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Abstract Filgrastim, a recombinant methionyl human
granulocyte colony-stimulating factor (G-CSF) (r-
metHuG-CSF), is efficacious in stimulating neutrophil
production and maturation to prevent febrile neutropenia
(FN) in response to chemotherapy. Because of its relatively
short circulating half-life, daily filgrastim injections are
required to stimulate neutrophil recovery. In an effort to
develop a long-acting form of filgrastim that was as safe
and efficacious as filgrastim but had a longer in vivo
residence time, a number of strategies were considered.
Ultimately, fusion of filgrastim to polyethylene glycol
(PEG) was selected. Following extensive analysis of con-
jugation chemistries as well as in vitro and in vivo char-
acterization of a panel of PEGylated proteins, a construct
containing a 20 kDa PEG moiety covalently conjugated to
the N-terminus of filgrastim was chosen for advancement
as pegfilgrastim. Pegfilgrastim is primarily cleared by
neutrophils and neutrophil precursors (rather than the kid-
neys), meaning that clearance from the circulation is self-
regulating and pegfilgrastim is eliminated only after neu-
trophils start to recover. Importantly, addition of PEG did
not alter the mechanism of action and safety profile com-
pared to filgrastim. Clinical evaluation revealed that a
single 6 mg dose effectively reduces the duration of neu-
tropenia and risk of FN in patients receiving chemotherapy.
This work demonstrates the benefit of using PEGylation to
generate pegfilgrastim, which allows for once-per-che-
motherapy cycle administration while maintaining similar
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safety and efficacy profiles as those for multiple daily ad-
ministration of filgrastim. Approaches that may provide
advances for therapeutic agonists of G-CSF receptor are
also discussed.

Key Points

Evaluation of multiple PEGylated forms of filgrastim
identified pegfilgrastim, a 20 kDa polyethylene
glycol (PEG) fusion protein, as the construct with the
optimal balance of in vitro activity and in vivo
residence time.

Pegfilgrastim, having self-regulating clearance,
remains in circulation during chemotherapy-induced
neutropenia and is not eliminated until neutrophils
start to recover.

Clinical efficacy of pegfilgrastim is achieved with a
single 6 mg dose once-per-chemotherapy cycle.

1 Introduction

Granulocyte colony-stimulating factor (G-CSF) is an en-
dogenous hematopoietic growth factor that stimulates prolif-
eration and differentiation of neutrophil precursors and
increases survival and activity of mature neutrophils [1].
Neutrophils, the most abundant white blood cells in circula-
tion, play a critical role in innate immunity and also influence
the adaptive immune response. The protective role of neu-
trophils is demonstrated by the severe and sometimes fatal
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infections that are developed by patients with congenital or
induced neutrophil deficiencies; in these patients the risk of
infection is proportional to the extent of neutropenia [2].

Neutrophils are short-lived cells and remain in circula-
tion for only hours to a few days [3, 4]. To maintain supply,
approximately 107 neutrophils are produced each second,
requiring an estimated two-thirds of the bone marrow’s
hematopoietic space. This output requires the rapid pro-
liferation of granulocyte precursors [5], making them
highly susceptible to cell death in patients being treated
with cytotoxic cancer chemotherapy. The reduction in
neutrophil number during chemotherapy increases the risk
of infection and hospitalization, as well as the risk of re-
ducing the chemotherapy dose and/or delaying the che-
motherapy treatment [6]. As a consequence, severe
neutropenia can increase the risk of mortality both in the
short-term (due to infections) and long-term (due to re-
ceiving insufficient intensity of chemotherapy) [7-9].

To address the risk of complications associated with
neutropenia in patients receiving myelosuppressive che-
motherapy, recombinant methionyl human G-CSF (r-
metHuG-CSF; filgrastim) was approved by the US FDA in
1991. Filgrastim decreases the incidence of infection as
manifested by febrile neutropenia (FN) in patients with
non-myeloid malignancies receiving myelosuppressive
chemotherapy. Filgrastim has a relatively short circulating
half-life (3.5 h) [10], necessitating daily administration
until neutrophil recovery. Furthermore, filgrastim requires
bodyweight-based dosing (starting at 5 pg/kg/day) and
frequent monitoring of neutrophil counts [11], which in-
crease the challenge of compliance. To enhance the pro-
duct characteristics, a variety of approaches to develop a
long-acting version of filgrastim were considered and
tested. By adopting a systematic approach and following a
series of rigorous testing procedures, pegfilgrastim
emerged as a G-CSF that can significantly reduce the risk
of neutropenia and related complications with one admin-
istration per chemotherapy cycle [12-14].

Pegfilgrastim has been used in clinical practice since 2002,
and its efficacy and safety have been demonstrated in a variety
of tumor types and settings [15—18]. With the ongoing devel-
opment of other long-acting G-CSF molecules and the ex-
pected arrival of pegfilgrastim biosimilars in the next few years,
there is increased interest in understanding the basis of the
structure—function relationship important for developing a
long-acting G-CSF. Although the development program of
pegfilgrastim has been described elsewhere [19], a detailed
overview of the early non-clinical work and the scientific ap-
proach taken to select PEGylation as the G-CSF conjugate is
lacking. The objective of this review is to describe the rationale,
clinical implications, and scientific data of the PEGylation
approach used in the development of pegfilgrastim.
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2 Filgrastim

Clinical experience with filgrastim extends for more than
20 years, and has been reviewed extensively [1, 20]. The
initial approval was based on two randomized clinical
studies in patients with lung cancer that demonstrated that
filgrastim treatment significantly reduced the duration of
severe neutropenia, the number of days of hospitalization,
the incidence of antibacterial treatment, and the number of
chemotherapy dose reductions [15, 21, 22]. Filgrastim has
additionally been approved for use in patients with acute
myeloid leukemia, severe congenital neutropenia, AIDS-
associated neutropenia, and to speed neutrophil recovery in
cancer patients receiving bone marrow transplant. It is also
approved for patients undergoing peripheral blood pro-
genitor cell collection.

