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Figure 9. Plasma clearance and tissue distribution of native SOD and PVD-SODs 3 h after intravenous injection.
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of PVD-SOD increased with a decrease in their molecular
size. For L-PVD-SOD with an activity almost equivalent
to native SOD, the renal accumulation was about six times
higher than that of native SOD. Moreover L-PVD-SOD
did not show with selective distribution to other major
organs such as the liver or spleen. M-PVD-SOD and H-
PVD-SOD showed higher distribution to the liver than
native SOD and L-PVD-SPD, probably due to their high
blood concentration.

We also assessed the therapeutic effect of L-PVD-
SOD on ARF (Table 1). ARF was induced by
subcutaneous injection of HgCl, at a dose of 8 mg/kg.
SOD may be a defective agent to protect against the
damaging effect of reactive oxygen species involved in
inflammatory joint disease, such as ARF and rheumatoid
arthritis (Corvo et al, 1997). The clinical application of
SOD is limited because of its poor stability and
pharmacckinetic properties (Veronese et al, 2002). Not
only the levels of urinary ALP, A-GTP, NAG, and serum
creatinine, but also the urinary content of hemogloblin,
ketone glucose, and protein rapidly increased after 12 h
later. Native SOD and L-PVD-SOD were injected
intravenously at a dose of 4 mg proteinkgl2 h after
injection of HgCl,. The therapeutic efficacy was assessed
48 h after the administration of HgCl, (Table 1), because
ARF markers reached the highest levels in untreated ARF
mice. Native SOD showed weak therapeutic effects,
because of its poor remal accumulation. PVP-SOD
accumulated poorly in the kidney and did not produce
substantial effects (data not shown). However L-PVD-
SOD effectively accelerated the recovery from ARF. L-
PVD-SOD showed great potential as a renal antioxidant
agent against ARF. Drugs that prevent ARF pathopoiesis
were given before the induction of ARF in almost all
previous studies. In our study, L-PVD-SOD effectively
accelerated recovery from ARF. These results suggest that
L-PVD-SOD may be a candidate for a novel therapeutic
agent with high renal targeting capability.

IV. Conclusion
Recently, the focus of life science research has
shifted from genome analysis to genetic and protein
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function analysis resulting in drastic advances in
pharmaco-proteomics. Recent advances in structural
genomics will help clarify the function of numerous
proteins. Therefore, it is highly probable that bioactive
proteins such as newly identified proteins and cytokines
will find therapeutic applications. (Furman et al, 1993;
Glue et al, 2000; Bamnard, 2001; Kreitman ct al, 2001).
However, most of these proteins are limited in their
clinical application because of unexpectedly low
therapeutic effects. The reason for this limitation is that
these proteins are immediately decomposed by various
proteases in vivo, and are rapidly excreted from the blood
circulation. Therefore, frequent administration at an
excessively high dose is required to obtain their
therapeutic effects in vivo. As a result, homeostasis is
destroyed, and unexpected side effects occur. Many cancer
chemotherapies utilizing anticancer antibiotics are also
limited by such problems. Therefore, in order to overcome
the limitations peculiar to many proteins, we attempted to
perform chemical modification (bioconjugation) with
water-soluble polymers. Bioconjugation with polymeric
modifiers improves plasma clearance and body
distribution, resulting in an increase in therapeutic effects
and decrease in side effects, We sugpgest that the
investigation of the relationship between the degree of
modification by the polymer, molecular size, and specific
activity on bioactive protein bioconjugation may
accomplish an increase in therapeutic effect and a decrease
in side effects. In addition, our previous study indicates
that optimally bioconjugated drugs can achieve well-
balanced tissue transport, receptor binding, and plasma
clearance, resulting in a selective increase in therapeutic
effects.

On the other hand, in order to deliver a bioconjugated
drug to the targeted tissue, the conjugate must be designed
to possess desirable pharmacokinetic characteristics such
as plasma clearance and tissue distribution. It is well
known that the fate and the distribution of the conjugates
are govemned by the physicochemical properties of
polymeric modifiers, such as molecular weight, electric
charge, and hydrophilic-lipophilic balance. The increase in
the therapeutic effect of a drug bioconjugated with
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Table 1 Therapeutic effects of L-PVD-SOD to HgCl,-induced ARF

Intact mice ARF mice Native SOD-treated =~ L-PVD-SOD-treated
ARF mice ARF mice
Urinary levels  Hemoglobin - (<0.06 mg/dl)  ++(>0.7Smg/dl) + -
Ketone <5 mg/dl) ++H(>20 mg/dl) + -
Glucose <100 mg/dl) ++>2000 mg/dl) + %
protein (<10 mg/dl) +{(>1000 mg/dl) + +
¥-GTP (<0.7IULOG) +H>SSOIUM)  ++ +
ALP (<14 1UN) ++>400 1UN) + +
NAG «<121Un) +H(>17 IUM) ++ -
Serum levels creatinine -(<0.5 mg/dl) +H>1.5mg/dl) + +

