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To improve the pharmacological profile of tumor necrosis factor alpha (TNF-a), we have synthesized a new PEGylated prod-
rug, PEG-vc¢TNF-a, using a cathepsin B-sensitive dipeptide (valine-citrulline, vc) to link branched PEG and TNF-a.
PEG-modified TNF-a without the dipeptide linker (PEG-TNF-a) and unconjugated TNF-o were also tested as controls. It was
found for the first time that TNF-a released from PEG-vcTNF-a was specifically dependent on the presence of cathepsin B.
PEG-vcTNF-a induced higher cytotoxicity and greater apoptosis against L929 murine fibrosarcoma cells than PEG-TNF-a.
Reversal of these effects by a cathepsin-B inhibitor confirmed that these effects were mediated by cathepsin B-specific release
of TNF-a.. In vivo pharmacokinetics studies demonstrated that the plasma stability of PEG-v¢TNF-a was significantly in-
creased compared to TNF-a. Finally, the improved anticancer efficacy of PEG-vcTNF-a and the distinct activities among the
three formulations confirmed the positive contribution of both PEGylation and the dipeptide linkage to the improved drug-like
properties of PEG-vc¢TNF-a.. The results here indicate that linking proteins and PEG via the cathepsin B-sensitive dipeptide
may be a promising strategy for developing protein therapeutics.
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Tumor necrosis factor-o. (TNF-a), a cytokine secreted by
activated macrophages, was first described as a factor pre-
sent in infected, endotoxin-injected mice that caused hem-
orrhagic necrosis of transplanted Math-A fibrosarcoma [1].
TNF-o has a direct anti-tumor effect, and stimulates host
anti-tumor immune responses via specific interactions with
tumor vascular endothelial cells [2]. TNF-o can bind to
TNF-a receptors (the 55 kD TNF-a R1 and the 75 kD
TNF-a R2), which are located on the plasma membrane of
most cells throughout the body except red blood cells. Act-

*Corresponding author (email: zgdodo@bjmu.edu.cn)

© The Author(s) 2011. This article is published with open access at Springerlink.com

ing via these receptors, TNF-a induces two main forms of
“extrinsic” (or death receptor-mediated) programmed cell
death (PCD): (i) classical apoptosis, characterized by cas-
pase-dependent chromatin condensation and fragmentation,
membrane blebbing and generation of apoptotic bodies; and
(ii) necrosis-like caspase-independent PCD, characterized
by absent or marginal chromatin condensation, lack of
nuclear fragmentation and disruption of membrane integ-
rity [3]. Thus TNF-a has been considered as a promising
new therapeutic agent [4,5]. However, it is cleared rapidly
from the circulation and widely distributed to various tis-
sues after intravenous administration, resulting in limited
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bioavailability. Although systemic administration of TNF-a
causes the regression of various transplanted solid tumors [6],
the high doses required for significant clinical anti-tumor
effects often also elicit unexpected side-effects, such as tis-
sue inflammation and injury, as well as the lethal endotoxic
shock-like syndrome [7,8]. Similar in vivo drawbacks to
those seen with TNF-a are also found in clinical applica-
tions of other bioactive proteins [9]. Thus, the development
of a drug delivery system (DDS) seems necessary for the
promotion of protein therapies, following recent marked
advances in biotechnology-based pharmaceuticals.

In recent years, PEGylation has been identified as one of
the most promising strategies for optimizing protein thera-
peutics [10]. The attachment of polyethylene glycol (PEG)
to bioactive proteins (PEGylation) increases their molecular
size and steric hindrance, leading to increased plasma
half-life and in vivo stability. However, protein PEGylation
is mostly non-specific and occurs at all the lysine residues
of the protein, some of which may be in or near an active
site. Furthermore, most PEG conjugates may not be cleav-
able in vivo. As a result, protein PEGylation is usually ac-
companied by a significant loss of bioactivity because of the
loss of a binding site and/or steric hindrance. For instance,
BPEG,-IFN-02a, a mixture of various positional isomers
of interferon-a.2a randomly conjugated with 40 kD bran-
ched PEG, lost approximately 90% of its bioactivity com-
pared to unmodified IFN-a2a [11,12]. Thus, the clinical
application of PEGylated proteins has been limited.

To overcome the problem of PEGylation, some investi-
gators have attempted replacing all lysine residues in the
protein with other amino acid residues. This lysine-deficient
protein was then site-specifically mono-PEGylated at its
N-terminus. For instance, site-specific PEGylation of
TNF-a [13,14] and human basic fibroblast growth factor [15]
has been reported. Nevertheless, the slow rate of free drug
release from the conjugate strongly influenced the in vivo
antitumor activity of these PEGylated proteins. However, it
is logical to hypothesize that i.v. administration of a TNF-a
contained system in which the PEG and TNF-a are linked
by an oligopeptide that is the substrate of a tumor tis-
sue-specific protease may lead to high anticancer activity,
even at low doses, because of the combined effect of ex-
tended circulation time and tumor site-specific drug release.