In patients undergoing chemotherapy, it is recom-
mended that filgrastim dosing start 24 h after the comple-
tion of chemotherapy and be continued daily until the
absolute neutrophil count (ANC) is >10 x 10° cells/L,
which, in some cases, may require one injection each day
for 10-14 days. To eliminate the need for patients to either
return daily to their treatment center or to self-inject, a
long-acting form of filgrastim was desired. Strategies to
extend the duration of action include prolonged delivery
(e.g., slow absorption from a drug reservoir) or half-life
extension (i.e., to maintain concentrations in the blood).
Filgrastim itself is relatively unstable for extended periods
of time at physiologic temperature and pH [23], making a
prolonged delivery option less desirable. Therefore, it was
preferable to pursue a form of filgrastim with a longer
elimination half-life; achievable by modulating the rate of
filgrastim clearance. The desired properties of a long-acting
filgrastim are summarized in Table 1.

Filgrastim, being a protein, can be cleared by prote-
olysis; however, its primary clearance pathways are re-
nal- and neutrophil-mediated; for the latter, after binding
of filgrastim to the G-CSF receptor (G-CSF-R) on neu-
trophils and neutrophil precursors, the filgrastim—G-CSF-
R complex is internalized and degraded. In neutropenic
individuals, neutrophil-mediated clearance is sig-
nificantly reduced, and renal clearance becomes domi-
nant. Therefore, if renal clearance could be eliminated or
significantly reduced while neutrophil-mediated clear-
ance was retained, the drug would remain in circulation
during neutropenia and be cleared only when the neu-
trophils start to recover, effectively resulting in a self-
regulating therapeutic. Strategies to reduce renal clear-
ance include making the protein larger, more elongated,
or more negatively charged as these attributes make the
protein less likely to be filtered by the renal glomeruli
[24, 25].
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Table 1 Considerations for developing a long-acting form of filgrastim

Parameter

Filgrastim properties

Requirements of a long-acting filgrastim

Drug clearance
mechanisms

Efficacy

Subject to renal clearance

Subject to neutrophil-
mediated clearance

Reduces duration of severe
neutropenia

Elimination or significant reduction of renal clearance while retaining neutrophil-mediated
clearance, allowing the drug to remain in circulation during neutropenia and be cleared
rapidly only when the neutrophils start to recover. This molecule should be able to provide

an effective serum concentration of G-CSF for a complete chemotherapy cycle

types

Reduces incidence of FN

Reduces infections

Reduces hospitalization

Safety

Acceptable safety profile

Efficacy should be equivalent to or better than that for filgrastim across a broad range of tumor

No additional or more severe on-target adverse events (e.g., bone pain)

No increase in immunogenicity

FN febrile neutropenia, G-CSF granulocyte colony-stimulating factor

Table 2 Possible strategies considered for increasing the in vivo residence time of filgrastim

Possible strategy

Examples of other modified proteins
available around the time of pegfilgrastim
development

Factors considered for developing a long-acting filgrastim

Glycoengineering
Introduction of novel

glycosylation sites to the
recombinant protein

Aranesp

Recombinant erythropoietin with higher
amounts of sialic acid-containing
carbohydrate

Approved in 2001 for treatment of anemia

Successfully used to increase the half-life of erythropoietin

Would require re-development of the expression and
purification processes used for filgrastim, which may affect:

Inability to retain the established safety profile of filgrastim
Longer development time

Increased costs

Fusion to other proteins

Attachment of G-CSF to an
antibody Fc domain or
albumin

Enbrel

Recombinant TNF receptor fused to the Fc
region of an IgG1 antibody

Approved in 1998 to treat various
autoimmune disorders

Addition of the protein partner may necessitate a change in the
protein expression or purification process

Both the antibody Fc and albumin interact with other
endogenous proteins and this may affect G-CSF localization
and/or activity

PEGylation

Attachment of PEG to the
purified protein

Adagen®

Adenosine deaminase fused to multiple
PEG molecules

Approved in 1990 for enzyme replacement
therapy

Oncaspar®

L-Asparaginase fused to multiple PEG
molecules

Approved in 1994 as chemotherapy for
leukemia

Demonstrated to be clinically safe and effective for increasing
the half-life of other molecules

Would enable use of filgrastim as the starting material,
thereby keeping the same protein expression and purification
processes

Flexibility in properties of the new molecule due to the range
of PEG sizes and conformations possible

PEG polymers are relatively chemically inert

PEG may reduce immunogenicity, proteolysis, and protein
aggregation

G-CSF granulocyte colony-stimulating factor, PEG polyethylene glycol, TNF tumor necrosis factor

3 PEGylation of Filgrastim

3.1 Selection of PEGylation to Improve In Vivo
Residence Time

Options for increasing protein size include introducing
novel glycosylation sites (glycoengineering) or fusing the
protein to another protein, such as an antibody or serum

albumin, or fusing the protein to a polymer such as poly-
ethylene glycol (PEG). Many of these options were con-
sidered and the factors influencing the selection of
PEGylation are summarized in Table 2. In particular, there
was a desire to maintain the filgrastim core protein and to
preserve the means of filgrastim production such that the
extensive safety profile could be preserved in a long-acting
molecule.
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3.2 Physicochemical Properties of Polyethylene
Glycol