From J Contro} Release. 2004 Mar 5;95(2):229-37

polymeric modifier is attributed to the pharmacokinetics of
the bioconjugated drug. Therefore, selecting the polymeric
modifier by considering the influence of physicochemical
characteristics on its pharmacokinetics is markedly
important. As mentioned above, sequential and multiple
strategies are needed for the optimization of drug therapy
based on bioconjugation: (I) optimum selection of the
polymeric modifier considering the disposition of the
drugs and objectives such as targeting or controlled
release; (ii) bioconjugation based on estimation of
characteristics such as molecular size, modification site,
degree of modification, and specific activity; and (iii)
assessment of therapeutic effect and phammacokinetics of
bioconjugated drug. Further this methodology may be
applied to not only bioactive protein but also gene therapy,
we demonstrated bioconjugated adenovirus vectors
enhanced transduction cfficiency longer than naked virus
vector in vitro and in vivo (data not shown). These results,
in concert with the pharmacokinetic profiles, indicate that
bioconjugation does protect the virus from inactivation in
the serum and, as a result, improves the transduction
efficiency of in susceptible organs in vivo (O'Riordan et
al, 1999; Croyle et al, 2004). Bioconjugation prolonged
transgene expression and allowed partial readministration
with native virus or with a virus bioconjugated with a
heterologous chemical moiety. Apparently, modification
of the capsid leads to a shift in antigenic epitopes because
vector readministration was not possible when the
immunizing vector had been modified by the same
bioconjugation chemistry used to modify the second
vector. This concept of improving the performance of
virus vectors through modification of the capsid with the
optimum molecular design of a polymeric modifier shows
promise. Our fundamental approach will enable the
establishment of such a methodology ofbioconjugation.
This approach may facilitate the optimum molecular
design of a polymeric modifier in a drug delivery system.
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With the suceess of human genome projects, the focus of life science research has shifted to the functional
and structaral analyses of proteins, such as disease proteomics. These structural and functional analyses of ex-
pressed proteins in the cells and/or tissues are expected to contribute to the identification of therapeutically ap-
plicable proteins for various diseases. Thus, pharmaco-proteomic based drug development for protein therapies
is most noticed currently. However, there is a clinical difficulty to use almost bioactive proteins, because of their
very low stability and plefotropic actions in vive. To promote pharmaco-proteomic based drug development for
protein therapies to various diseases, we have attempted to establish a system for creating functional mutant pro-
teins (muteins) with desired properties, and to develop a site-specific polymer-conjugation system for further im-
proving the therapeuntic potency of proteins. In this review, we are introducing our original protein-drug innova-

tion systems mentioned above.

Key words  phage display; PEGylation; protcomic; protcin therapy; drug delivery system (DDS)

The completion of the human genome project has revealed
that humans have about 30000 genes, and more than half of
them encode unknown proteins. They include a number of
proteins that are thought to be integrally related to pathologi-
cal disorders and other biological phenomena. Thus, they are
anticipated to be potentially useful as protein drugs and/or as
targets for drug innovation and development. In the post-
genome era, the focus of life science research has shifted to
the functional and structural analysis of proteins, such as dis-
ease proteomics and structural genomics. Proteomics com-
prises the comprehensive analysis of all proteins with regard
to their temporal and special, or qualitative and quantitative
aspects. Structural genomics provides information about the
relationship between protein function and 3D-structure.
Thus, many scientists expect that these approaches will offer
tremendous potential for discovery of novel drug targets and
unique lead compounds for drug development.

In recent years, cytokine or antibody therapy has also re-
ceived attention for advanced drug therapies in the twenty-
first century, and attempts are being made to develop a wide
variety of therapeutic proteins for diseases including cancer,
hepatitis, and rheumnatism.'—® For this reason, pharmaco-
proteomic based drug development for protein therapies has
received even greater attention as a future technology for the
creation of therapeutic proteins.

It is a well-known fact that the later half of the 20th cen-
tury brought about the identification of a number of bioactive
proteins, anticipated as “dream™ protein drugs for refractory
diseases. However, as many cases in the past demonstrate,
these proteins are limited in their clinical application because
of unexpectedly low therapeutic effects.%!®~'? The reason
for this limitation is that these proteins are immediately
degradated by various proteases in vivo and rapidly excreted
from blood circulation. Therefore, frequent administration at
an excessively high dose is required to obtain their therapeu-
tic effects in vivo, which causes disturbance of homeostasis
and unexpected side effects. Additionally, cytokines gener-
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ally show pleiotropic actions through a number of receptors
in vivo, making it difficult to elicit the desired effect without
simultaneously triggering side effects as well. From this
standpoint, creation of novel technologies that overcome the
problems peculiar to bioactive proteins is absolutely essential
for advancement of pharmaco-proteomic based drug devel-
opment for protein therapies. These technologies are suitable
for Drug Delivery Systems (DDS) that seek to maximize the
therapeutic potency using proteins. It can thus be called a
crossover, bridging the gap between basic research in the
post-genome cra and 21st century drug therapies.

Thus, our group’s research has the following three goals
(details of which will be taken up in separate sections to fol-
low): 1) development of a powerful system that rapidly al-
lows creation of functional muteins with a higher receptor
affinity and receptor specificity based on the phage display
technique,'® 2) establishment of a novel polymer-conjugation
system that can improve the stability of proteins in vivo and
selectively increase their therapeutic effects,'>' 3) design of
functional polymeric carriers (modifiers) with DDS capabili-
ties such as targeting and controlled release.'” We are now
attempting to fuse'™ to create a protein-drug innovation
system as the basis of DDS technology to further promote
the pharmaco-proteomic based drug development for protein
therapies. In this review, we will describe this protein-drug
innovation system in as much detail as space permits,

CREATING A SYSTEM FOR PRODUCING ARTIFICIAL
FUNCTIONAL MUTEINS WITH ADVANCED MEDICI-
NAL APPLICATIONS

Seeking therapeutic applications of bioactive proteins,
many research institutes for biotechnology have experi-
mented in the past with the creation of muteins that had se-
lectivity and high affinity for specific receptors by substitut-
ing amino acids with site-directed mutagenesis, as typified
by the Kunkel method.*2 However, the creation of

© 2004 Pharmaceutical Socicty of Japan
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muteins by such point mutation approaches requires simula-
tion of the mutant’s 3D-structure and generation of individual
mutants by replacement of the bioactive protein amino acids
individually through a trial and error process. Additionally,
each mutein’s functional capabilities must be assessed indi-
vidually to see if it achieves the desired goal. For these rea-
sons, traditional approaches not only required a great invest-
ment of time and effort to create desired muteins, but also
put limitations on the variety of mutational types that could
be produced, making it difficult to achieve results as ex-
pected.

In recent years, the phage display system has been devel-
oped for the rapid and exhaustive determination of high affin-
ity ligands for given targets (i.e., a target molecule, particle
and/or cell) by utilizing information on it’s life cycle.” The
advantages of a phage display system are 1) easily preparing
a library consisting of structural variants of a polypeptide as
diverse as over one hundred million and 2) isolating several
molecules binding to a targeted ligand from this library in a
few weeks. Thus, phage libraries displaying polypeptides
have extensively been applied to identification of specific
molecules with high affinity for targeted ligands. The phage
display method is thus expanding its range of applications as
a standard technology for quickly and thoroughly screening
out bond molecules.2*—?® However, at present it appears to
only be utilized as a way of identifying antibodies and pep-
tides with high affinity for specific targets. There appear to
have been no cases of exposing bioactive proteins like cy-
tokines on phage surfaces.

