as the anticoagu-
lant. muGM-CSF and the PEG-T3C proteins used for these
studies were manufactured by Bolder BioTechnology, as
described above.

Pharmacokinetic (PK) properties of the muGM-CSF pro-
teins were measured using three rats per group. The rats
were 9 to 11 weeks of age, weighed approximately 342 g
(range of 319-364 g), and the proteins were dosed at 100 pg
protein/kg. Only the protein portion of the PEG-proteins was
used to calculate the PEG-protein doses. The proteins were
diluted in phosphate buffered saline prior to administration
to the rats by intravenous (iv) or subcutaneous (sc) injec-
tion. The iv and sc PK studies were performed separately,
approximately two months apart. Blood samples (0.4 mL)
were obtained from the rats prior to dosing and at various
times post-dosing and used to prepare plasma and for com-
plete blood cell (CBC) analyses, which were performed by
Antech Diagnostics (Irvine, CA). Plasma was prepared by
centrifuging EDTA blood samples in a microfuge for 10 min
at 1500xg at 4 °C and transferring the plasma into separate
tubes which were stored frozen in a —70 °C freezer until
used for ELISA analyses. Plasma levels of the proteins were
quantitated using muGM-CSF enzyme-linked immunosorb-
ent assay (ELISA) kits (R & D Systems, Inc.; detection range
of 7.8-500 pg/mL). Typically, serial threefold dilutions of
thawed plasma samples covering all time points from one
rat per test group were prepared in RPMI media containing
10% fetal bovine serum and analyzed in the ELISA to iden-
tify dilutions that fell within the linear range of the ELISA.
Plasma samples from other rats within that group were then
diluted to these optimum dilutions in the same way and
tested in the ELISAs. ELISA testing of the plasma samples
occurred over the course of several weeks, typically analyz-
ing plasma samples from 1 or 2 rats per day. Stability of the
muGM-CSF proteins in frozen plasma was not validated,
but plasma levels of the proteins from different rats within a
test group gave similar results in the ELISAs even when the
analyses were performed on different days, suggesting that
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the muGM-CSF proteins were stable at —70 °C during the
storage period. The WinNonlin software program (Pharsight,
Inc, Palo Alto, CA) was used to calculate pharmacokinetic
parameters using non-compartmental methods.

The neutropenia studies were performed using 6—8 week
old rats (5/group). Rats were made neutropenic by intra-
peritoneal injection of 100 mg/kg cyclophosphamide (CPA;
Sigma-Aldrich, Inc., St. Louis, MO) on day 0. One day later
(day 1), rats received sc injections of muGM-CSF, 20 kDa-
PEG-T3C or 40 kDa-PEG-T3C using various doses and
dosing schedules. Body weights averaged 216 g (range of
194-230 g) for the first day 1-5 dosing study, 183 g (range
of 167-199 g) for the second single dose study, and 206 g
(range of 190-227 g) for the third dose variation study. Pro-
tein samples were formulated in phosphate buffered saline.
One group of CPA-treated control rats was injected with
phosphate buffered saline (vehicle solution). Another group
of control rats did not receive CPA, but did receive injections
of vehicle solution. Blood samples were collected from the
rats prior to CPA administration and at various times post
drug administration for CBC analyses. CBC analyses for
the day 1-5 dosing and single dose studies were performed
by Antech Diagnostics and for the dose variation study by
Premier Laboratory (Longmont, CO).

2.5 Statistical analyses

Statistical comparisons per groups were compared using
two-tailed t-tests, with p <0.05 considered significant.

3 Results

muGM-CSF and the muGM-CSF (T3C) analog (cysteine
substituted for threonine-3) were expressed in E. coli as
periplasmically secreted proteins using the E. coli STII sig-
nal sequence. Similar to what was observed for huGM-CSF
proteins expressed in E. coli using the STII signal sequence
[17], the muGM-CSF proteins were largely insoluble and
the signal sequence appeared to be correctly removed, as
judged by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE). When the cells were lysed and
centrifuged, the muGM-CSF proteins were recovered pre-
dominantly in the pellet fraction. The insoluble proteins
were refolded and purified by sequential Q-sepharose and
phenyl-sepharose column chromatography steps. Yields
were about 3 mg per 400 mL shake flask culture. The puri-
fied muGM-CSF and T3C proteins comigrated by reduc-
ing and non-reducing SDS-PAGE, with apparent molecular
masses of about 14 kDa (Fig. 1). Both proteins stimulated
proliferation of the murine FDC-P1 cell line and had similar
ECsys of about 70 pg/mL (Table 1 and Fig. 2). Potencies
of the proteins were comparable to that of a commercial
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Fig.1 Non-reducing SDS-PAGE analysis of purified muGM-CSF,
T3C, 20 kDa-PEG-T3C, and 40 kDa-PEG-T3C. Lane 1, molecular
weight markers; lane 2, muGM-CSF, lane 3, T3C; lane 4, 20 kDa-
PEG T3C; lane 5, 40 kDa-PEG T3C