Cathepsin B is a ubiquitous cysteine protease whose
properties differ very little between species [16,17]. It is
never found in extracellular areas, except in pathological
conditions such as tumors or in areas of tissue destruction in
rheumatoid arthritis [18]. Therefore, the cathepsin B-sensitive
peptide is likely to be stable in circulation. The physiological
substrates of cathepsin B and L include valine-citrulline and
phenylalanine-arginine [19]. Previous reports have demon-
strated the success of conjugating a cytotoxic agent to a
tumor-selective monoclonal antibody (mAb) using a prote-
ase-sensitive dipeptide linker. These antibody-drug conju-
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gates include cBR96-valine-citrulline-MMAE and BR96-
valine-citrulline-DOX (specific to Lewis Y antigen on car-
cinomas), cAC10-valine-citrulline-MMAE (specific to CD30
on hematological malignancies), and huPr1-valine-citrulline-
MMAE (specific to hormone-resistant prostate cancer), and
have high stability in plasma and efficient release of drug in
tumor tissues [20-25].

In the present study, we have designed a novel PEGy-
lated protein using a cathepsin B-cleavable dipeptide linker,
valine-citrulline, to link the PEG and TNF-q, to overcome
the short half-life and poor tissue selectivity of unconju-
gated TNF-a and the low therapeutic efficacy of standard
PEGylated TNF-o (PEG-TNF-a). This validation study of
this novel antitumor prodrug, PEG-valine-citrulline-TNF-a
(PEG-vcTNF-a), includes assessment of the specific bioac-
tivities, stability, sensitivity to cathepsin B, in vitro cyto-
toxicity and apoptosis, pharmacokinetics, and antitumor
activity, compared with the standard PEGylated TNF-a or
unconjugated TNF-c, in the hope that we can prove the
hypothesis mentioned above.

1 Materials and methods

1.1 Materials

Recombinant human tumor necrosis factor-a (rthTNF-a,
17000 kD, 1x10 IU mg™" TNF-o in 0.2 mol L™ phosphate
buffer, pH 7.2) was obtained from Biosynthesis Biotech-
nology Co., Ltd. (Beijing, China); TNF-a. ELISA Detection
Kit was from Senxiong Technical Industry Co, Ltd. (Shang-
hai, China); 40 kD branched PEG-NHS (Polydispersity,
1.05) and 40 kD branched PEG-val-cit-NHS (Polydispersity,
1.05) were supplied from Jenkem Technology Co., Ltd. (Bei-
jing, China); Cathepsin B from human liver (2759 units mg™"
protein) was purchased from Sigma Corporation; 1929
murine fibrosarcoma cells lines were from Life Technolo-
gies (Gaithersburg, MD) and were grown in RPMI 1640
medium supplemented with 10% fetal bovine serum. An-
nexin V-FITC Apoptosis Detection Kits and FITC were
obtained from Biosea Biotechnology Co., Ltd. (Beijing,
China) and Cell Counting Kits (CCK-8) were obtained from
Dojindo Laboratories (Kumamoto, Japan).

1.2 Preparation and characterization of TNF-a conju-
gates

Branched 40 kD PEG-NHS or PEG-vc-NHS moiety was
added at room temperature and under rapid stirring in
0.1 mol L™ phosphate buffer, pH 8.5. For these experiments,
recombinant human TNF-a was reacted with a 30-fold mo-
lar excess of activated branched PEG moiety. The conjuga-
tion reaction was carried out for 30 min, while the pH was
maintained with 0.05 mol L' NaOH. Subsequently, 6-ami-
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nocaproic acid (5-fold molar excess against activated bran-
ched PEG moiety) was added to stop the reaction and the
pH was adjusted to 6.0 with 0.1 mol L™ HCI. The synthe-
sized PEG-TNF-a or PEG-v¢TNF-a conjugates were puri-
fied from the unreacted polymer and the side reaction prod-
ucts by gel filtration chromatography using a Sephacryl
S-200HR column on a FPLC system eluted with 0.1 mol L™
phosphate buffer/0.3 mol L™ NaCl, pH 7.0. The molecular
size of PEG-TNF-a or PEG-v¢TNF-a conjugates was esti-
mated by analytical gel filtration chromatography using a
Sephacryl S-300HR column, eluted with 10 mol L™ phos-
phate buffer/0.3 mol L™ NaCl, pH 7.0. and the degree of
modification by PEG attachment to TNF-o was assayed by
fluorescamine methods as described by Stocks et al. [26].
The in vitro specific bioactivity of PEG-TNF-a or PEG-
vcTNF-a conjugates was measured by L-M cytotoxicity
assay, according to the method described by Yamazaki et
al. [27].

1.3 Stability of TNF-a conjugates in plasma

To evaluate stability of PEG-TNF-a and PEG-vcTNF-a in
plasma, amounts of PEG-TNF-a. or PEG-v¢TNF-a conju-
gates were labeled with FITC yielding PEG-TNF-a-FITC
or PEG-vcTNF-a-FITC conjugates [28]. Conjugates con-
taining 17 pg of protein in each sample were incubated in
1 mL of freshly drawn mouse or human plasma pre-incu-
bated at 37°C. Aliquots of 100 uL. were sampled periodi-
cally. All samples were lyophilized immediately, then dis-
solved in 1 mL chloroform, vortexed for 10 min, and cen-
trifuged at 5000xg for 5 min. The upper layer was collected
and chloroform was removed by lyophilization. The result-
ing extracted PEG mixture was renewably dissolved in 1
mL phosphate-buffered saline (PBS) and analyzed by a
fluorescence spectrophotometer (A=492 nm, A.;=519 nm).
This result was then converted into the TNF-a concentra-
tion (validation data of assay not shown).