Given the background outlined above, we first used the
phage display system to quickly and efficiently create func-
tional muteins with advanced medical value. Functional
muteins with improved affinity and specificity for target re-
ceptors were selected from more than 10® types of structural
mutant proteins displayed on phage particles. This is a neo-
Darwinist molecular evolution strategy for pharmaco-pro-
teomic based drug development for protein therapies. An ex-
ample in previous structure-activity relationship research
using site-directed mutagenesis like the alanine scan is that
lysine residues (including Lysl1, Lys65/Lys90) were gener-
ally thought to be indispensable in the formation of TNF-a
(Tumor Necrosis Factor-c) 3D-structures (i.e., trimeric struc-
tures) and receptor bonding. Because lysine residues have
critical roles in protein structure or ligand-receptor binding,
the replacement of lysine residues with amino acids other
than basic ones such as arginine was assumed to be impossi-
ble without loss of bioactivity in point mutation analysis
without being limited to TNF-a. In fact, no such muteins ex-
isted with which all lysine residues were substituted for other
amino residues with full bioactivity (i.e., a lysine-deficient
mutant) until recently. However, we succeeded in creating ly-
sine-deficient mutant TNF-ass that retained its original bicac-
tivity, with some of them displaying 13 times the bicactivity
within an in vivo therapeutic window of wild-type TNF-a
(WTNF-a) Fig. 1. Our results have shaken the fixed concept
mentioned before. Analysis using BIAcore and ultracentrifu-
gation suggested that lysine-deficient mutant TNF-as have
affinities for TNF-R1 and TNF-R2 equivalent to that of wild-
type TNF-cr. We also confirmed through ultracentrifugation
and gel filtration chromatography that they formed trimeric
structures. These results lead us to believe that we have,
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through affinity selection using TNF-R1 and anti-TNF neu-
tralizing antibody, successfully isolated lysine-deficient mu-
tant TNF-as with full bioactivity and correct tertiary struc-
ture from the phage library consisting of 10° variant TNF-&
with replacement of all lysine residues with other residues.
Using these technologies, we have already created a number
of functional TNF-a muteins and improved their affinity and
in vivo stability. We also constructed lysine-deficient libraries
of other cytokines, receptor proteins, and antibodies to create
lysine-deficient muteins with full activity. Our system for ap-
plying the phage surface method to the construction of artifi-
cial functional muteins has not only shown the tremendous
power for the DDS-based pharmaco-proteomic based drug
discovery and development for protein therapy technology,
but also redefined the concepts of protein engineering and
the correlation between protein structure and activity, find-
ings that have not been previously obtained by mutational
technologies like the alanine scan. Remarkable progress in
proteomics and structural genomics will accelerate the im-
plementation of pharmaco-proteomic based drug develop-
ment for protein therapies through combination with our
neo-Darwinist molecular evolution strategy in the near fu-
ture,

At the same time, progress in bioinformatics has provided
a greater understanding of the relationship between amino
acid sequences and structures of proteins and their functions,
which will allow the prediction of structures and functions of
unknown proteins, given an amino acid sequence. Thus, this
will enable us to design amino acid sequences with a desired
function and structure and efficiently simulate organic sub-
stances that mimic their forms and functions. To improve
bioinformatics, structural muteins having a vast amount ‘of
diversity with regard to a wide variety of proteins must be
created, and information on their functional properties such
as ligand-receptor binding and bioactivity must be accumu-
lated to determine the structure—activity relationship. Our
group’s “system of creating functional muteins” was capable
of creating a library of more than 10® structural mutants in a
single week, making it an important technology for the gath-
ering of such information. In addition to the functional as-
sessment of artificial functional TNF-a and other proteins, as
described above, we are currently working on X-ray crystal-
lography as well, in hopes that the combination of these two
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forms of technology will contribute to new developments in
bioinformatics in the near future.

A NEW METHOD FOR SITE-SPECIFIC POLYMER-
CONJUGATION

Following the 1980%, attachment of water-soluble poly-
mers like PEG (polyethylene glycol) to the surface of bioac-
tive proteins (polymer-conjugation) has been devised in the
field of protein drug development including DDS to over-
come problems in their clinical application.?® % Covalent
conjugation of proteins with PEG is specifically referred to
as PEGylation. Polymer-conjugation of bioactive proteins de-
creases their renal excretion rate due to the increased molec-
ular size. In addition, since the water-soluble polymers cover
the protein surface, the attack from proteases is blocked by
steric hindrance, resulting in prolongation of the in vivo half-
life Fig. 2. By a similar effect of steric hindrance, anti-
genecity and immunogenicity in immune response decrease,
resulting in prolongation of in vivo clearance and stabiliza-
tion. All of these advantages lead to an increase in internal
stability, in turn making it possible to decrease both adminis-
tration doses and times. Polymer-conjugation has been recog-
nized as one of the most efficient ways of improving thera-
peutic potency of proteins among several DDS technologies
for pharmaco-proteomic based drug development for protein
therapies. However, bioconjugated proteins described to date
have mostly been limited to enzymes such as Adenosine
Deaminase and Superoxide Dismutase (SOD) acting on low-
molecular-weight materials.*’ % In our previous study, the
specific activity of bioconjugated SOD was not associated
with the molecular weight of PEG and was determined only
by the modification rate of active sites Fig. 3. These results
suggest that SOD-substrate complex formation was possible
without steric hindrance by water-soluble polymeric modi-
fiers attached to SOD because of the low molecular weight of
the substrate (superoxide anion), On the other hand, IL-6 (In-
terleukin-6),) which requires binding to high molecular re-
ceptors for the development of activity, displayed decreases
in specific activity with an increase in the modification rate
by water-soluble macromolecules, and the degree of this de-
crease was more notable when the molecular weight of the
modifying macromolecule was larger Fig. 3. For this reason,
in bioactive proteins consideration should be given to severe
loss of activity derived from inhibition of binding to receptor
molecules caused by steric hindrance formed in the poly-
meric modifier, in addition to a decrease in the specific activ-
ity due to modification of the active sites. Therefore, poly-
mer-conjugation of bioactive proteins like cytokines that
need binding with macromolecular receptors is advantageous
in that it blocks the attacks of proteases by steric hindrance
more effectively when the molecular weight of the modifying
is larger but is overwhelmingly disadvantageous in that it
also inhibits receptor binding, causing a reduction in the spe-
cific activity, Furthermore, the increase in the molecular
weight by water-soluble polymeric modifiers improves the re-
tention of the proteins in the circulation as a result of a de-
crease in the renal excretion rate, but this simultaneously
causes marked restriction of their transport from the circula-
tion to tissue. Thus, polymer-conjugation of physiologically
active proteins that need binding with macromolecular recep-
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-6,