Table 1 In vitro bioactivities of muGM-CSF, T3C and PEG-T3C pro-
teins in the FDC-P1 cell proliferation assay

Protein ECy, (pg/mL)*
GM-CSF® 73424 (9)
GM-CSF* 69 +30 (5)
T3C 72+25 (3)
20 kDa-PEG-T3C 70+17 (3)
40 kDa- PEG-T3C 120+26 (3)

*Mean + SD. Number of independent assays in parentheses
®muGM-CSF obtained from R&D Systems, Inc
*muGM-CSF prepared by Bolder BidTechnology, Inc

muGM-CSF standard in this assay (Table 1). The T3C pro-
tein was modified with a linear 20 kDa maleimide-PEG
and a 40 kDa branched maleimide- PEG. The PEG reac-
tions yielded almost exclusively monoPEGylated proteins
(Fig. 3), which were purified from unreacted T3C protein
and T3C disulfide dimers that form during the PEG reaction
by S-sepharose column chromatography (Fig. 3). Recover-
ies of the PEG-T3C proteins from the PEGylation reaction
and column purification step were in the range of 30-50%.
The apparent molecular masses of the purified 20 kDa- and
40 kDa-PEG-T3C proteins were 55 kDa and 92 kDa, respec-
tively, by non-reducing SDS-PAGE (Fig. 1). ECsgs of the
PEG-T3C proteins were comparable to (within twofold)
ECsys of muGM-CSF and the T3C protein in the FDC-P1
bioassay (Table 1 and Fig. 2).
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Fig.2 In vitro bioactivities of muGM-CSF, T3C and PEG-T3C pro-
teins. Serial dilutions of the purified proteins were incubated with
murine FDCP-1 cells and incubated at 37 °C. Cell number was quan-
titated 3 days later using CellTiter 96® AQueous One dye solution.
Absorbance on the Y-axis is proportional to cell number. a Compares
GM-CSF (R&D Systems) and T3C. b Compares T3C and T3C modi-
fied with 20 kDa- and 40 kDa-PEGs. Data are means =+ standard devi-
ation for triplicate wells

3.1 Pharmacokinetic and Hematopoietic Properties
of muGM-CSF and PEG-T3C Proteins in Rats

Pharmacokinetic (PK) and hematopoietic properties of the
20 kDa- and 40 kDa-PEG-T3C proteins were compared to
each other and to muGM-CSF following intravenous (iv)
and subcutaneous (sc) administration of 100 pg protein/kg
to rats. Rats were used for these studies because their large
size (compared to mice) allowed blood sampling for PK
and CBC analyses to be obtained from the same animals
over time. All rats survived to study termination and no
obvious adverse effects of the proteins were noted.
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Fig. 3 PEGylation and purification of PEG-T3C. The purified T3C
protein was incubated with a 20 kDa-PEG in the presence of the
reducing agent TCEP for 4 h at room temperature as described in
Sect. 2, and the reaction mixture then fractionated by S-Sepharose
column chromatography. The column chromatogram is shown in a
The PEG-T3C protein elutes between fractions 23-29, while unre-
acted T3C protein and T3C disulfide dimers that form during the
PEGylation reaction elute later around fraction 38. Non-reducing
SDS-PAGE analysis of the PEGylation reaction (lane Rx) and frac-
tions 23 to 31 of the main PEG-T3C peak and fraction 38 are shown
in b. Fractions 27 and 28 containing the main PEG-T3C protein were
pooled. MW, molecular weight markers; Rx, the PEGylation reaction
before column fractionation; 23-38, fractions across the main PEG
protein peak and the later eluting peak. The position of PEG-T3C,
unmodified T3C, and T3C dimers are indicated on the right. Molecu-
lar weights of the marker proteins are indicated in kDa on the left

3.2 IV Dosing Study
3.2.1 PKResults (Fig. 4a)

Following iv administration, plasma levels of muGM-CSF
were highest at the first sampling time point, 15 min post-
dosing, (134 +72 ng/mL) and then decreased rapidly (nearly
10,000-fold within 10 h) and could not be detected 24 h post-
administration. The terminal half-life of muGM-CSF was
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Fig.4 Plasma levels and hematopoietic properties of muGM-CSF and
PEG-T3C proteins following iv administration of 100 pg/kg of the pro-
teins to rats. a Shows plasma levels of the proteins over time, as meas-
ured by ELISA. b and ¢ Show changes in circulating neutrophil and white
blood cells, respectively, over time following iv administration of the pro-
teins. Data are means +SD (a) or SEM (b and c) for 3 rats per group