1.4 Purification of lysosomes

Sprague-Dawley rats (200-300 g) were sacrificed to harvest
and purify their liver lysosomes. Lysosomes were collected
from liver homogenate by centrifugation using the metri-
zamide discontinuous gradient method with a slight modi-
fication [29]. Briefly, non-fasted rats were anesthetized with
ether and blooded. The liver was removed and homogenized
using a Polytron mixer (Kinematica, Switzerland). The ho-
mogenate (4 mL of chilled 0.25 mol L™ sucrose/g of liver)
was centrifuged in succession at 4800xg for 5 min, and
17000xg for 10 min. The sediment of the second centrifu-
gation was washed at 17000xg for 10 min, resuspended in
57% metrizamide, and 10 mL thereof was placed on the
bottom of an Ultraclear tube (Beckman, CA). On top, a
discontinuous gradient of metrizamide was constructed
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(layers from bottom to top were: 57%, 32.8%, 26.3%, and
19.8% metrizamide). Centrifugation was for 1 h in a 70.1 Ti
rotor (Beckman) at 141000xg. Lysosomes were collected
from the top layer and from the 26.3/19.8 interface. Using
this procedure, the degree of purification of lysosomes rela-
tive to the original homogenate (as measured by acid phos-
phatase activity) was 20-30-fold and the yield 3%—5%. The
protein concentrations in lysosomal pellets were determined
by the BCA assay (Pierce, Rockford, IL). Acid phosphatase
activity was determined using p-glycerophosphate or p-nit-
rowith phenyl phosphate as the substrate. The activities of
cathepsin B and lysosomes were determined by using
Z-Arg-Arg-AMC as the substrate.

1.5 Invitro evaluation of drug release

All release studies were carried out at 37°C. The concentra-
tions of conjugates labeled with FITC in the incubation
mixture were approximately 20 pg mL™", corresponding to
around 17 ug mL™ of TNF-a.. Four in vitro testing proto-
cols were performed. First, the hydrolysis stability of
TNF-a conjugates to the liver lysosomes or homogenates was
assessed. TNF-a. conjugates were incubated in 50 mmol L™
sodium acetate (pH 5.0), 2 mmol L™ dithiothreitol (DTT),
and 25% (v/v) glycerol for 15 min at 37°C and then added
as a 20% (v/v) addition to initiate each reaction [26]. The
final concentrations of lysosomes and homogenates were 1
mg of protein mL™" and 20% w/w, respectively. Second, we
studied the hydrolysis stability of TNF-a conjugates in the
presence of various types of pure enzymes at concentrations
of approximately 8 pumol L™". This panel of enzymes in-
cluded include serine proteases (trypsin and chymotrypsin),
cysteine proteases (papain and cathepsin B), aspartic acid
proteases (cathepsin D and pepsin A), and metalloproteases
(thermolysin and collagenase). Also, to examine the effect
of pH on drug release, acetate or phosphate buffers (40
mmol L’l), with a pH range from 3 to 7, were used. In the
case of serine or metalloproteases, a final concentration of
10 mmol L™ CaCl, was added, while in the case of cysteine
proteases, final concentrations of 1 mmol L™' EDTA and 5
mmol L™ reduced glutathione were added. Third, the effect
of several enzyme inhibitors was evaluated. They include
aprotinin, bestatin, pepstatin, phosphoramidon, E-64,
Z-Phe-Phe-CHN,, and CA-074. Conjugate-lysosome mix-
tures were as described above, but contained a final inhibi-
tor concentration of 10 umol L™, Aliquots of 100 pL were
sampled periodically, and all samples were treated with the
same methods described above (in section “Stability of
TNF-a conjugates in plasma”).

1.6 In vitro cytotoxicity

Cells (2x10* cells well™ in 100 pL medium) were placed
into wells of a 96-well microtiter plate. After 24 h incuba-
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tion, TNF-a, PEG-TNF-a, PEG-v¢TNF-a, cathepsin B
(final concentration, 10 units mL’l), CA-074 (final concen-
tration, 10 pmol L’l) or PBS was added to the wells ac-
cording to experiment design. The volume was adjusted by
culture medium to 200 pL, and the incubation was carried
out. Cell viability assessment was performed by using Cell
Counting Kits (CCK-8), following the manufacturer’s in-
structions. Cytotoxicity (C%) was calculated from the equa-
tion C=(A-B)/AxX100%, where A is the absorption in a
control well and B is the absorption in the test well. L929
cells were placed in wells (1><106 cells Well’l) and incubated
for 24 h prior to adding TNF-a (10 IU mL™"), PEG-TNF-a
or PEG-vcTNF-a. In the latter two conditions (PEG-TNF-a
or PEG-v¢TNF-a), 10 IU mL™" TNF-a was also included.
Cells were incubated for a further 12 h. The culture medium
was discarded and replaced with 100 puL of cold binding
buffer. Cell staining was performed using Annexin V-FITC
according to the instructions of the manufacturer. Samples
were analyzed using a FACS Canto (BD, USA) flow cy-
tometer.