tors to produce their activity do good as well as harm.

With these problems described above in mind, we at-
tempted to improve the polymer-conjugation system using
TNF-a and IL-6 as model proteins (therapeutic effect: anti-
tumor effect for TNF-a, thrombopoietic effect for IL-
6).1>=134—% In summary, a loss in bioactivity could not be
avoided but we: 1) selected the optimal modifying molecule
according to the purpose of polymer-conjugation and proper-
ties of individual physiologically active proteins and 2) accu-
mulated basic data such as the molecular weight-modifica-
tion rate-activity relationship in detail and then determined
the optimal polymer-conjugation conditions to a) increase
plasma half-life and stability, b) control behavior in the body
(well-balanced tissue transport), and c¢) selectively enhance
desirable therapeutic activities of bioactive proteins without
increasing their side effects. This c) selective enhancement of
therapeutic effects in bioactive proteins was mainly brought
about by a decrease in given dosages with increased in vivo
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stability and by prevention of transport to tissues that were
affected by the side effects. For example, we succeeded in in-
creasing the anti-tumor effect of TNF-¢ and the thrombopoi-
etic effect of IL-6 by 100 fold and 500 fold, respectively,
without any side effects Fig. 4. From this standpoint, poly-
mer-conjugation of bioactive proteins that requires binding to
high molecular receptors for the development of activity has
been attempted globally, and PEGylated Interferon-a has
been used in clinical treatment of hepatitis C.3'*>*9 How-
ever, this approach is limited by the frequent substantial loss
of protein specific activity associated with polymer-conjuga-
tion. Lysine amino groups of proteins are often used as sub-
strates for polymer-conjugation because they are highly reac-
tive and the bionconjugation reaction is mild enough to mini-
mize disruption of the protein structure. This polymer-conju-
gation, however, is nonspecific and occurs at the N terminus
as well as all internal lysine residues, some of which may be
in or near protein active sites. Such bioconjugated proteins
thus consist of positional isomers with polymeric modifiers
at various sites that have distinct activities and other charac-
teristics. Such bioconjugated isomer mixtures can therefore
have inconsistent therapeutic effects. To overcome this prob-
lem, site-specific polymer-conjugation can be achieved
through a free thiol in the engineered proteins.'*® This effi-
cacy of this approach is compromised, however, by an ex-
tremely low yield of bioconjugated proteins and a substantial
loss of activity owing to the introduction of a free thiol
residue.

Based on these points, we successfully developed a novel
polymer-conjugation system fused to a “neo-Darwinist
model of molecular evolution.” In other words, we first ap-
plied the phage display system to create fully bioactive ly-
sine-deficient mutant proteins and then carried out site-spe-
cific polymer-conjugation to improve therapeutic potency.
Regarding this site-specific polymer-conjugation, the maxi-
mal yield of bioconjugated protein was >90% with superior
molecular uniformity because the N terminus of the protein
is specifically bioconjugated.

An example in TNF-« is where amino groups of all six in-
ternal lysine residues are also targets for polymer-conjuga-
tion, and studies using site-directed mutagenesis analysis
have reported that Lys11 and Lys90 are essential for the pro-
tein’s homotrimer formation as an active form and for inter-
action with its receptor, respectively. %% Therefore, tradi-
tional polymer-conjugation as mentioned has caused a sub-
stantial loss of specific activity. Indeed, this is supported by
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our results, in which randomly mono-PEGylated wild-type
TNF-a (ran-PEG-TNF-a) was heterogeneous at the molecu-
lar level and had <10% of the specific bioactivity of unmodi-
fied wild-type TNF-a.

On the other hand, the N terminus of TNF-« is not indis-
pensable for function because a deletion mutant of TNF-a
lacking eight residues at the N terminus retains full bioactiv-
ity. In such instances, site-specific mono-PEGylated TNF-a
(sp-PEG-TNF-a) was uniform at the molecular level and had
similar bioactivity (80%) to that of unmodified mTNF-a.
Additionally, this sp-PEG-TNF-as displayed greater antitu-
mor therapeutic potency than ran-PEG-TNF-a because of an
increase in plasma half-life. Thus, we are now attempting to
study the clinical application of sp-PEG-TNF-as. On the
other hand, we are currently trying to construct lysine-defi-
cient forms of IFN-¢&, TNF-R1, antibody specific to TNF-o
(scFv), and IL-6 with full activity and site-specific PEGyla-
tion of their N termini.

DESIGNING OF FUNCTIONAL POLYMERIC CARRIERS
WITH DDS CAPABILITIES

The fate and distribution of conjugates between polymeric
carriers and drugs is determined by their physicochemical
properties, such as electric charge and hydrophilic balance.
Therefore, we have been trying to design polymeric carriers
with usefu} functions such as targeting and controlled release
capability, which can closely regulate their behavioral char-
acteristics in vivo, to achieve optimization of drug therapy by
polymer conjugation.