1 h. By comparison, at 15 min post-dosing, peak plasma
levels of the 20 kDa- and 40 kDa PEG-T3C proteins were
789 + 133 ng/mL and 322 + 89 ng/mL respectively. The
PEG-T3C proteins were cleared more slowly than muGM-
CSF and were detectable in plasma for 120 to 144 h post-
administration (Fig. 4a). Plasma levels of the 20 kDa-and
40 kDa-PEG-T3C proteins were significantly (p <0.05)
higher than plasma levels of muGM-CSF from 0.25 to 120 h
post-dosing (40 kDa-PEG-T3C until 144 h post-dosing).
Plasma levels of the 40 kDa-PEG protein were higher than
plasma levels of the 20 kDa-PEG protein at most time points
examined. The terminal half-life of the 20 kDa- PEG T3C
protein was 25.1 h (measured from 72 to 120 h); the half-
life was shorter when earlier time points were included in
the calculation, e.g., the half-life was 13.5 h when measured
from 24 to 120 h. The terminal half-life of the 40 kDa-PEG
T3C protein was 22.9 h (measured between 96 to 144 h); the
half-life was shorter when earlier time points were included
in the calculation, e.g., the half-life was 16.5 h when meas-
ured from 48 to 144 h.

3.2.2 Neutrophil Effects (Fig. 4b)

Neutrophils showed rapid and significant (p <0.05) increases
following iv administration of muGM-CSF or the PEG-T3C
proteins. Neutrophil levels increased from 294 + 155 cells/
pL at baseline to 9349 +2222 cells/pL at peak at 4 h post-
administration of muGM-CSF, and returned to baseline val-
ues by 24 h post-administration. By comparison, neutrophil
levels peaked 10 h post-administration of the 20 kDa-PEG-
T3C protein, increasing from 579 + 125 cells/uL at base-
line to 9080 + 1034 cells/uL at peak, and did not return to
baseline levels until 72 h post-administration. Neutrophil
levels did not peak until 48 h following administration of
the 40 kDa-PEG protein, increasing from 472 + 95 cells/uL
at baseline to 9980 + 1794 cells/uL at 48 h, and were still
elevated above baseline levels 120 h post-administration of
the protein. Neutrophils were significantly (<0.05) higher in
rats treated with 20 kDa-PEG T3C compared to muGM-CSF
at 24 h post-dosing, and significantly higher in rats treated
with 40 kDa-PEG T3C compared to muGM-CSF at 24 h,
48 h, and 96 h post-dosing.

3.2.3 WBC Effects (Fig. 4C)

WBCs also showed rapid and significant (p <0.05) increases
following iv administration of muGM-CSF or the PEG-T3C
proteins. WBC levels increased from 3.8 +1.1x 10° cells/
uL at baseline to 13.0+2.0x 10* cells/uL at peak at 4 h
post administration of muGM-CSF, and returned to base-
line values by 24 h post-administration. WBC levels peaked
later at 10 h post-administration of the 20 kDa-PEG-T3C
protein, increasing from 6.6 + 1.2 x 10* cells/uL at baseline
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to 13.7+0.7%x 103 cells/uLL at 10 h, and did not return to
baseline levels until 72 h post-administration. WBC lev-
els did not peak until 48 h following administration of the
40 kDa-PEG protein, increasing from 4.6 +1.0x 10° cells/
uL at baseline to 19.4 +4.4 x 103 cells/uL at 48 h, and were
still elevated above baseline levels 120 h post-administration
of the protein. WBCs were significantly (<0.05) higher in
rats treated with 20 kDa-PEG T3C compared to muGM-CSF
at 24 h, 96 h and 144 h post-dosing, and significantly higher
in rats treated with 40 kDa-PEG T3C compared to muGM-
CSF at 48 h and 96 h post-dosing.

3.2.4 Other Blood Cell Effects

No significant effects on platelet or red blood cell levels were
observed following iv administration of any of the proteins
(data not shown). Monocytes showed few consistent changes
over time, and were elevated (about twofold) in rats treated
with the PEG-T3C proteins compared to muGM-CSF only
at 48 h (data not shown).