1.7 In vivo study on antitumor effects

All of the animal experiments adhered to the principles of
care and use of laboratory animals and were approved by
the Institutional Animal Care and Use Committee of Peking
University. The antitumor effects of TNF-a were assessed
in mice bearing Meth-A fibrosarcoma. The Meth-A cells
were implanted intradermally (2x10° cells per site) in
5-week-old female BALB/c mice. Seven days later (when
tumor diameter was ~7—-8 mm), native TNF-o,, PEG-TNF-a,
and PEG-vcTNF-a were administered by a single intrave-
nous injection. The antitumor potency was estimated from
the tumor volume and tumor hemorrhagic necrosis 24 h
after the injection. Antitumor effects of TNF-a in vivo were
screened by determining mean tumor volume (V) as calcu-
lated using the formula: V=(lengthx(width)2)/2.
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1.8 Pharmacokinetics studies in mice

Native TNF-a, PEG-TNF-o, and PEG-v¢TNF-o. were ra-
diolabeled with '*’I by the lactoperoxidase method, yielding
"L-TNF-o,, "”I-PEG-TNF-a, and '*I-PEG-v¢TNF-o with
specific activities of 4.50 mCi mg™' protein. The biological
activities of '“I-radiolabeled TNF-o. and its derivatives
were indistinguishable from those of non-radiolabeled
TNF-a and its derivatives (data not shown). Their pharma-
cokinetic profiles in blood circulation after i.v. injection into
normal male BALB/c mice (5 weeks of age) were studied at
a dose of 31.6 ng of protein per mouse. Blood was collected
from the tail vein at various time points, and radioactivity
was measured in each sample.

1.9 Statistical analysis

All data are shown as mean+SD, unless specified otherwise.
Statistical evaluation was performed with Student’s un-
paired 7-test and one-way analysis of variance.

2 Results

2.1 Preparation of conjugates

Recombinant human TNF-a was conjugated with activated
PEG (average molecular weight (MW) 40000; MW/average
MW, 1.05) via amide bonds between amino groups of
TNF-a and N-hydroxysuccinimide groups of PEG at the
end of the main chain. The rate of PEG attachment to
TNF-a increased with increasing reaction time (data not
shown). The resulting PEGylated TNF-a conjugates were
purified from native TNF-a and separated into three frac-
tions of various molecular sizes by gel filtration-high per-
formance liquid chromatography (protein standard). Table 1
shows the average MW, degree of PEG modification, and
the activities of native TNF-a, PEG-TNF-a and PEG-
vcTNF-a. It was demonstrated that activity decreased with

Table 1 Comparison of molecular properties of TNF-o, PEG-TNF-o and PEG-vc¢TNF-a (n=5, mean+SD)

Average molecu- Degree of modifi-

Specific activity (x10° TU mg™*

Remaining activity

Fraction no. Jar weight” cation (%)" TNF-0)° (%) Yield (%)

1 137000 40.46 6.23+0.56"* 6.2 31.04

PEG-TNF-a 2 99000 27.95 18.38+0.87"* 9.4 24.55
3 58000 8.21 27.40+0.39"* 18.6 9.38

1 138000 38.34 28.74+0.72" 28.7 30.67

PEG-vcTNF-o. 2 101000 27.48 46.66+0.43" 46.7 23.73
3 58000 9.03 74.19+0.76 74.2 8.38

TNF-q. 17000 0 100.00.21 100.0

a) The molecular size was determined by gel filtration chromatography (protein standard). b) Degree of modification was calculated by fluorescamine
methods. ¢) The specific activities of native TNF-a,, PEG-TNF-a and PEG-v¢TNF-o were measured by growth inhibition L-M cytotoxic assay. *, P<0.05;
## P<0.01 vs. native TNF-a.. #<0.05 vs. PEG-v¢TNF-a under the same degree of modification.
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increasing molecular weight and extensive PEG modifica-
tion. The specific activity of PEG-vcTNF-a was noticeably
higher than that of PEG-TNF-o with the same degree of
PEG modification. Fraction 2 was used for further experi-
ments because it combined a moderate degree of modifica-
tion with relatively high specific activity.

2.2 Stability of TNF-a conjugates in plasma

To further evaluate the stability of the PEG-TNF-a or
PEG-vcTNF-a, conjugates (containing 2 pg TNF-o) were
incubated in human or mouse plasma at 37°C for a period of
120 h. Endogenous TNF-a was detected in freshly drawn
mouse or human plasma but only in trace amounts (data no
shown). The stability characteristics of PEG conjugates in
human or mouse plasma at 37°C are shown in Figure 1, and
it can be seen that the two TNF-o conjugates were very
stable in plasma. The half-life (¢,,) of PEG-vcTNF-a in
vitro is 129.63 h in human plasma and 48.73 h in mouse
plasma, respectively, while that of PEG-TNF-a is 170.04 h in
human plasma and 60.18 h in mouse plasma, respectively.
Although the #,, of PEG-TNF-a is longer than that of
PEG-vcTNF-a, there is no significant difference between
these two formulations. We also found that release of drugs
from the two TNF-a conjugates was faster in human plasma
than in mouse plasma.

120
100 —tr— PEG-TNF-« in human plasma

80 L #— PEG-vcTNF-a human plasma
60

40
20

Drug release (%)

0 — -
0 24 48 72 96 120 144 168 192 216 240

Time (h)

120

100 «++ A - - PEG-TNF-c in mouse plasma
= E . — - m— - PEG-v¢TNF-a in mouse plasma
= 80 4,
9 xZ,
& 60 K e
= s
5 40 1._1\_&-
(=] 20 .

Tra.