The PEGylation process involves the covalent attachment
of PEG polymers to mature, purified protein. By starting
with purified material there would be no need to change
the core protein or the protein expression system to ac-
commodate PEGylation. PEG molecules comprise re-
peating ethylene oxide units. The carbon—carbon and
carbon—oxygen bonds are mobile, and there are no addi-
tional large or bulky groups on the polymer chain; as a
result, the PEG molecules are highly flexible and tend to
occupy a large space. Furthermore, because the oxygen
interacts strongly with water, each ethylene oxide unit can
coordinate 3—7 water molecules [26], creating a dynamic,
hydrated polymer that is predicted to form a thick, flex-
ible layer across the surface of the protein. With the ad-
dition of this layer, the PEGylated protein occupies a
much larger volume than would be predicted based on the
combined molecular weight of the protein and polymer
alone. This effect becomes more magnified as the size of
the PEG molecule increases, such that a 17 kDa PEG
molecule has a similar size as a 66 kDa protein and a
50 kDa PEG molecule has a similar size as a 476 kDa
protein [27]. This increase in the size of the PEG—protein
conjugate increases the in vivo residence time as has been
demonstrated for interferon IFN-a-2b conjugated to a
panel of PEG molecules with increasing molecular weight
[28]. With the addition of PEG moieties of 10, 20, 30 and
45 kDa, the hydrodynamic radius (cumulative radius of
the protein and PEG polymer) increased from ~2 nm for
unconjugated IFN-o-2b to 5.7, 7.4, 9.1, and 9.6 nm for
the 10, 20, 30, and 45 kDa-PEG conjugates. The asso-
ciated serum half-lives increased from 1.7 h for uncon-
jugated IFN-o-2b to 7.3, 10.5, 19.9, and 23.9 h for the
respective PEG conjugates. Similarly, the half-life of
PEGylated human growth hormone increased from 1.4 to
6, 15, and 24 h upon conjugation to 2, 5, or 7.5 kDa PEG
constructs, respectively [29].

PEG molecules are available in different molecular
weight ranges (e.g., 1-100 kDa) and in both linear and
branched conformations, thereby enabling generation of a
protein conjugate with specific properties. PEG polymers
are relatively chemically inert, and have been shown to be
safe when used as fusion partners in injectable protein
therapeutics [30], in food and healthcare products (tooth-
paste can be up to 10 % PEG [31]), and as excipients in
various drug formulations [32]. Additional benefits of
PEGylation include reports that it reduces immunogenicity
[33], proteolysis [34], and protein aggregation [35]. Be-
cause of these advantageous properties, PEGylation was
chosen as the means of increasing the in vivo residence
time of filgrastim.
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3.3 Strategies for PEGylation of Filgrastim

The first FDA-approved PEGylated proteins, Adagen® and
Oncaspar®, were heterogeneous multi-PEG mixtures that
differed in the number of attached chains and the site of
attachment [36]. From our work on a long-acting filgrastim
therapeutic, we came to the realization that having a con-
jugate with a single site of attachment would be preferred
as it would be easier to demonstrate consistency and pro-
vide proof of quality; however, the techniques and reagents
required for such a construct were still in development.
One strategy to achieve site-selective addition of a PEG
molecule available at the time was to target the free thiol
from an unpaired cysteine. G-CSF contains five cysteines;
however, four of these are involved in disulfide bonds and
would not be available for PEG conjugation. The remain-
ing cysteine (Cys 17) is not disulfide-linked but efforts to
attach a PEG molecule to this site resulted in decreased
activity. Structural analysis reveals that this cysteine is
located near the interior of the protein [37] and attachment
of the PEG molecule was likely disrupting the protein fold.

PEGylation of free amino groups is another strategy that
was evaluated. Free amino groups in proteins are present in
two instances: (1) the e-amino group from the side chain of
a lysine residue; or (2) the o-amino group from the
N-terminus of the protein. While there is typically only one
N-terminus per protein chain (provided the protein chain is
not cleaved to form multiple chains), lysines are frequently
found on the surface of proteins. This abundance of ac-
cessible amino groups can lead to multiple PEG additions.
For example, both Oncaspar® and Adagen® are PEGylated
at multiple sites: Oncaspar® is reported to be PEGylated on
22 of its 33 free amino groups [38], and Adagen® is re-
ported to be PEGylated on at least half of its 27 free amino
groups [39], although exact figures have not been released
by the Adagen® manufacturer.

G-CSF contains five free amino groups including the
N-terminus and four lysines at positions 16, 23, 34, and 40.
Non-specific PEGylation of free amino groups in G-CSF
was an approach pursued by other research groups around
the same time as Amgen’s initial work to develop a long-
acting filgrastim (Ro 25-8315 and PEG-rHuG-CSF;
Table 3); however, none of these other early molecules has
gained regulatory approval. In one example, PEG was
added to filgrastim both at the four surface-exposed lysine
residues and the N-terminal methionine residue [40].
Analysis of this material revealed multiple species of
modified proteins with different molecular weights.
Another group used a mutated version of G-CSF (nar-
tograstim), in which several amino acids from the recom-
binant G-CSF have been replaced [41]. PEGylation of this
construct also resulted in multiple species of modified
G-CSF with different molecular weights.