3.3 SCDosing Study
3.3.1 PKResults (Fig. 5a)

Following sc administration, muGM-CSF plasma levels
peaked 2 h post-administration (at 20.6 +0.9 ng/mL) and
were undetectable by 10 h post-administration. The protein’s
terminal half-life was 1.1 h. By comparison, plasma levels of
20 kDa-PEG T3C did not peak until 10 h post-administration
(at 15.8 +£2.8 ng/mL) and were detectable for 72 h post-
administration. Plasma levels of 40 kDa-PEG T3C did not
peak until 24 h post-administration (at 12.3 +1.7 ng/mL)
and were detectable for 120 h post-administration. Plasma
levels of the 20 kDa-and 40 kDa-PEG-T3C proteins were
significantly (p <0.05) lower than plasma levels of muGM-
CSF from 0.25 to 2 h, not significantly different at 4 h, and
significantly higher from 10 to 72 h (20 kDa-PEG-T3C) and
to 96 h (40 kDa-PEG-T3C). Plasma levels of the 40 kDa-
PEG protein were higher than plasma levels of the 20 kDa-
PEG protein between 48 and 120 h post-administration of
the proteins. The terminal half-life of the 20 kDa- PEG T3C
protein was 10.9 h (measured between 48 and 96 h); the
half-life was 7.5 h when measured from 24 to 96 h. The ter-
minal half-life of the 40 kDa-PEG T3C protein was 17.2 h
(measured from 48 to 144 h); the half-life was 13.6 h when
measured between 24 and 144 h.

3.3.2 Neutrophil Effects (Fig. 5b)
Neutrophils showed rapid and significant (p <0.05) increases

following sc administration of muGM-CSF or the PEG-T3C
proteins. Neutrophils increased significantly from 864 +220
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Fig.5 Plasma levels and hematopoietic properties of muGM-CSF
and PEG-T3C proteins following sc administration of 100 pg/kg of
the proteins to rats. a Shows plasma levels of the proteins over time,
as measured by ELISA. b and ¢ Show changes in circulating neu-
trophil and white blood cells, respectively, over time following sc
administration of the proteins. Data are means+SD (a) or SEM (b
and c) for 3 rats per group
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cells/pL at baseline to a peak of 5355+ 1019 cells/pL at
4 h following administration of muGM-CSF, but returned
to baseline levels by 24 h post-administration (Fig. 5b).
By contrast, neutrophil levels peaked at 24 h post-admin-
istration of both the 20 kDa- and 40 kDa-PEG proteins,
and remained elevated for 48-72 h (20 kDa-PEG-T3C) or
72-96 h (40 kDa-PEG-T3C) post-administration of the pro-
teins (Fig. 5b). For the 20 kDa-PEG protein, neutrophils
increased significantly from 933 + 119 cells/pL at baseline to
a peak of 9076 + 1682 cells/uL at 24 h. For the 40 kDa-PEG
protein, neutrophils increased significantly from 999 +235
cells/pL at baseline to a peak of 75304418 cells/pL at 24 h.
Neutrophils were significantly higher in rats treated with
20 kDa-PEG T3C compared to muGM-CSF at 24, 48, 96,
and 120 h post dosing. Neutrophils were significantly higher
in rats treated with 40 kDa-PEG T3C compared to muGM-
CSF at 24, 48, 72, and 120 h post dosing.

3.3.3 WBC Effects (Fig. 5¢)

SC administration of muGM-CSF caused WBC levels to
increase (not significantly) from 8.0 +0.9 cells at baseline to
apeak of 10.5+0.7 x 10° cells/uL at 10 h post-dosing; WBC
levels decreased to baseline levels by 24 h post-administra-
tion. By contrast, WBC levels increased significantly and
peaked at 24 h and 48 h post-administration of the 20 kDa-
and 40 kDa-PEG proteins, respectively, and remained ele-
vated for 48-72 h (20 kDa-PEG-T3C) or 72-96 h (40 kDa-
PEG-T3C) post-administration of the proteins (Fig. 5c).
The 20 kDa-PEG protein caused WBCs to increase signifi-
cantly from 7.6 +0.9 x 10? cells/pL at baseline to a peak of
14.1+1.7x10% cells/pL at 24 h. The 40 kDa-PEG protein
caused WBCs to increase significantly from 7.9 +1.2x 10°
cells/pL at baseline to a peak of 15.1 +2.1x 10? cells/pL at
48 h. WBCs were significantly higher in rats treated with
20 kDa-PEG T3C compared to muGM-CSF at 24 and 96 h
post-dosing, and significantly higher in rats treated with
40 kDa-PEG T3C compared to muGM-CSF at 24 and 120 h
post-dosing.

3.3.4 Other Blood Cell Effects

No significant effects on red blood cell or monocyte levels
were observed following sc administration of any of the pro-
teins, but the PEG-T3C proteins caused mild, but significant,
16-29% decreases in platelet levels at 72—-96 h post-admin-
istration (data not shown).

3.4 Hematopoietic Properties of muGM-CSF
and PEG-T3C Proteins in Neutropenic Rats

In vivo bioactivities (acceleration of hematopoietic recov-
ery) of muGM-CSF and the PEG-T3C proteins were also

studied in neutropenic rats. Rats were randomized to differ-
ent test groups based upon their neutrophil counts and then
treated with CPA (day 0) to induce neutropenia. Beginning
one day later different groups of rats received sc injections
of vehicle solution, muGM-CSF, or the PEG-T3C proteins
using different dosing regimens (daily dosing on days 1-5,
single dose on day 1, or variable dosing using multiple regi-
mens during days 1-5). The proteins were dosed at 100 pg
protein/kg/d. Some experiments included a control group of
rats that did not receive CPA but did receive injections of
vehicle solution using the same dosing regimen as the test
proteins. Temporal changes in neutrophil and WBC counts
in the different treatment groups were followed over time.