For example, we have previously reported that PEG and
PVP are useful and powerful polymeric carriers for improve-
ment of the plasma half-lives of proteins. Furthermore, the
copolymer of divinyl ether and maleic anhydride (DIVEMA)
has antitumor activity (induction of INF-y and activation of
immunocompetent cells)* and the PVP introduced lauric
acid selectively accumulated in the spleen.®® These novel
polymeric modifiers will be used to increase plasma half-
lives of conjugated bioactive proteins and to provide useful
DDS functions for control of the behavior of proteins in vivo,
which cause further increase their therapeutic activity and
safety by isolation of desirable activity for clinical use.

From a series of research, we have synthesized a novel
polymeric drug carrier, polyvinylpyrrolidone-co-dimethyl
maleic anhydride (PVD), which accumulated in the kidney
and displayed controlled-release in response to changes in
pH.' PVD binds to an amino group of a protein by forming
an amide bond through its acid anhydride group at a pH of
over 8.0 and then reversibly dissociates from the amino
group, changing in pH to a slightly acidic form. In inflamma-
tory tissue and tumor tissue, the pH is lower than normal.
Therefore, if PVD is used in nephritis and renal cancer, PVD
is expected to accumulate in the kidneys and gradually re-
lease the drugs. We found that about 80% of the dose of
PVD selectively accumulated in the kidneys 24 h after intra-
venous injection, and about 40% remained 96h after begin-
ning the treatment Fig 5. PVD was selectively taken up by
rena! proximal tubular epithelial cells and no cytotoxicity
was noted. Higher doses did not produce toxicity in the kid-
neys or other tissues. Additionally, PVD-modified superoxide
dismutase accumulated in the kidneys after intravenous ad-
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% of injected dose
Fig. 5. Tissue Distribution of PVD after i.v. Injection in Mice

ministration and accelerated recovery from acute renal fail-
ure in a mouse model.

Foreshadowing the aging of society, renal disease is a seri-
ous problem that will increase worldwide.*” Dialysis and
renal translation are two treatment options. Although they are
life-saving, they are expensive and do not restore normal
health. Therefore, new strategies must be developed to treat
patients with chronic kidney disease. From this standpoint,
we are attempting to construct a new strategy for these pa-
tients by fusing the two systems mentioned, the mutein-cre-
ation system using a phage display technique and the site-
specific polymer-conjugation system.

CONCLUSION

In this review, we presented the protein-drug innovation
system as the basis of DDS technology in three approaches.
We believe that our system will play a critical role in phar-
maco-proteomic based drug development for protein thera-
pies as translational research. Recently, gene shuffling®®—5?
and artificial gene encoding systems® have received a great
deal of attention. These approaches can create artificial pro-
teins constructed with amino acids or sequences that do rot
exist in nature, though they have unfortunately not been able
to produce bioactive proteins that can be applied to clinical
settings. These technologies can be adapted to our systems
for the screening, creation, stabilization, or functioning of
non-natural proteins. We are now trying to construct a new
strategy for production of artificial proteins by applying gene
shuffling to the phage display system.

Making progress in pharmaco-proteomic based drug dis-
covery and development for protein therapie requires the pro-
duction of a wide variety of proteins and protein structural
mutant types, development of a high-throughput screening of
their function (i.e., on the status and strength of ligand-recep-
tor bonds), and thorough evaluation of the relationship be-
tween these factors and a protein’s structure. Additionally,
pharmaco-proteomic based drug discovery and development
for protein therapie will not be achieved until bioinformatics
allow the prediction of the functions and structures of un-
known proteins using genome sequencing information. Our
strategy, as outlined above, may become an essential basic
technology for large-scale and high-throughput analysis of
protein functions.
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We are confident that our research has taken a number of
important steps towards understanding the relationship be-
tween a protein’s function (i.e,, medicinal value) and its
structure. And we sincerely hope that the results of our re-
search will contribute to the building of a pharmaco-bioinfo-
matics database that can be used to effectively set parameters
for functional artificial proteins in the future.
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ABSTRACT

Puarpose: In this study, the optimization of antitumor
therapy with tumor necrosis factor-a (TNF-a) was at-
tempted.

Experimental Design: Using the phage display tech-
nique, we created a lysine-deficient mutant TNF-a (nTNF-
K90R). This mutant had higher affinities to both TNF re-
ceptors, despite reports that certain lysine residues play
important roles in trimer formation and receptor binding.
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Results: The mTNF-K90R showed an in vivo therapen-
tic window that was 13-fold higher than that of the wild-type
TNF-a (wTNF-a). This was due to the synergistic effect of
its 6-fold stronger in vitro bioactivity and its 2-fold longer
plasma half-life derived from its surface negative potential.
The reason why the mTNF-K90R showed a higher bioactiv-
ity was understood by a molecular modeling analysis of the
complex between the wINF-a and TNF receptor-1. The
mTNF-K90R, which was site-specifically mono-PEGylated
at the NH, terminus (sp-PEG-mTNF-K90R), had a higher in
vitro bioactivity and considerably longer plasma half-life
than the wTNF-a, whereas the randomly mono-PEGylated
wINF-a had 6% of the bioactivity of the wINF-c. With
regard to effectiveness and safety, the in vive antitumor
therapentic window of the sp-PEG-mTNF-K90R was 60-fold
wider than that of the wINF-a.

Conclusions: These results indicated that this function-
alized TNF-a may be useful not only as an antitumor agent
but also as a selective enhancer of vascular permeability in
tumors for improving antitumor chemotherapy.

INTRODUCTION

With the success of the human genome project, the focus of
life science research has shifted to the functional and structural
analyses of proteins, such as the fields of proteomics and struc-
wral genomics. These analyses of proteins, including newly
identified proteins, are expected to contribute to the identifica-
tion of therapeutically applicable proteins for various diseases,
Thus, pharmacoproteomic-based drug discovery and the devel-
opment of protein therapies has currently attracted a great deal
of attention (1-3). However, it is clinically difficult to use most
bioactive proteins, such as tumor necrosis factor-a (TNF-a), as
antitumor agents because of their very low stability and pleio-
tropic action in vivo (4, 5).