189

Development of a long-acting G-CSF

% 0 "SA G "SA G 100UPIOUT N
61 = u ‘(Kep/3y/31i ¢) wnseIT[L]

0c =u ‘[z = u ‘(8w g Bw ¢) /10-ADI

Suro3uo (LT0-aD9)
[08] Apns I aseyq :190UBD Jsearg payodarjoN DA @Y 0€ 2[8uIS wyseid[  wnseid[ydodwuyg
[eUTULI)-N
sosuodsar [rydonnau 19jea13 ) e
PAIDI[Q SIUN HFJ I0W 1M SI[NOJ[OW SpIoe ourwe ¢
950 °SA O "SA [1 "SA ( 0UIPIOUL NiI ‘wmSeISOlIRU "SA WISRIS0)IRU 1SOD Jo juowraoe[dar
. T —DHJ Ym 201w ur asuodsal 10d DFd BAY 0T PIm
g = u ‘(Kep/3y/3r ¢) wnseid[ig [ydonnou peSuojoxd pue pasearouy JO spun g ASD-D IueImpy
loL] 01 8T-IN 10§ Tuy/3u 9 'sA §-(AN—DHd 10§ ‘sonprsar aursA| (82-aN
had paordwos 16 16 = U “(3N/3M 00T 109 :07) STE8-ST O ~uyyBu o1 sem DS S 1 Jo uonoofur pUEB SOUIULIO)-N 18TTT- M)
[1¥] Apns | oseyq :JOOURD ISBAIg  IQ)JE Y 4 90IW Ul UOHEIIUIOUOD BUWISE[] 0} pappe HDAd wnseISoueN G1€8-ST o
Is110 =4d
9% 9°G "SA ' ] 9[0AD doudpIour N
STI = u ‘0qade|d
0ST = u ‘Sw 9 wnseIs[ysadr] skovuowr ur pue eruadonnou
:100ued Sunp  Peonpur-oprureydsoydo(od jo [spowr jex
SN = d 9 ¢ SA | 0uaproul Ni e ur wpserd[ydad ym sqqd 2rqeredwo)
—uE - wmseIs[y3ad (E NPl
101 = u (3t 9) WNSLIZ[YZd 10 4 9°01 "sA wnseId[ydedi| 10 y g0 QIS UOTIB[ASOIATS
[69] €102 101 = u ‘(Sw 9) wnserS[ySodr] gpy uonoafur S /3 o1 9[Surs e [RINIRU) HET IYJ, I8 (1ZNX)
[89] adomg ur peaoiddy :100URD JseAlg  SA9UOW UT 9JI[-J[ey uoneurwd ewseld OHJ Y 07 Q[3UIS wnseI3i] wmserd[ydedry
s
(P00 = d 9 g "sA g oouoprour N 3/31 00€) wnseIs|y Jo sasop Krep pue
. Sy/3 wmseid[ygdad jo aso
Q11 = u ‘0qeoelq (DS 34/31 goo1) wr [4sad ¥ P
9[3urs & yim sAep ¢ sem eruadonnou
€71 = u ‘(3ur 9) wmserd[ysod paonpur-Aderayjoweyd jo uoneIn
1190uEd [e10310[0) (DS 3y/81 0ST) wnseid[y asop-o[3uls
100°0 > d 19 L1 "SA | 2oupIOUI N Aq skep -1 "sa OS BY/FM 0001
o wnserd[y3ad jo asop d[3urs & £q sAep ¢
SOY = U OQFM 141 pasearour sorur ut sjuUN0d [rydonnoN
€9y = u (3w 9) wnseIs|y5ed syel pazruojoarydou
[91] J190ued Jsealq pue pajerado-weys uaamlaq
[<11 LSN = d 9 (T "SA €] 20USPIOUI NI Terruars a1om wmseaS[yded jo sergoxd wnseid[y
— u “(ken/3y /3 - SId ‘wnsessy ueyy ‘A[panoadsar ‘roy3iy JO auruoryjouwt
[81] SL =t (Rep/EY/BT §) WISk 9% 0SS pue 00§ orom wmnseidyded SNUTULI)-N
[c1] 2007 douls LL = u ‘(3w 9) wnseIs[y3ag 10J sonfea Dy ewse[d ay) ‘sasop 0) payoene Had
[82] A[1eqo[8 poaoiddy :100URD Jsealg 3y/31 001 10 G Jo uonoadfur AT 1)y e (g Iedur] 9[Sulg wnseId[r] wnsers[y3od
uonisodwos
soouarejoy  Juowdoroasp jo aSels K1An0€ TRoTUI)) K1IATIOR [ROTUT[O-UON  PUR 9IS UONRIADHJ ouoqydoeq JSD-D QweN

s10)oe} June[nuns-Auojod 9)Ad00[nuels paje[ADHJ JO SIIpPNIS pue SONsLIvIORIRYD 9Y) Jo Arewwing ¢ d[qe],

A\ Adis



T. Arvedson et al.

190

jurodpuo AIepuodas e sem N pue juiodpud Aovoyje Arewrtid oy) sem eruadonnau 919Ads Jo uonemn(
jurodpue A1epuodas e sem N /€ opei3 pue jutodpud Arewrd oy sem eruadorinau /¢ opein q

jutodpus Arepuodss se N pue jutodpus Arewid oy se eruadonnau 219A9s Jo uoneinp yim Apnjs AJLIOLIQJUI-UON

snoauenogns Hg ‘onaurnjoorulreyd yq ‘orweuipooewreyd 4 ‘103oej Sunenuis-Auojod jAd0[nuei3 uewny [AUOTYIQW JUBUIQUIOIAI [09A]3 aua[AyiaA[od JS§D-ONnH1-DFJ ‘[09A]3 auajAyrakod
DFJ WedYIUSIS J0U SN ‘SNOUSABIUT A] ‘J0Joe} Sune[nuuns-Auo[od ajkoomnuers ,7§)-0 ‘eruadonnou 9[LIqa) A/, ‘OAIND SWI—UONBIUIIUOD dY) Jopun BaIe /)Y ‘unod [iydonnau ajnjosqe HNY