3.4.1 Daily Dosing Study (Fig. 6)

In the daily dosing experiment CPA-treated rats received 5
consecutive daily sc injections of vehicle solution, muGM-
CSF, 20 kDa-PEG-T3C or 40 kDa-PEG-T3C on days 1-5
following CPA treatment. CPA treatment caused rapid
decreases in neutrophil and WBC counts that reached nadirs
about day 4 and did not recover to baseline levels until day
9 or 10 in vehicle treated animals (Fig. 6a and b). Daily
injection of muGM-CSF for 5 days showed no benefit versus
the vehicle solution for accelerating the time for neutrophil
recovery from nadir to baseline values. In contrast, daily
administration of the 20 kDa- or 40 kDa-PEG-T3C proteins
for 5 days (days 1-5) caused neutrophil levels to recover
to baseline levels by day 5, approximately 4 days earlier
than the vehicle controls. Neutrophil recovery was followed
by a transient neutrophilia that lasted several days. Similar
results were obtained for WBCs, although WBCs never com-
pletely returned to baseline values during the course of the
study, largely due to failure of the lymphocyte populations to
recover to normal levels. Baseline (pre-CPA dosing), day 4
nadir, and day 5 recovery values for neutrophils and WBCs
for the different test groups are presented in Table 2. The
PEG-T3C proteins caused significant, transient increases in
circulating neutrophils and WBCs on day 3; these increases
were not observed in rats treated with vehicle solution or
muGM-CSF (Table 2). Rats treated daily for 5 days with
the PEG-T3C proteins, but not muGM-CSF, gained signifi-
cantly less weight than vehicle treated rats during the 12 day
study period (31.8 +£3.5 g for the 20 kDa-PEG T3C group,
29.5+2.1 g for the 40 kDa-PEG T3C group, 45.7+2.3 g
for the muGM-CSF group, and 45.5+2.1 g for the vehicle
group). No other adverse clinical signs were noted.

3.4.2 Single Dose Study (Fig. 7)
In a second experiment CPA-treated rats received only a sin-

gle sc injection of vehicle solution or 100 pg/kg or 250 pg/
kg of muGM-CSF, 20 kDa-PEG-T3C or 40 kDa-PEG-T3C
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Fig.6 Effects of every day administration for 5 days of muGM-CSF,
PEG-T3C proteins and vehicle solution on circulating neutrophil and
white blood cell levels in rats treated with CPA. Rats received a sin-
gle injection of CPA (100 mg/kg) on day O and daily sc injections
(on days 1-5) of vehicle solution (PBS), muGM-CSF (100 pg/kg),
20 kDa-PEG-T3C (100 pg protein/kg), or 40 kDa-PEG-T3C (100 pg
protein/kg). One group of control rats did not receive any CPA but
did receive daily sc injections of vehicle solution. Blood samples
were obtained from the rats on the indicated days for determining
neutrophil (a) and white blood cell (b) counts in the animals. Data are
means + SEM for 5 rats per group

proteins on day 1. None of the PEG-T3C or muGM-CSF
treatment groups showed an acceleration of time to neutro-
phil recovery to baseline values compared to vehicle-treated
rats; neutrophil and WBC levels in all test groups returned to
baseline values between days 8 and 9 (Fig. 7). The PEG-T3C
proteins, but not vehicle solution or muGM-CSF, caused sig-
nificant, transient increases in neutrophils and WBCs on day
2 (Fig. 7b), confirming that the rats had received the PEG-
proteins, and that the PEG-proteins were biologically active

@ Springer

in the rats. One rat treated with a single injection of 250 pg/
kg of 40 kDa-PEG T3C died on day 6 during bleeding. All
other rats survived to study end and no adverse clinical signs
were noted.