00 48 96 144 192 240 288 336 384 432 480
Time (h)
Figure 1 Plasma stability (at 37°C) of conjugated TNF-o constructs
(PEG-TNF-a. and PEG-v¢TNF-a). PEG-TNF-a and PEG-v¢TNF-a. con-
jugates labeled with FITC and containing 17 pg of protein in each sample
were incubated in 1 mL of freshly drawn mouse or human plasma
pre-incubated at 37°C. Aliquots of 100 pL. were sampled at various time

points. PEG or PEG conjugates were extracted with chloroform. Fluores-
cence intensity was analyzed by a fluorescent spectrophotometer (n=4).
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2.3 Invitro evaluation of drug release

Our focus was on the enzyme specificity of the linker
cleavage. First, the excellent stability of TNF-a conjugates
in human plasma as well as mouse plasma led us to the hy-
pothesis that lysosomal enzymes are an effective means of
TNF-a release. To test this hypothesis, we compared the
kinetics of release when TNF-a conjugates were incubated
with rat liver homogenates and with lysosomes, prepared
using a well-established method for lysosome purification
from rat liver. Results showed that the release rate of
PEG-vcTNF-a in the liver homogenate was very slow, but
was markedly accelerated in the presence of lysosomes,
supporting our hypothesis. The 20% w/w homogenate, cor-
responding to approximately 40 mg mL™" of protein, was
virtually unable to release TNF-a, whereas the lysosomes at
1 mg mL™" of protein liberated the drug significantly. Sec-
ond, to elucidate the enzymes responsible, we measured
TNF-a released after 24 h treatment of TNF-a conjugates
with different types of pure enzymes. The results are shown
in Table 2, indicating that TNF-a conjugates were very re-
sistant to various kinds of enzymes. However, it was found
that cysteine protease was the only enzyme effective in
cleaving PEG-vcTNF-q, although the release rate varied
between papain and bovine spleen cathepsin B (which was
also sensitive to pH). PEG-TNF-a was not cleaved at all by
any of the enzyme classes (including cysteine protease).
Third, to further explore the optimum pH conditions for
drug release, PEG-v¢TNF-o was incubated with rat liver
lysosomes in buffers covering a pH range from neutral (pH
7) to acidic (pH 3) for 24 h. Figure 2 shows that the pH op-
timum was approximately 4, identical to that in the case of
cathepsin B (Table 2), suggesting that this may be the cru-
cial enzyme in mediating drug release from PEG-vcTNF-a.

2.4 In vitro inhibition studies

To consolidate these results, we investigated the effect of
protease inhibitors. Figure 3 compares the percentages of
TNF-a released due to lysosomes in the presence of an in-
hibitor relative to the control. Inhibitors of amino protease
(bestatin), asparatate protease (pepstatin), and metallopro-
tease (phosphoramidon) were all ineffective at 10 umol L™,
A general inhibitor for cysteine protease (E-64) abolished
the release completely, although serine protease inhibitor
(aprotinin) also arrested the release to some extent, probably
because of its high concentration. This confirms that cys-
teine proteases are largely responsible for the cleavage of
the valine-citrulline linker. Cathepsin B and L are lysosomal
cysteine proteases, which play a variety of digestive and
processing roles to maintain the normal cellular metabo-
lism [29]. To determine their contributions to the cleavage,
similar studies were performed using a specific inhibitor for
cathepsin B, CA-074 [30], and for cathepsin L, Z-Phe-Phe-
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Table 2 Effects of enzyme specificity and pH on drug release after 24 h incubation of TNF-a conjugates at 37°C

Serine proteases Cysteine proteases Aspartate proteases Metalloproteases
pH Trypsin Chymotrypsin Papain Cathepsin B Cathepsin D Pepsin A Thermolysin  Collagenase
3 0 0 22.4 10.8 0 0 0 0
4 0 0 27.0 79.6 0.4 0 0 0
PEG-vcTNF-q, 5 0 0 32.6 6.7 0 0.1 1.7 0
6 0 0 27.3 1.5 0 0 1.4 0.2
7 0 0 20.8 1.9 0 0 0 0
PEG-TNF-a 4 0 0 0 0 0 0 0 0
70
60 . . .
€ 5 o Cathepsin B 2.5 Invitro cytotoxicity
3 . —— Rat liver lysosomes As sh — 4 . . i
@ s shown in Figure 4, cytotoxicity was reduced in the PEGy
%_uf 30 lated TNF-a constructs, although PEG-vcTNF-a had slightly
§ 20 ' more toxicity than PEG-TNF-a.. The ICs; values for cytotox-
10 \ icity of and PEG-TNF-a were (5246+85) and (22310+295)
03 4 5 ;_ 7 IU mL™, respectively, and both were considerably less cy-
pH totoxic than native TNF-o. (ICsy: (122.45+3.84) IU mL™)

Figure 2 Optimum pH of enzyme activity for releasing TNF-a from

PEG-vcTNF-a labeled with FITC after 24 h incubation with either 10 units

mL™" cathepsin B or 0.5 mg protein mL™ of a rat liver lysosome prepara-

tion. Conditions: 40 mmol L™ acetate buffer (pH 3-7), 1 mmol L' EDTA,
5 mmol L' reduced glutathione, 0.1% Triton X-100; 37°C.

CHN;, [31]. As shown in Figure 3, both CA-074 and Z-Phe-
Phe-CHN, were able to dramatically suppress TNF-a re-
lease even at 10 pmol L. This suggests that lysosomal
cathepsin B and cathepsin L are responsible for the linker

cleavage.