G¢1 aurwein|3

wmsers[ysad 105 4 ¢'§ 'sA 92003 g 0} paesdnluod

[+-8] ~ SuroSuo Apms T aseyq panodar JoN 0] U ¢/ SeM s)el Ul ofi[-jjey ewise[d  OHAd BN 0T °[SuIS wnseIs[Ly 920034
SIySToM Te[nod[owr
JUSISPIP YIm
soroads @onpoxd
01 sjtun HHd
BQY 0T 10 §'¢ ym
sIun DFJ 195Ie] YIim IseaIOUL POXTW ST WHSLIS[L]
191213 ‘wnseI3[Y ‘SA pAIR[ADHJ SoNpIsal AUISA]
[ov] paystqnd 10 S1BI Ul OJI[-J[ey WnIds I95uo[ $ pUB SOUIULISI-N
[¢8] S9IpNIS [BITUI[D ON pauodor jJoN  pue 901w Ul S3unod [rydosnau pasearouy 0} pappe OAd wmsesS[L]  ASO-ONHI-OAd
(I 6S1S
3 SOT.L) sous
uonelADdad
Mmau
Jo uonippe pue
IOV “ared
A1) sus
uoneADHd
W% T SA 9°7 2ouapIoul N KI9A0091 suormnsqns renuajod
g = « ‘(B g) umsesB[Iag DNV UL SOUSISIIIP OU dI0M I, "0 proe ourure JO [RAOWIAX
-AXBJAl UBY) QWIN[OA UOHNQLISIP JOMO[  WOIJ Sun[nsax sa)Is :suonmsqns
£:9:9°99=1u pue ‘KjI[Iqe[reA®OIq pUR UOTIRpRISOp onbrun 07 payur| proe
“(34/31 001 109 ‘S *0€ ‘01) PED-AXeN oyads 1oysy pey wnseis[ysad 4SO-0 12d Dad ourwe ¢ yim
[z8 ‘18] parerdwod |1 aseyq :190UBD JSBAIYg ‘sjer payean-oprwreydsoydooho uy B G JO SN ¢ pagIpouwr JSO-O PEO-AXeIN
uonisodwod
soouarojey  juswdopaaap jo a8l Kyanoe Teorur)) ANATIOR [BOTUI[O-UON  pUE IS UONR[ADHJ Suogydeq JSD-O QweN

penunuod ¢ dqe],

A\ Adis



Development of a long-acting G-CSF

191

Fig. 1 The N-terminus of granulocyte colony-stimulating factor (G-
CSF) is distal from the receptor binding site while lysine residues 16
and 23 are located in the receptor binding site. Left panel the
G-CSF:G-CSF receptor (G-CSF-R) signaling complex [42] comprises
two G-CSF (green) and two G-CSF-R molecules (light and dark

While our initial efforts also involved non-specific
PEGylation of free amino groups, our results suggested that
PEGylation of the lysine residues interfered with receptor
binding. Structural studies of the G-CSF/G-CSF-R com-
plex subsequently showed that two of these lysine residues
are located within the receptor-binding interface (Fig. 1)
[41]. In comparison, PEGylation of the N-terminus did not
significantly interfere with receptor binding; thus, for the
long-acting filgrastim, we pursued a means of selectively
PEGylating the o-amino group from the N-terminus.
Although the G-CSF/G-CSF-R (domains 1-3) structure
was not available when this choice was made, the co-
crystal structure has confirmed that the N-terminus is not
involved in the G-CSF/G-CSF-R interaction and is pointing
away from the ligand/receptor interface [42].

To achieve selective addition of the PEG moiety to the
N-terminal o-amino group and limit reaction with the
lysine e-amino groups, it was necessary to identify condi-
tions where the o-amino group (acid dissociation constant
[pKa] = 7.6-8.0 [43]) of the N-terminus was more reactive
than the lysine g-amino groups (pKa = 10.0-10.2 [43]).
This was achieved by lowering the pH of the reaction and
incorporating an optimized reactive PEG construct. In the
end, the process that was selected involved reductive
alkylation of G-CSF with a PEG aldehyde derivative at
pH 5.

3.4 Screening and Selection of an Appropriate
PEGylated Filgrastim

To select a long-acting filgrastim candidate for therapeutic
use, a large panel of PEG-G-CSF conjugates was gener-
ated and characterized. The PEG moieties that were
evaluated spanned a range of available molecular weight
polymers (12-30 kDa) and comprised both linear and
branched conformations. The extent of reaction was

blue). The atoms of the G-CSF N-terminus are marked with yellow
balls. The atoms of lysines 16 and 23 are marked with pink balls.
Right panel a close-up of the interface providing more detail
regarding the location of lysines 16 and 23

monitored by high-performance liquid chromatography
(HPLC) to ensure a high percentage of conjugation, fol-
lowed by purification, and verification of the site of addi-
tion using endoproteinase peptide mapping and additional
physiochemical  characterization  [ultracentrifugation,
MALDI (matrix-assisted laser desorption/ionization) TOF
(time-of-flight) mass spectrometry, and size exclusion
HPLC with associated in-line light scattering]. This char-
acterization ensured appropriate composition, stoichio-
metry, and structure of the conjugates. More than 25
constructs were evaluated for in vitro and in vivo activity;
the in vitro activity score was derived from results in a cell-
based proliferation assay using cells stably expressing the
G-CSF-R and the in vivo activity score was based on the
area under the concentration—-time curve (AUC) of the
ANC in healthy animals.