3.4.3 Variable Dosing Study (Fig. 8)

In a third experiment CPA-treated rats were given sc injec-
tions of the 20 kDa-PEG-T3C protein every day (on days
1-5), every other day (on days 1, 3 and 5), on days 1 and 3
only, or as a single injection on day 3 only or on day 5 only.
Control CPA-treated rats received daily (days 1-5) injec-
tions of vehicle or muGM-CSF. Only the 20 kDa-PEG-T3C
protein was tested in this experiment because of the large
number of test groups and similar hematopoietic responses
of neutropenic rats to the 20 kDa- and 40 kDa-PEG-T3C
proteins seen in previous studies. Daily administration and
every other day administration of 20 kDa-PEG-T3C short-
ened the time for neutrophil recovery to baseline levels from
9 days (vehicle group) to 6 days, and accelerated WBC
recovery, but not to pretreatment levels (Fig. 8). Baseline
(pre-CPA dosing), day 4 nadir, and day 6 recovery values
for neutrophils and WBCs for the different test groups are
shown in Table 3. Administration of the 20 kDa-PEG protein
as a single injection on day 3 or on day 5, or as 2 injections
on days 1 and 3 showed no benefit versus vehicle at shorten-
ing the time to neutrophil recovery (Fig. 8, Table 3). Daily
administration of muGM-CSF also showed no benefit ver-
sus vehicle. All test groups receiving the 20 kDa-PEG T3C
protein on day 1 showed significant, transient increases in
neutrophils and WBCs on day 2; this increase was not seen
with any of the other treatment groups (Fig. 8, Table 3).
As was observed in the first daily dosing experiment, rats
treated daily for 5 days with the 20 kDa-PEG T3C protein
gained significantly less weight over the 12 day study period
than vehicle-treated rats (20.5 +3.5 g versus 33.5+2.1 g;
p<0.05). Weight gains for the other treatment groups were
not significantly different than for the vehicle group. One rat
treated daily for 5 days with PEG-T3C was found dead on
day 12. This rat was noted to have lost about 50 g between
days 8 and 10. The cause of death was not determined. All
other rats survived to study end and no adverse clinical signs
were noted.

4 Discussion

The data presented here show that site-specific PEGylation
of muGM-CSF (T3C) yields PEG-protein conjugates that
display minimal loss of in vitro bioactivity, even when modi-
fied with a large 40 kDa-PEG. Similar results were reported
for the huGM-CSF (A3C) protein [17]. These data provide
further evidence the N-terminal region preceding the first
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Table 2 Neutrophil and white blood cell levels at baseline, day 3, day 4 (nadir) and day 5 (first day of neutrophil recovery) in rats treated with
cyclophosphamide (CPA) on day 0 and with vehicle, muGM-CSF, 20 kDa-PEG T3C or 40 kDa-PEG T3C on days 1 to 5

Neutrophils (cells/pL)

White Blood Cells (103 cells/pL)

Test Group Pre-CPA Baseline Day 3 Day 4 Day 5 Pre-CPA Baseline Day 3 Day 4 Day 5
Nadir Recovery Nadir Recovery

1. CPA + Vehicle 1352 +153 428+193 130+66 103+35 9.4+0.5 1.6+0.6 1.0£0.1 14+03

2. CPA+muGM-CSF 1328+ 111 277+91 152+41 189+49 9.8+0.5 1.2+0.3 1.0£0.1 1.4+0.1

3.CPA+20kDa-T3C 1320+177 3060+333*%*% 236+57 2041+369%* 9.8+0.8 43+05%% 09+0.1 43+0.6%"

4. CPA+40 kDa-T3C 1335+103 2620+238%% 370+155 2215+844%*% 104+0.3 37+04%% 1.3+04 40+1.1%*

Data are means + SEM for 5 rats per group
*p <0.05 vs. Vehicle on the same day
#p<0.05 vs. muGM-CSF on the same day

alpha helix in human and mouse GM-CSF is non-essential
for receptor binding and in vitro bioactivity of the protein.
The availability of highly active, PEGylated muGM-CSF
analogs allowed us to investigate the in vivo pharmacoki-
netic and hematological properties of long-acting muGM-
CSF proteins in normal and neutropenic rats. The PEG-T3C
proteins had 10- to 25-fold longer circulating half-lives than
unmodified murine GM-CSF following iv or sc administra-
tion. Half-lives and circulating plasma levels correlated with
the sizes of the attached PEG molecule. A single injection
of unmodified muGM-CSF stimulated significant but short
lived increases in peripheral neutrophil and WBC counts
that peaked 4-10 h post-administration and returned to
baseline values within 24 h. These increases likely repre-
sent release of preformed, mature neutrophils from the bone
marrow into the circulation, as rat bone marrow typically
requires 2 to 3 days for maturation and release of newly
formed neutrophils [23]. In contrast, a single injection of the
PEG-T3C proteins stimulated significant increases in circu-
lating neutrophils and WBCs that peaked 10- to 48 h post
administration and persisted for 72-96 h before returning to
baseline values. The 40 kDa-PEG-T3C protein stimulated
longer-lasting increases in neutrophil and WBC counts than
the 20 kDa-PEG-T3C protein, consistent with its longer half-
life and higher circulating levels. The prolonged increases
in circulating neutrophils observed with the PEG-T3C pro-
teins likely represent both early release of preformed mature
neutrophils from the bone marrow as well as maturation and
release of newly formed neutrophils during the following
few days. These results suggest that the PEG-T3C proteins
stimulate a broader range of processes affecting neutrophil
kinetics than does muGM-CSF, at least following a single
injection. Repeated injections of G-CSF in mice decreased
the cell cycle time for neutrophil progenitors by 25-40%
and decreased the time required for neutrophil maturation
and release from the bone marrow from 4 days to 1 day [24].
These processes were not affected by repeated injections of
muGM-CSF [24]. Whether the increased in vivo potencies

of the PEG-T3C proteins allows them to affect these aspects
of neutrophil kinetics remains to be determined.