Z-Phe-Phe-NH2

CA-074

Bestatin

Phosphoramidon

Pepstatin

E-64

(Figure 4A). After pulsed (2 h) and long-term (24 h) drug
exposure, it was shown that cytotoxic effect of PEG-
vcTNF-a increased with the length of exposure time, and
the growth inhibition rate of long-term PEG-vcTNF-a ex-
posure was higher than that of pulsed term PEG-vcTNF-a
exposure, and almost as high (at high concentrations) as that
induced by 2 h treatment with TNF-a (Figure 4B). Cyto-
toxic effects of PEG-vcTNF-a decreased with CA-074 (10
pmol L") and increased with cathepsin B (10 units mL™),
compared with the same dose of PEG-vcTNF-a alone. Fur-
thermore, the cytotoxic effects of PEG-vcTNF-a with 10

A Y

’///////////////////////////////////I////////////////Ij
3
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i i "
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Drug released (%)
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Figure 3 Effect of various protease inhibitors on TNF-a release by incubation with rat liver lysosome extracts. TNF-a release for 24 h is expressed as
percentage relative to the control. TNF-o. conjugates labeled with FITC, rat liver lysosome, and inhibitor concentrations were approximately 20 pg mL™, 0.5
mg mL™" of protein, and 10 umol L™, respectively. Conditions: 40 mmol L™ acetate buffer (pH 4.0), 1 mmol L™ EDTA, 5 mmol L' reduced glutathione,

0.1% Triton X-100; 37°C.
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Figure 4 In vitro cytotoxicity of PEG-vcTNF-a and its effect on 1.929 cell
line. CCK-8 assay was used to measure cytotoxicity. Effects of TNF-a,
PEG-TNF-o. or PEG-vcTNF-o were determined after 1.929 cells were incu-
bated for 48 h (A). Shorter incubations (2 h and 24 h) were also tested (B).
The effects of cathepsin B (10 units mL™) and CA-074 (10 umol L™) on
PEG-vcTNF-a cytotoxicity after a 48 h incubation were also examined (C).
Cytotoxicity (%) was calculated relative to control culture incubated without
TNF-a, PEG-TNF-a. or PEG-v¢TNF-a.. n=4.

units mL ™" cathepsin B were almost identical to that induced
by the same dose of native TNF-a (Figure 4C), suggesting
that under these conditions, the entirety of the conjugated
drug is being released to act in the same way as native
TNF-a. To characterize the killing mechanism of L929 cells
induced by TNF-o, PEG-TNF-a and PEG-vcTNF-a, we
compared the content of viable, necrotic and apoptotic cells
in cell cultures treated for 12 h with these formulations. As
seen in Figure 5A, approximately 83% of 1929 cells in con-
trol cultures were viable (bottom left quadrant). Incubation
with TNF-a resulted in a large increase in apoptotic cell
number (Figure 5B), which was less apparent after incuba-
tion with PEG-TNF-a (Figure 5C) and PEG-vcTNF-a
(Figure 5D). The number of apoptotic cells decreased when
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cells were cultured with PEG-v¢TNF-a in the presence of
CA-074 (Figure 5E), and increased following combined
treatment with PEG-vcTNF-a and cathepsin B (Figure 5F).
Neither cathepsin B nor CA-074 alone resulted in cell ne-
crosis or apoptosis (data not shown).

2.6 In vivo study of antitumor effects

We compared the antitumor potency of PEG-vc¢TNF-a to
those of native TNF-o and PEG-TNF-a with scheduled i.v.
injections on Meth-A solid tumors. Control mice (saline or
PEG alone) showed no antitumor effect (data not shown),
whereas native TNF-a showed suppression of tumor growth
(Figure 6). However, three of eight mice administered na-
tive TNF-a at a dose of 10000 IU died within 24 h, and the
remaining mice developed piloerection, tissue inflammation
and a loss in body weight (data not shown). Whereas the
minimal dose of native TNF-a (200 IU) was not effective
for tumor growth inhibition. PEG-vcTNF-o and PEG-TNF-
o had markedly increased antitumor potencies compared
with native TNF-a.. As shown in Figure 6, PEG-TNF-a at a
dose of 2000 IU showed the maximal antitumor effects
without any toxic side effects and had antitumor effects
superior to that of native TNF-a at a dose of 10000 IU. On
the other hand, only 200 IU of PEG-vcTNF-a was needed
to exhibit a marked antitumor potency, and tumor growth
was completely inhibited during the observation period.
This reversal of tumor growth was only seen at 2000 IU of
PEG-TNF-a and at 10000 IU of native TNF-a, indicating
that PEG-v¢TNF-a was a more potent antitumor agent by
approximately 10- and 50-fold, respectively, compared to
unlinked PEG-TNF-a and native TNF-a..

2.7 Pharmacokinetics studies in mice

The plasma concentrations of TNF-a after i.v. administra-
tion of native TNF-a, PEG-TNF-a or PEG-v¢TNF-o are
shown in Figure 7. Native TNF-a was rapidly eliminated
from the circulation, and its plasma half-life was only 0.31 h
(Table 3) which corresponds to that reported previously [32].
In contrast, the plasma clearance of both PEG-TNF-a and
PEG-vcTNF-o was markedly decreased relative to that of
native TNF-a and their plasma half-lives were 27.23 and
21.22 h, respectively, approximately 85- and 65-fold longer
than that of native TNF-a..

3 Discussion

The peptide-linked PEGylated protein reported here is dis-
tinguished from the general PEGylated proteins described
elsewhere in three important aspects: stability in plasma,
sensitivity to cathepsin B, and specific activity. Generally,
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Figure 5 The effect of PEG conjugates on 1929 cell apoptosis. 1.929 cells (1x10°cells well™) were plated in multiwell plates. After 24 h, buffer (A),

TNF-a (10 IU mL™") (B), PEG-TNF-a. (C), PEG-v¢TNF-a. (D), PEG-v¢TNF-a. with CA-074 (10 pmol L™ (e) or PEG-v¢TNF-o with cathepsin B (10 units

mL™") (F) was added. Cells were incubated for a further 12 h. Culture medium was then replaced with 100 pL cold binding buffer. Cell staining was per-
formed using Annexin V-FITC according to the manufacturer’s instructions. Samples were analyzed using a FACSCanto (BD, USA) flow cytometer.