As shown in Fig. 2, there was a positive relationship
between the molecular weight of the added PEG and the
in vivo activity of the modified filgrastim. Similar results
were obtained by other researchers with PEGylated fil-
grastim or nartograstim [41, 44], whereby white blood cell
counts in mice were found to increase as the size or number
of PEG units was increased [55]. In those studies, like our
own, it was also observed that molecules with increased
in vivo activity demonstrated decreased in vitro activity. In
general, these characteristics became more magnified as
the molecular weight of the PEG molecule increased. The
decreased in vitro activity is likely a consequence of the
PEG molecule interfering directly and/or indirectly with
G-CSF binding to its receptor. This is likely a consequence
of the PEG molecule’s bulk and mobility which could
cause periodic occlusion of the binding interface, slowing
the on-rate of binding. A similar relationship between en-
hanced in vivo activity and decreased in vitro activity has
been observed for PEG conjugates of human growth hor-
mone [29] and asiolofetuin [45]. The result of our studies
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Fig. 2 PEGylation-mediated increases in vivo activity were associ-
ated with decreases in vitro activity. The in vitro and in vivo activity
of various polyethylene glycol (PEG)-recombinant methionyl human
granulocyte colony-stimulating factor (G-CSF) (r-metHuG-CSF)
constructs were assessed and plotted according to the amount of
PEG added per molecule. For candidates that were pegylated at
multiple sites, the amount of PEG reflects the total molecular weight
of the PEG additions. Triangles indicate the proliferation induced in
cell line 32D clone 3 stably expressing human G-CSF receptor.
Squares indicate the weighted area under the concentration—time
curve (AUC) obtained from the daily average absolute neutrophil
count (ANC) from mice (n = 5/timepoint) weighted by multiplying
by the number of days after injection, then summed. The red triangle
and the red square mark the in vitro and in vivo activity of the
pegfilgrastim construct selected for further development. Reproduced
from Molineux [13] with permission of Springer Science + Business
Media (© Birkauser Verlag/Switzerland)

was the selection of an r-metHuG-CSF-PEG conjugate
containing a single linear 20 kDa PEG attached to the
N-terminal methionine. This construct would become
pegfilgrastim.

4 Pegfilgrastim

4.1 Non-Clinical Evaluation of Pegfilgrastim
Activity

The in vivo activity of pegfilgrastim compared to filgrastim
was evaluated in both normal and neutropenic mice by
subcutaneous (SC) injection. ANC is commonly used as a
pharmacodynamic marker because it is straightforward to
measure and represents the target cell for eliciting clinical
benefit in neutropenic patients. In normal mice a single
dose of pegfilgrastim (1000 pg/kg SC) increased the ANC
for 5 days, whereas a single injection of filgrastim at a
higher dose (2500 pg/kg SC) increased the ANC for only
1-2 days (Fig. 3a). In a model of chemotherapy-induced
neutropenia, control mice that received neither filgrastim
nor pegfilgrastim experienced 7 days of neutropenia,
whereas mice treated with either daily filgrastim (300 pg/
kg SC, days 2-11) or a single dose of pegfilgrastim
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Fig. 3 Pegfilgrastim has enhanced in vivo activity relative to
filgrastim. a Splenectomized mice were treated with a single injection
of carrier, filgrastim, or pegfilgrastim and the absolute neutrophil
count (ANC) was measured daily. Each timepoint represents 5-10
mice. b A single injection of pegfilgrastim is as effective as daily
injections of filgrastim at restoring a normal neutrophil count in mice
with chemotherapy-induced neutropenia. Neutropenia was induced in
mice using a single intravenous injection of 5-fluorouracil 150 mg/kg
on day 0. Mice were then randomized (n = 40 mice/group) and
treated with carrier, daily injections of filgrastim 300 pg/kg (days
2-11), or a single injection of pegfilgrastim 1000 pg/kg on day 2.
Daily ANC values were derived using four mice/group. Reproduced
from Molineux et al. [78] with permission from Elsevier (© 1999
International Society for Experimental Hematology)

(1000 pg/kg SC) experienced only 2 days of neutropenia
(Fig. 3b). These data demonstrated that a single injection
of pegfilgrastim was as effective in stimulating neutrophil
recovery as multiple daily injections of filgrastim.

Pegfilgrastim exhibited an acceptable non-clinical
safety profile in short- and long-term studies across a
range of species—including rats, rabbits, and Cynomolgus
monkeys—using delivery by SC and intravenous routes.
By retaining filgrastim as the core of the molecule, a
predictable safety profile was possible because pegfil-
grastim, like endogenous G-CSF, is specific for only one
receptor. Furthermore, this safety profile shows that ad-
dition of the PEG molecule to filgrastim did not cause
significant qualitative changes in the filgrastim pharma-
cology/safety profile and no off-target toxicities were
identified.
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4.2 Pharmacokinetics of Pegfilgrastim