Clearance of the PEG-T3C proteins from the blood stream
accelerated when neutrophil levels reached their peak levels
24 to 48 h post-administration. This pattern is similar to
what is observed following administration of granulocyte-
colony-stimulating factor (G-CSF) and PEGylated G-CSF
analogs [22, 25] to animals and has been attributed to recep-
tor-mediated endocytosis of G-CSF by neutrophils, bone
marrow cells, and other cell types that express G-CSF recep-
tors [25]. A similar mechanism may be operating to promote
clearance of PEGylated GM-CSF proteins in rats. The termi-
nal half-lives of the PEGylated muGM-CSF (T3C) proteins
were shorter than those of the corresponding PEGylated
huGM-CSF (A3C) analogs (23 h and 47 h, respectively, for
human 20 kDa- and 40 kDa-PEG-A3C proteins versus 1 h
for huGM-CSF following sc administration to rats; [17]).
This difference is consistent with the fact that huGM-CSF
does not bind muGM-CSF receptors efficiently, and thus
would not be expected to be cleared by receptor-mediated
endocytosis. The slower clearance of the PEG-huGM-CSF
analogs in rats likely reflects primarily clearance by kidney
and liver filtration mechanisms.

The PEG-T3C proteins were significantly more potent
hematopoietic growth factors than muGM-CSF in neutro-
penic rats. No significant benefit of muGM-CSF versus vehi-
cle was detected in accelerating the time for neutrophil or
WBC recovery to baseline levels in neutropenic rats when
the protein was administered daily for 5 days following
chemotherapy treatment. muGM-CSF also did not cause
the transient increases in neutrophils and WBCs that was
observed with the PEG-T3C proteins on day 2 or 3 post-
injection. The lack of an effect of unmodified GM-CSF may
be due to its short half-life and short-lived effect on cir-
culating neutrophil levels. Other researchers reported that
daily administration of muGM-CSF produced minimal or
no physiological effects in rodents [26—28]. In contrast, both
PEG-T3C proteins shortened the time required for neutrophil
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Fig.7 Effects of a single sc administration of muGM-CSF, PEG-
T3C proteins, and vehicle solution on circulating neutrophil and
white blood cell levels in rats treated with CPA. Rats received a sin-
gle injection of CPA (100 mg/kg) on day O and a single sc injection
of vehicle solution (PBS), muGM-CSF (100 pg/kg or 250 pg/kg),
20 kDa-PEG-T3C (100 or 250 pg protein/kg), or 40 kDa-PEG-T3C
(100 or 250 pg protein/kg) on day 1. One group of control rats did
not receive any CPA but did receive a sc injection of vehicle solution
on day 1. Blood samples were obtained from the rats on the indicated
days for determining neutrophil (a) and white blood cell (b) counts in
the animals. Data are means +SEM for 5 rats per group

recovery to normal levels from 9-10 days to 5—6 days when
administered daily for 5 days beginning 1 day after chemo-
therapy treatment. The 20 kDa-PEG T3C protein also short-
ened the time required for neutrophil recovery to normal
levels in neutropenic rats when administered every other day
for 5 days (3 injections). Neither PEG-T3C protein short-
ened the time required for neutrophil recovery to normal
levels when administered as only a single injection 1 day
after CPA treatment. Although the PEG-T3C proteins were
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Fig.8 Effects of every other day (EOD) administration of vehicle
solution, muGM-CSF and PEG-T3C proteins on circulating neu-
trophil and white blood cell levels in rats treated with CPA. Rats
received a single injection of CPA (100 mg/kg) on day 0. Different
groups of rats received every day (days 1-5) or every other day (days
1, 3 and 5) injections of 20 kDa-PEG-T3C (100 pg protein/kg). Addi-
tional test groups received sc injections of 20 kDa-PEG T3C on days
1 and 3 only, days 3 and 5 only, day 3 only, or on day 5 only. Control
rats received daily (days 1-5) injections of vehicle solution (PBS) or
muGM-CSF (100 pg/kg). Blood samples were obtained from the rats
on the indicated days for determining neutrophil (a) and white blood
cell (b) counts in the animals. Data are means+SEM for 5 rats per
group

not effective at shortening the time for neutrophil recovery
as a single injection in CPA-treated rats, they still stimulated
transient increases in circulating neutrophils on days 2 or 3
post-administration, indicating that they were biologically
active in the rats. These data indicate that the cellular pro-
cesses responsible for the early transient increase in neu-
trophils seen on days 2 to 3 in the CPA-treated rats and the
cellular processes responsible for the acceleration of neutro-
phil recovery seen on days 5—6 following CPA administra-
tion are distinct. Three every other day sc administrations
of the 20 kDa-PEG-T3C protein was the minimum number
of treatments required to accelerate neutrophil recovery in
this model because single injections of the protein on day
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Table 3 Neutrophil and white blood cell levels at baseline, day 2, day 4 (nadir) and day 6 (first day of neutrophil recovery) in rats treated with
cyclophosphamide (CPA) on day 0 and with vehicle, muGM-CSF, or 20 kDa-PEG T3C using different dosing schedules on days 1 to 5