TNF-a was reported to exert a strong cytotoxicity to var-
ious kinds of tumor cells but not to normal cells in vitro and to
cause hemorrhagic necrosis of certain transplanted solid tumors
(6). Thus, TNF-a has been considered a promising new drug for
cancer therapy. On account of its short plasma half-life, a
continuous infusion or frequent administration at high doses of
TNF-a was required to sustain its plasma level to obtain signif-
icant antitumor effects. Additionally, TNF-a was found to have
unexpected toxic side-effects in phase I studies (7). These severe
toxicities of TNF-a prevented the administration of dosages
required for replicating the antitumor activity observed in pre-
clinical studies. For this reason, the clinical application of
TNF-a as a systemic antitumnor agent has been limited, although
intratumoral administration of TNF-a showed marked antitumor
effects in phase 1 studies (8, 9). Recently, TNF-a has been
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clinically applied to Jocoregional combination therapy with
Melphalan, and this therapy showed a marked antitumor effect
in patients with in-transit melanoma metastases (10-13). This
clinical approach using TNF-a as a selective destruction agent
against tumor endothelial cells and a selective enhancer of
tumor vascular permeability for effective accumulation of anti-
tumor chemotherapeutic agents is currently an attractive topic
for optimization of cancer chemotherapy. This was approved by
the European Agency for the Evatuation of Medicinal Products
(14, 15). Additionally, fusion proteins composed of TNF-a and
antitumor antibodies have been designed as systemic antitumor
agents with tumor-targeting capabilities for improving TNF-a
therapy (16-19). Thus, the creation of a functionalized TNF-a
having both superior antitumor effectiveness and safety will be
useful for obtaining not only the required antitumor effects but
also selectively enhancing the vascular permeability of tumor
vessels by its systemic administration.

To additionally promote these clinical applications of
TNF-a, it is necessary to develop a system to create mutant
proteins (muteins) with desired properties, such as superior
bioactivity, and a drug delivery system to selectively enhance
the desirable therapeutic activities of TNF-a and its muteins
without increasing their side effects. A protein-drug innovation
system that fuses these two systems will demonstrate the tre-
mendous potential of TNF-a therapy.

We have attempted previously to create useful muteins by
the substitution of amino acids using a site-directed mutagenesis
method, as typified by Kunkel’s method (20, 21). For instance,
it was observed that a point mutation of basic residues that
resulted in neutral or acid residues in immunotoxins lowered
their isoelectric point, thus resulting in their reduced in vivo
toxicity without loss of antitumor therapeutic activity. This was
probably due to desirable changes in their phammacokinetic
properties that were derived from the surface negative electro-
static potential. However, the creation of muteins by such point
mutation approaches takes a vast amount of time and effort to
obtain the desired muteins, whereas the lowering of the isoelec-
tric point of bioactive proteins may be an attractive approach to
improve their therapeutic potency.

One of the most useful ways of enhancing the plasma
half-lives of proteins is to conjugate them with polyethylene
glycol (PEG) and other water-soluble polymeric modifiers (22—
28). The covalent conjugation of proteins with PEG (PEGyla-
tion) increases their molecular size and steric hindrance, both of
which depend on the properties of the PEG attached to the
protein. This results in the avoidance of their renal excretion and
in improvement of their proteolytic stability, whereas decreasing
their immunogenicity and hepatic uptake. We have also reported
that the optimal PEGylation of bioactive proteins could selec-
tively improve their in vivo therapeutic potency and reduce side
effects (22, 24-26). However, the PEGylation of proteins was
mostly nonspecific and targeted at all of the lysine residues in
the protein, some of which may be in or near an active site. As
a result, the PEGylation of proteins was accompanied by a
significant loss of their specific activities in vitro (27, 28). “Thus,
the clinical application of PEGylated proteins has been limited
until today.

To overcome the problems of PEGylation mentioned
above, using TNF-a as a mode!, we attempted recently to

develop a novel strategy for site-specific mono-PEGylation for
improvement of its in vivo antitumor potency (29). We isolated
a bioactive lysine-deficient mutant TNF-a (mTNF-a) from
phage libraries expressing mTNF-as, in which all of the lysine
residues were replaced with other amino acids. This lysine-
deficient mTNF-a was site-specifically mono-PEGylated at its
NH, terminus with PEG. This site-specifically mono-PEGylated
mTNF-a showed increased antitumor therapeutic potency, com-
pared with the unmodified wild-type TNF-a (wWTNF-a) and
randomly mono-PEGylated wTNF-a. However, the in vitro
bioactivity of this site-specifically mono-PEGylated mTNF-a
and its affinity to both the TNF-receptor I (TNF-R1) and TNF-
receptor 11 (TNF-RII) decreased significantly compared with
those of the wTNF-a. Thus, if it was possible to create a
lysine-deficient mTNF-a with stronger in virro bioactivity and
higher receptor-affinity, a site-specific PEGylation of such a
super mutant TNF-a (smTNF-a), which has a lower isoelectric
point than the wTNF-a, may synergistically enhance the anti-
tumor activity in vivo without adverse side effects.

In this study, we attempted to create a lysine-deficient
smTNF-a with superior in vitro bioactivity and a lower isoelec-
tric point using the phage display technique with a few modi-
fications. To our knowledge, there are no reports regarding the
creation of lysine-deficient mutant proteins with a higher bio-
activity. The molecular modeling of TNF-a revealed the mech-
anism of higher bioactivity of the obtained smTNF-a. The
obtained smTNF-a was site-specifically PEGylated at its NH,
terminus. The mono-PEGylated smTNF-¢ thus obtained
showed a higher in vitro bioactivity and longer plasma half-life
than the unmodified wTNF-a and a previously reported site-
specifically mono-PEGylated mTNF-a. Furthermore, its antitu-
mor therapeutic window was 60-fold wider compared with that
of the wTNF-a. Thus, this study will open new avenues for
antitumor therapy using TNF-a as an antitumor agent and an
enhancer of tumor vascular permeability. Additionally, this
study may allow for the development of a novel protein-drug
innovation system to promote pharmacoproteomic based drug
discovery and development of protein therapies.