PEGylation of a protein drug enhances its plasma half-life
and in vivo stability because of its increased molecular size
and steric hindrance, but these improvements are accompa-
nied by a significant loss of their specific activity. In this
paper, we describe the use of a cathepsin B-cleavable
dipeptide linker in novel PEGylated conjugates to overcome
the contradiction between long plasma half-life but low
therapeutic efficacy for PEGylated proteins and short
half-life/poor tissue selectivity for native TNF-a.

PEG polymer is nontoxic and is approved by the FDA
for use in drugs, so is used widely to modify therapeutic
proteins. Literally thousands of research articles have de-

scribed almost every aspect of attachment of PEG to a
therapeutic protein. In this work, an N-hydroxysuccinimide
derivative of the activated polymer (PEG-NHS or PEG-vc-
NHS) was used to attach PEG to TNF-a. The preparation
process of conjugates was according to previously described
methods. For PEG-vcTNF-a, two amino acids were added
to the N terminal of TNF-a prior to attachment to PEG
through the N-hydroxysuccinimide activated ester. We
showed that PEG modification had negative effects on the
bioactivity of TNF-a, which caused reduction in specific
activity to between 6.23% to 74.19% depending on the de-
gree of modification. For general PEGylation, the remaining
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Table 3 Pharmacokinetic parameters of TNF-o in plasma after i.v. administration of different formulations to rats. Data are mean+SD, n=6

Formulation t1 (h) AUC (0-INF) (cpm pL™") h MRT (h)
TNF-a 0.31+0.03 133+17 0.44+0.04
PEG-TNF-a. 27.23+5.72 34724898 39.29+8.25
PEG-vc¢TNF-o 21.22+3.1 3554549 30.62+4.47

bioactivity of TNF-a decreased as modification degree in-
creased, because of the loss of binding site(s) and/or steric
hindrance. This finding suggested that PEG chains sterically
hindered the TNF-receptor binding site for PEG-TNF-q,
consistent with many literature reports. However, when a
valine-citrulline moiety was added between PEG and
TNF-a, we found, unexpectedly, that the loss of bioactivity
was much less than without the valine-citrulline linker, in-
dicating that this moiety plays an important role in protect-
ing TNF-a bioactivity.

We hypothesized that TNF-a could be liberated from
their conjugates by incubation with proteases. However,
released TNF-a will theoretically be degraded by compo-
nents of the plasma or by the proteases used in these ex-
periments. This prediction is supported by the absence
TNF-a in our test conditions (data not shown). Evaluation
of PEG conjugate stability in samples taken from plasma or
other solutions presents a challenge for drug quantitation,
because TNF-a is easily degraded by unspecific proteases
in plasma or by lysosomal proteases such as cathepsin B.
When TNF-a is released from PEG conjugates into plasma,
it is cleared very quickly, so the free drug was undetectable
(data not shown). Accordingly, it is very difficult to directly
quantify released TNF-o in the presence of plasma or pro-
teases. In this study, PEG is used as an amphichroic mole-
cule, such that when PEG attaches to a protein, that protein
becomes similarly amphichroic. Making use of the amphi-

chroic features of PEG or PEG conjugates, TNF-a conju-
gates labeled with FITC or PEG in plasma samples were
extracted with chloroform [26]. Fluorescence intensity was
then analyzed with a fluorescence spectrophotometer.
TNF-a concentration (including conjugates) can be vali-
dated by to this process, which was highly reproducible
(data not shown).

As shown in Figure 1, significant drug loss occurs in
plasma, possibly because of the presence of unspecific pro-
teases in mouse and human plasma [33]. However, the sta-
bility of TNF-a in both PEG conjugates in plasma was
similar, indicating that the degradation mostly results from
the direct effect of these proteases on the TNF-a rather than
on the cathepsin B-sensitive peptide linker (valine-citru-
lline). The cathepsin B-sensitive peptide linker therefore
seems resistant to protease actions while in the circulation. It
was found that the half-life of drug loss for PEG-vcTNF-a. is
more than five days when incubated in human plasma, con-
firming that the dipeptide linkers used in PEG-vcTNF-a
offer a significant stability advantage in human plasma,
which is crucial for the in vivo efficacy of the conjugate.
Drug loss from both conjugates was faster when incubated
in human plasma, suggesting that more protease activity is
present in human plasma than in mouse plasma. This find-
ing was consistent with the report that human plasma has
much higher levels of protease activity than mouse pla-
sma [33].
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Knowledge of enzyme specificity permits the design of
drug-polymer conjugates that can be activated specifically
at the tumor site. Cathepsin B is an attractive target for the
release of drugs, because increases in the levels of mRNA,
protein, enzyme activity, membrane association, and secre-
tion of cathepsin B have all been observed in tumors.
Therefore, cathepsin B-specific drug release observed in the
case of PEGylated protein is thought to be advantageous
from the viewpoint of presenting the cytotoxic agent selec-
tively at the tumor site. We showed that PEG-vcTNF-a was
cleaved by cysteine proteases, but not other proteases, to
release TNF-a, and this release is dependent upon pH. Our
finding that the valine-citrulline linker peptide is specifi-
cally targeted by cysteine proteases to release the peptide
drug from the PEGylated conjugate is in agreement with
previous reports [20-24].