Neutrophils (cells/pL)

White blood cells (10° cells/pL)

Test group, dosing days  Pre-CPA Baseline Day 2 Day 4 Day 6 Pre-CPA Baseline Day 2 Day 4 Day 6
Nadir Recovery Nadir Recovery

1. CPA + Vehicle, d1-5 4528 +347 1286+109  256+37 1440+397 13.1+£0.2 34403  1.7+0.3 3.4+07

2. CPA+muGM-CSF, 4678 +352 852+107*  306+108 1248+81 13.0+0.6 27403 14201 29+0.1

d1-5

3. CPA + PEG-T3C, 4708 +347 4666 +248"% 272438 6198+1089"% 13.9+0.7 6.5+03"" 1.1+0.1 8.6+1.2"

d1-5

4. CPA +PEG-T3C, 4784 + 595 3666+583"% 362463 4952+1392° 14.2+0.7 55+0.8"% 14401 7.7+1.6"*

d1,3,5

5. CPA+PEG-T3C, d1,3 45844432 4676 +781"% 406+55 2272+194 133+1.2 6.5+09"* 15402 4.8+0.3

6. CPA+PEG-T3C,d3  4620+332 1182484 426+74 1268 +163 13.8+1.6 32401  1.6+02 3306

7.CPA+PEG-T3C,d5 4634+656 19404343  516+62 20304125 134412 49406 2302 49+0.6

Data are means + SEM for 5 rats per group
*p <0.05 vs. Vehicle on the same day
#p<0.05 vs. muGM-CSF on the same day

1, day 3 or day 5, or two injections on days 1 and 3 showed
no benefit versus vehicle solution. At least two, and pos-
sibly three, injections of the 40 kDa-PEG-T3C protein also
are required to accelerate the time of neutrophil recovery to
normal levels in this model since a single injection of the
40 kDa-PEG-T3C protein on Day 1 following CPA treatment
was ineffective. These data suggest that GM-CSF must be
present continuously during the 5 day period following CPA
administration to accelerate the time to neutrophil recovery
in this model. The 10 to 17 h sc half-lives of the PEG-T3C
proteins are consistent with this finding and the need for
multiple administrations over 5 days. In contrast to these
results with PEG-GM-CSF proteins, a single sc injection of
the same dose (100 pg protein/kg) of a 20 kDa-PEG G-CSF
protein on day 1 following CPA treatment is able to acceler-
ate the time for neutrophil recovery to baseline levels from
9 to 6 days in this model [29]. Why more administrations
of the 20 kDa-PEG-GM-CSF (T3C) protein are required
for efficacy compared to a 20 kDa-PEG-G-CSF protein will
require further investigation.

GM-CSF’s proliferative effects on granulocyte and mye-
loid cell lineages led to it being developed as a treatment
for neutropenia in cancer patients receiving chemotherapy
[1, 2]. The data presented here suggest that PEG-GM-CSF
proteins will be significantly more effective than GM-CSF
for treating neutropenia in humans, and potentially other
disease states. GM-CSF exhibits a broad spectrum of bio-
logical activities and is now under investigation as a treat-
ment for a wide variety of medical disorders, including
autoimmune diseases, central nervous system diseases,
acute radiation exposure, wound-healing, gastrointestinal
diseases, cancer immunotherapy, and as a vaccine adju-
vant, among others [3—16, 30]. The availability of a highly

potent, PEGylated muGM-CSF analog such as PEG-T3C
will facilitate evaluation of the therapeutic utility of GM-
CSF and long-acting GM-CSF analogs in rodent models
of these disease states. The short half-life of muGM-CSF
limits its efficacy in rodents when administered using daily
or less frequent dosing regimens. The longer half-lives of
the PEG-muGM-CSF proteins allows less frequent dos-
ing and the proteins stimulate more robust physiological
responses; thus, in addition to convenience, PEG-muGM-
CSF proteins may provide better insights into the potential
utility of GM-CSF proteins to treat diseases when tested in
rodents. The efficacious doses and dosing regimens of the
PEG-T3C proteins identified here for rats provide a useful
starting point for choosing appropriate doses and dosing
regimens for future studies in other rodent disease models.
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