MATERIALS AND METHODS

Library Construction of Lysine-Deficient mTNF-as
and Selection of smTNF-a with Higher Bioactivity. Plas-
mid pY02-TNF encoding the wTNF-a, in which the COOH
terminus of TNF-a was fused to the NH, terminus of the M13
phage g3p, was used as a PCR template for constructing the
cDNA library of lysine-deficient mTNF-as. A three-step PCR
amplification was carried out using oligonucleotides containing
the sequence “NNS” (where N and S represent G/A/T/C and
GJC, respectively) at the wTNF-a codons for Lyst!, Lys65,
Lys90, Lys98, Lys! 12, and Lys128. The NNS can encode all 20
of the amino acids. The third PCR products were digested with
restriction enzymes and ligated with the phagemid vector pY02.
A phage library displaying lysine-deficient mTNF-as was pre-
pared, and phage clones displaying the smTNF-as with a higher
bioactivity were selected using BlAcore 2000 (BlAcore, Upp-
sala, Sweden) with TNF-RI, as described elsewhere (29). The
bioactivity of each smTNF-« displayed by the phage clone was
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Table I Amino acid sequence and the biological properties of the lysine-deficient s'TNF-a

Residue positions

11 65 90 98 112 128 pl Ky (X 10 '"M) LC, (ng/ml) LDy, (o8 proteinkg)
wTNF-a Lys Lys Lys Lys Lys Lys 7.44 20t 0.17 390
mTNF-K9CR Ala Ser Arg Ala Leu Thr 496 1.53 0.03 510
mTNF-K90P Ala Ser Pro  Ala Leu Thr 476 1.51 0.14 Not determined

NOTE. The pl of smTNF-a was calculated using a program in the Genetics Computer Group (Madison, W1). K, values for smTNF-as and human
TNF receptor-1 were determined using surface plasmon resanance (BlAcore).

examined by a cytotoxicity assay using mouse LM cells, a cell
line derived from L929 cells (30).

Expression and Purification of Recombinant TNF-as.
Plasmids pYas1-TNF, pYasI-K90R, and pYasl-K90P encoding
the human wTNF-a and smTNF-as (nTNE-K90R and mTNF-
K90P), under the control of a T7 promoter, were prepared.
Three recombinant TNF-as were produced in Escherichia coli
BL21(DE3) harboring these expression plasmids as described
previously (24, 29). Endotoxin levels were determined to be
<300 pg/mg each in the wTNF-a and smTNFas. The electro-
static potential surface was generated using GRASP (31). The
TNF-a crystal structure, PDB entry ITNF, was used for the
calculation. The electrostatic potential ranged from —7.5 kT
(red) to 7.5 kT (blue). The isoelectric point of each TNF-a was
calculated using a program in the Genetics Computer Group
(Madison, WI) package that is available online.”

PEGylation of TNF-as. Methoxy-PEG-succinimidyl
propionate (mPEG-SPA; Mr 5000) was purchased from Shear-
water Polymers (Huntsville, AL). The wTNF-a and mTNE-
KI90R in PBS were reacted with a 5-fold (WTNF-a)} or 50-fold
(MTNF-K90R) molar excess of mPEGS5K-SPA, in terms of total
primary amino groups of TNF-e, at 37°C for 30 minutes. After
this, e-aminocaproic acid (10 times molar excess in terms of the
mPEG5K-SPA) was added to stop the reaction. The specific
bioactivities of the mono-PEGylated forms of TNF-a were
examined by a cytotoxicity assay using LM cells (30).

In vivo Studies. All of the animal experiment protocols
were in accordance with the Guide for Laboratory Animal
Facilities and Care. These protocols have been approved by the
committee of the Pharmaceutical School, Osaka University. The
antitumor effects of TNF-as were assessed in mice bearing
Meth-A fibrosarcoma. The Meth-A cells were implanted intra-
dermally (2 X 10° cells per site) in 5-week-old female BALB/c
mice. On day 7, when the tumor diameter reached 7 mm, the
TNF-a molecules were administered by a single i.v. injection.
The antitumor potency was estimated from the tumor volume
and tumor hemorthagic necrosis 24 hours after the injection.
The tumor volume was calculated using the formula described
by Haranaka er al. (32). For the pharmacokinetic assay, normal
female BALB/c mice were injected i.v. with | g each of
various TNF-as. Blood samples were drawn at different times
after the injection. The concentrations of TNF-a in the blood
samples were measured by ELISA. For assessment of in vivo
toxicity (LDs,: the dose that kills half of the animals tested),

7 Internet addsess: http/molbio.info.nih.gov/molbio/geglite/protform.htm,

groups of 4 to 6 female BALB/c mice were injected i.v. with
increasing doses of various TNF-as.

RESULTS

Selection of a Lysine-Deficient snTNF-a with Higher
Bioactivity. To create a lysine-deficient snTNF-a with higher
bioactivity, a phage library displaying mTNF-as with random-
ized sequences in place of the six lysine codons was prepared.
The phage library was subjected to several rounds of panning
against human TNF-RI using a BlAcore biosensor, and the
clones were screened for TNF-specific bioactivity by a cytotox-
icity assay using LM cells. In this screening, we succeeded in
obtaining two smTNF-as (mMTNF-K90R and mTNF-K90P).
DNA sequencing analysis of the mTNF-K90R and mTNF-KSOP
indicated that these proteins lacked all six of the lysine residues,
which replaced similar amino acids (Table 1). The isoelectric
point of the mTNF-K90R and mTNF-K90P was lowered from
7.44 (WTNF-a) to 4.96 and 4.76, respectively.