Here the question arises of whether cathepsin B liberates
TNF-o within the lysosomes or outside the cell. The answer
is to be found in our observations that the release of TNF-a
relies on pH, with the optimum condition being pH 4. With
regard to pH, tumors were thought for many years to have a
more acidic pH than most normal tissues. The major differ-
ence lies in the extracellular pH. In normal tissue extracel-
lular pH is at about 7.4, whereas in many tumors it is about
0.3-0.5 pH units more acidic in comparison to intracellular
pH (pH 7.1-7.2) [34]. This extracellular acidification in
tumors is insufficient for the release of TNF-a, indicating
that drug release occurs in the lysosomes.

To further prove that it is cathepsin B that acts on the
peptide linker, the effect of several enzyme inhibitors was
evaluated, including aprotinin, bestatin, pepstatin, phos-
phoramidon, E-64, Z-Phe-Phe-CHN,, and CA-074. In Fig-
ure 3, E-64, CA-074 and Z-Phe-Phe-CHN, were all able to
dramatically suppress the release. E-64 is a non-specific
inhibitor of cysteine proteases, while CA-074 and Z-Phe-
Phe-CHN; are specific inhibitors of cathepsin B and cathep-
sin L, respectively. This suggests that lysosomal cathepsins
B and L are responsible for the cleavage and further support
our earlier results.

The L.929 cell was used in these tests because this cell
line is particularly sensitive to TNF-a. It was proven again
at the cellular level that PEGylation of proteins is accompa-
nied by a significant loss of their activities. However, we
show in Figures 4 and 5 that PEG-vcTNF-a induced higher
cytotoxicity and more apoptosis in these cells than PEG-
TNF-a, through the mechanism of cathepsin-specific re-
lease of TNF-a, as demonstrated by the enhancement and
inhibition of this response by cathepsin B and the cathepsin
B inhibitor, CA-074, respectively. Thus, the dipeptide link-
ers used appear to play an important role on the improve-
ment of in vivo antitumor efficacy of PEG-v¢TNF-a. Cyto-
toxicity of PEG-v¢TNF-a was observed to be both dose-
and time-dependent. Although very low, PEG-TNF-a
showed some cytotoxicity, possibly because of incomplete
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modification by PEG.

The antitumor effect of PEG-vcTNF-o compared with
PEG-TNF-a and native TNF-o was improved greatly,
which might reflect their improved plasma stability, circula-
tion time, tumor selectivity etc. The poor antitumor effect of
native TNF-a indicates its fast elimination from the plasma,
while the improved efficacy of PEG-vcTNF-a suggests that
more drug is released in the tumor tissues. In comparison
with native TNF-q, the antitumor effect of PEG conjugates
increased significantly, about 50-fold for PEG-vcTNF-a
and 5-fold for PEG-TNF-a, respectively. As shown in Fig-
ure 6, PEG has no toxicity when administered intravenously
at this dose and has not shown antitumor effects in tu-
mor-bearing mice. Thus, it is the PEGylation of TNF-a, not
the PEG itself, which contributes to the improvements in
pharmacodynamics. The shielding of proteolytic cleavage
sites of TNF-a by the PEG chain and reduction of the renal
clearance due to increased molecular size lead to the in-
crease in circulation time and plasma stability for both
PEG-TNF-o and PEG-vcTNF-a, as demonstrated in the our
pharmacokinetic and in vitro stability studies. Additionally,
it is well known that macromolecules are accumulated and
retained in the tumor tissue much more than in normal tis-
sues, a phenomenon termed the “enhanced permeability and
retention (EPR)” effect [35,36]. Many macromolecular
anticancer agents, such as synthetic polymer-conjugating
drugs, polymeric micelle-containing drugs and others, have
been reported accordingly [32,37]. The increased tumor
growth inhibition seen here with the TNF-a conjugates
might also result from the EPR effect of PEGylation.

However, with the same degree of PEG modification,
PEG-vcTNF-a was approximately 10-fold more potent than
PEG-TNF-a, suggesting that the linkage with the cathepsin
B-sensitive valine-citrulline dipeptide as a cleavable moiety
further promotes the anticancer activity of the PEGylated
TNF-a against murine fibrosarcoma. Although the inserted
dipeptide is important for the selective release of drugs from
the conjugate in tumor tissue, it is necessary to recognize
the contribution of PEGylation per se in conferring in-
creases in circulation time, plasma stability, and the EPR
effect. Thus, it is crucial to combine both PEG and a prote-
ase-sensitive linker to achieve better anticancer activity. We
have demonstrated here the in vivo mechanism of action of
PEG-vcTNF-a after administration by i.v. injection. PEG-
vcTNF-o has a longer circulation time than TNF-a, and
accumulates and is retained in the tumor tissue because of
the EPR effect. Once sequestered in this way, PEG-v¢TNF-a
is cleaved and TNF-a is released from the dipeptide PEG
conjugates through enzyme hydrolysis in the tumor tissue,
where cathepsin B was expressed extracellularly. This leads
to high local concentrations of TNF-a in the tumor tissue,
which greatly enhances it anticancer efficacy. We believe
that this technology is a major advance in the delivery of
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protein anti-cancer agents to their intended site of action,

and

will hopefully lead to improved therapies in the fight

against cancer.
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