The pharmacokinetics of pegfilgrastim have been described
in recent review articles [46, 47] and are summarized
briefly here. The prolonged in vivo activity of pegfilgrastim
compared with filgrastim can be explained by the nearly
negligible role played by the kidneys in pegfilgrastim
clearance. The reduction in renal elimination was demon-
strated in bilaterally nephrectomized rats. In this model,
clearance of filgrastim 100 pg/kg was reduced by 75 % in
nephrectomized compared with sham-operated rats. By
comparison, clearance of pegfilgrastim 100 pg/kg was
similar in both the nephrectomized and sham-operated rats
(Fig. 4a) [48]. This clearly demonstrated that renal clear-
ance had been greatly reduced. To evaluate the role of the
kidney in pegfilgrastim clearance in humans, the pharma-
cokinetic profile for pegfilgrastim was evaluated in subjects
with varying degrees of renal function ranging from normal
to mildly, moderately, and severely impaired as well as
subjects with end-stage renal disease [49]. Across all
groups, the pharmacokinetic profile of pegfilgrastim was
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Fig. 4 The kidney plays an insignificant role in pegfilgrastim
clearance. a Pharmacokinetic study in normal (sham-operated) and
bilaterally nephrectomized mice (adapted from Yang et al. [48]).
b Pharmacokinetic study in subjects with varying degrees of renal
function. Subjects (n = 6) were given a single subcutaneous dose of
pegfilgrastim 6 mg/kg. Data are presented as mean + standard error
of the mean (adapted from Yang et al. [49]). Conc. concentration,
ESRD end-stage renal disease

similar (Fig. 4b), supporting the non-clinical observations
that the kidney contribution to clearance is negligible.

Addition of the 20 kDa PEG molecule increases both
the molecular weight and the size of filgrastim. The
molecular weight increases from 19 kDa (filgrastim) to
39 kDa (pegfilgrastim). This is still below the 60-70 kDa
molecular weight that is considered to be required to
avoid glomerular filtration and subsequent renal
elimination. The hydrodynamic radius, however, in-
creases approximately 2.5- to 3-fold (calculated using
equations in Fee and Van Alstine [50]). This increases
the size of filgrastim from ~4 nm to ~6 nm in diameter.
In general, proteins >6 nm in diameter (e.g., hemoglobin
6.4 nm and albumin 7 nm) avoid glomerular filtration
[25, 51]. With the reduction in renal clearance, the pri-
mary means of pegfilgrastim removal from the circulation
is by neutrophil-mediated clearance. Neutrophils and
neutrophil precursors express G-CSF-R. This receptor
binds pegfilgrastim and the drug-receptor complex is
internalized and degraded inside the cell. Support for this
hypothesis came from a comparison of pegfilgrastim
clearance in wild-type versus G-CSF-R-deficient mice. In
wild-type mice, serum concentrations of pegfilgrastim
remained elevated for less than 48 h following injection
of pegfilgrastim 10 pg/kg; whereas serum concentrations
of pegfilgrastim remained elevated for 144 h in G-CSF-R
knockout mice [52].

Another consequence of the G-CSF-R/pegfilgrastim in-
teraction is the stimulation of neutrophil precursor prolif-
eration and differentiation. Figure 5 demonstrates the
relationship between pegfilgrastim serum concentrations
and circulating neutrophils in breast cancer patients treated
with doxorubicin (60 mg/mz) and docetaxel (75 mg/mz),
followed by a single injection of pegfilgrastim (100 pg/kg)

A ANC Pegfilgrastim 100 kg (n =46
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Fig. 5 Serum pegfilgrastim concentrations and absolute neutrophil
count (ANC) profile in breast cancer patients treated with doxorubicin
(60 mg/mz), docetaxel (75 mg/mz), and a single administration of
pegfilgrastim (100 pg/kg). Reproduced from Holmes et al. [14] with
permission of Wiley Materials (© 2008 American College of Clinical
Pharmacology)
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1 day later [14]. After SC administration of pegfilgrastim,
serum concentrations of pegfilgrastim were sustained dur-
ing neutropenia. ANC levels started to increase after the
nadir on day 7, resulting in a rapid decline of serum con-
centrations of pegfilgrastim due to neutrophil-mediated
clearance. Thus, during chemotherapy-induced neutrope-
nia, circulating pegfilgrastim concentrations remain
elevated until there is an increase in the ANC, which leads
to increased pegfilgrastim consumption and self-regulated
clearance. In comparison, serum concentrations of filgras-
tim were rapidly cleared after each injection, and multiple
daily injections of filgrastim were required to maintain its
clinical efficacy [14]. A semi-mechanistic model that in-
cludes neutrophil-mediated clearance adequately describes
the relationship between pegfilgrastim serum concentra-
tions and the ANC profile in healthy subjects [53] and in
patients with non-small-cell lung cancer [54].

4.3 Clinical Efficacy of Pegfilgrastim

Pegfilgrastim is indicated to reduce the risk of FN in pa-
tients with non-myeloid malignancies receiving myelo-
suppressive chemotherapy. Approval of pegfilgrastim for
use in patients with chemotherapy-induced neutropenia
was based on results from two randomized, double-blind
phase III studies in patients with breast cancer, designed to
test the non-inferiority of pegfilgrastim versus filgrastim
[46, 47]. Similar results were observed in both trials,
demonstrating that a single fixed dose of pegfilgrastim per
chemotherapy cycle was at least equivalent to daily doses
of filgrastim in all efficacy endpoints including the duration
of severe neutropenia (ANC <0.5 x 10°/L), the depth of
the ANC nadir in all cycles, the incidence of FN (neu-
tropenia plus fever/infection), and rates of hospitalization
and infection.

Subsequent clinical studies have shown pegfilgrastim to
be similarly effective across a range of regimens and tumor
types [15, 16, 55, 56]. Meta-analyses of clinical studies
have shown that pegfilgrastim reduces the risk of FN to a
significantly greater extent than filgrastim [57, 58] and that
pegfilgrastim also reduces the incidence of early mortality
during chemotherapy [57, 59]. Observational studies,
which include a broader range of patient populations than
those eligible for clinical trials, indicate that pegfilgrastim
is similarly effective in reducing FN risk in clinical prac-
tice [60, 61].

Unlike filgrastim, pegfilgrastim is not approved for
stem cell mobilization, but clinical studies have shown
that it is at least as effective as daily G-CSFs in mobi-
lization of peripheral blood stem/progenitor cells and
engraftment in the autologous and allogeneic setting
[62-65].
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4.4 Clinical Safety of Pegfilgrastim

Clinical safety data derived from the various clinical trials
show that the safety profile of pegfilgrastim is comparable
to that of filgrastim in terms of the total incidence of ad-
verse events, incidence of adverse events attributed to
study drug, and withdrawals due to adverse events. As with
all G-CSFs, the most common adverse effect is bone pain,
which is generally mild to moderate and manageable with
non-narcotic analgesics. A patient-level analysis across
multiple studies found that bone pain was experienced by
more patients treated with pegfilgrastim than placebo, but
that incidence of bone pain was similar between the peg-
filgrastim- and filgrastim-treated groups [66]. Serious ad-
verse reactions occur more rarely, and include splenic
rupture, acute respiratory distress syndrome, allergic reac-
tions, and potential for tumor growth stimulation effects on
malignant cells [67]. As with all protein biologics, the
potential for immunogenicity also exists, but neutralizing
antibodies to pegfilgrastim have not been reported in
clinical studies.

5 Future Perspectives

Pegfilgrastim was the only commercially available long-
acting G-CSF for more than 10 years, until the European
approval of lipegfilgrastim in 2013 through the demon-
stration of clinical non-inferiority to pegfilgrastim in a
randomized phase III study in patients with breast cancer
[68]. Lipegfilgrastim is PEGylated on the O-linked glyco-
sylation site at Thr-134; however, because this site is
heterogeneously glycosylated when G-CSF is expressed in
mammalian cells, the polysaccharide is added to the G-CSF
protein core enzymatically using two recombinant glyco-
syltransferase enzymes and activated sugar nucleotide
donor substrates in vitro. Subsequently, the PEG molecule
is covalently attached to the polysaccharide [69].

Other PEGylated G-CSFs have been tested (Table 3),
but few examples of approaches to extend the half-life of
G-CSF exist outside of PEGylation. The most clinically
advanced non-PEGylated molecules are benefilgrastim,
which is a recombinant fusion protein of human Fc and
G-CSF produced in mammalian cells [70] and balugrastim,
which is a recombinant fusion protein of human serum
albumin and G-CSF produced in yeast [71]. Benefilgrastim,
which comprises two chains of human G-CSF-Fc, has re-
cently been evaluated in a phase II study in patients with
breast cancer [72]. In this study, benefilgrastim adminis-
tered once per cycle at 240 or 320 pg/kg SC provided
neutrophil support with a safety profile similar to that of
pegfilgrastim during multiple chemotherapy cycles.
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Balugrastim has demonstrated non-inferiority to pegfil-
grastim in a phase III study in patients with breast cancer,
but it has not been approved for commercial use in either
the USA or Europe. Since these molecules are administered
in an identical manner to pegfilgrastim (injected once per
chemotherapy cycle) and have not demonstrated superior
clinical efficacy or safety, they may be better characterized
as alternatives to pegfilgrastim rather than therapeutic
advances.

Innovations in drug delivery provide additional possi-
bilities for therapeutic improvements. Pegfilgrastim should
be administered the day after chemotherapy [11] to avoid
the risk of stimulating proliferation of myeloid progenitor
cells in the presence of cytotoxic chemotherapy agents and
worsening neutropenia outcomes [17]. Nonetheless, same-
day administration of pegfilgrastim is observed in clinical
practice [73], most likely due reasons of logistics or con-
venience. To overcome this problem, an on-body injector
has been developed—a programmable delivery device at-
tached to the patient’s skin to deliver pegfilgrastim the day
after chemotherapy—that eliminates the requirement for a
patient to return to the clinic to receive pegfilgrastim [74].
This device, which was recently approved by the FDA
(tradename OnPRO), may therefore increase patient com-
pliance and increase the efficacy of pegfilgrastim in clinical
practice.

Although not necessarily long-acting, small molecules
capable of stimulating the G-CSF-R signaling pathway can
provide the option of orally administered G-CSF, which
may appeal to some patients. Several groups are pursuing
this approach and have demonstrated in vitro and in vivo
activity in preclinical studies [75-77], although currently
they are in the early stages of clinical development. Clearly
more work is needed in this area, including studies in hu-
man subjects and clinical testing against the available
protein-based G-CSF products.

6 Conclusion

Filgrastim is a widely used short-acting G-CSF with a
long-standing record of clinical efficacy and safety. To
eliminate the need for daily injections and to maintain a
similar safety profile, a long-acting form of filgrastim was
designed that retained the core protein with additions to
increase the molecular size and extend the circulating half-
life. PEGylation was considered useful for therapeutic
proteins: it is non-toxic; it can improve properties related to
immunogenicity, stability, and aggregation; and it can en-
hance the pharmacokinetic/pharmacodynamic profiles as a
conjugation partner. In addition, technology has been de-
veloped so that it can be added to specific sites on the
protein to limit the potential for interference with receptor

binding, and it is possible generate PEG moieties with a
range of sizes to enable selection of a modified protein with
optimal pharmacokinetic/pharmacodynamic profiles. Peg-
filgrastim contains a single linear 20 kDa PEG attached to
the N-terminal amino acid of filgrastim, and the pharma-
cokinetic profile has been sufficiently improved by sig-
nificantly reducing the renal clearance. As such, a single
dose of pegfilgrastim effectively reduces the risk of neu-
tropenia and neutropenia-associated complications for an
entire chemotherapy cycle.
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