Properties of the Novel Lysine-Deficient smTNF-as.
The recombinant human WTNF-a, mTNF-K90R, and mTNF-
K9OP were prepared by a general recombinant protein technol-
ogy. The purified mMTNF-K90R and mTNF-K90P were analyzed
by SDS-PAGE that revealed a single band of ~17 KDa as well
as the wTNF-a. Using gel filtration chromatography, we con-
firmed that the mTNF-K90R and mTNF-K90P formed a trim-
eric structure, similar to that of the wTNF-a and natural human
TNF-a, in an aqueous solution (data not shown). We assessed
the changes in the surface electrostatic potential of both the
mTNF-K90R and mTNF-K90P. Fig. |1 shaws the electrostatic
potential mapped onto the molecular surface of the wTNF-qa,
mTNF-K90R, and mTNF-K90P with red designating negative
and blue designating positive potential values. The surface areas
of negative potential were found to increase on the mTNF-K90R
and mTNF-K90P due to the lack of lysine residues. The K,
value of the mTNF-K90R and mTNF-K90P to TNF-RI was
1.3-fold stronger than that of the WTNF-a, as shown in Table 1.
The affinity of this smTNF-a to TNF-RII was also higher than
that of the wTNF-« (data not shown). By means of the in vitro
cytotoxicity assay using mouse LM cells in the presence of
actinomycin D at the concentration of 2 pg/mL, the LC,,, values
(specific bioactivity) of the wTNF-a, mTNF-K90R, and mTNF-
K0P were found to be 0.17 ng/mL, 0.03 ng/mL, and 0.14
ng/mL, respectively. We consttucted >10 mutants of the
mTNF-K90R in which K90 replaced any other residues by
site-directed mutagenesis. The mTNF-K90R had the highest in
vitro bioactivity and affinity to both TNF-RI and TNF-RII. The
in vivo antitumor activity of the mTNF-K90R against mouse
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.

WTNF-«

mTNF-K90R

mTNF-K90P

Fig. I Electrostatic poiential mapped 10 the molecular surface of the wTNF-a, mTNF-K9UR, and mTNF-K90P. The electrostatic potential ranges
from -7.5 kT (red) to 7.5 KT (blue). Both the mTNF-K90R and mTNF-K90P were modeled manually based on the wTNF-a structure using the graphic

program O (46). The images were produced using GRASP (31).

Meth-A solid twmors after a single i.v. injection was assessed by
evaluating tumor hemorrhagic necrosis as an index (Fig. 24).
The wTNF-a showed weak hemorrhagic necrotic effects in a
dose-dependent manner. In contrast, the mTNF-K90R at a dose
of 0.3 pg per mouse expressed antitumor effects superior 10
those of the wTNF-a at a dose of 3 pg per mouse, The LDy,
values for the wTNF-a and mTNF-KY0R were 390 and 310 pg
protein/kg, respectively (Table 1). These results indicated that
the mTNF-K90R had 10-fold stronger in vivo antitumor activity
and 1.3-fold weaker toxicity than the wTNF-a. whereas the in
vitro bioactivity of the mTNF-KOQOR was 6-fold stronger. Thus,
the pharmacokinetics of the mTNF-K90R after the i.v. injection
ot a single dose ol | g per mouse were measured (Fig. 3). We
found that the plasma half-life of the mTNF-K90R was 2-fold
longer than that of the wTNF-o.

Site-specific PEGylation of mTNF-K90R. The wTNF-a
and mMTNF-K90R were modified with 3 kDa ol activated PEG.
We conlirmed by SDS-PAGE that a single PEG molecule was
attached selectively 10 the NH. terminus of the mTNF-KY0R,
whereas PEG molecules were introduced randomly at multiple
positions in the wTNF-a (data not shown). TNF-a molecules
conjugated with one PEG molecule were purified by gel filtra-
tion- high-performance liquid chromatography. The purified
site-specitic mono-PEGylated miTNF-KQOR  (sp-PEG-mTNI-
KOoR) and randomly mono-PEGylated wTNE-o (ran-PEG-
wWTMF-a) were exainined for their specilic bioactivity (Fig. 4.
The sp-PEG-mTNF-KY0R had 60% ol the specific activity of
the mTNF-K90R. whereas the ran-PEG-wTNF-a had only 6%
of the specific activity of the wTNF-a. Surprisingly. the sp-
PEG-mTNF-K90R had higher in vitro bioactivity than the
wTNF-a.

Antitumor Therapeutic Window of the sp-PEG-mTNE-
KYOR. To clarity the antitumor iherapeutic window of the
sp-PEG-mTNE-KOOR. its i vive aptitumor activity and toxicity
were assessed (Fig. 20 As shown in Fig. 24, the antitumor
aciivity of (he ran-PEG-wTNF-a was simila 10 that of the

wTNF-a. In contrast, the sp-PEG-mTNF-K90R at 4 dose of |
pe per mouse induced marked wmor hemorrhagic necrosis
compared with the mTNF-K90R at a dose of 3 pug per mouse.
These results indicated that the antitumor activity of the sp-
PEG-mTNF-K90R was >3-fold higher than that of the mTNF-
K9OR, which had in vivo antitumor eftects that were [0-fold
stronger than the wTNF-oe. Thus. the sp-PEG-mTNF-K90R had
an antitumor potency that was >30-fold higher than that of the
wTNF-a and ran-PEG-wTNF-a. A single i.v. injection of the
sp-PEG-mTNF-K90R at a dose of | pg per mouse completely
inhibited solid wmor growth (Fig. 28). The LDs, values of the
sp-PEG-mTNF-KY0R and ran-PEG-wTNF-a were 780 and
1.290 py protein/ke. respectively. These results indicated that
the in vivo toxicity of the sp-PEG-mTNFE-K90R was ~1.5-fold,
2.0-fold. and 0.6-fold lower than that of the mTNE-K90R.
WTNF-a. and ran-PEG-wTNF-a, respectively. Thus. the thera-
peutic window of the sp-PEG-mTNF-K90R expanded by >5-
fold. 60-fold. wd 18-fold compared with that of the mTNF-
KYOR, wiNk-c, and ran-PEG-wTNF-a. respectively. The
phrmacokinetics of the sp-PEG-mINF-K90R after L.v. injec-
tion were alsu assessed (Fig. 3). The plasma half-life of the
sp-PEG-mTNE-KYOR was 49 minutes. which wus longer than
that of the mTNF-KYOR (24 minutes). wTNF-a (12 minutes),
and ran-PEG-w TNF-oc (24 minuies).

DISCUSSION

Several therupeutically useful bioactive proteins have been
identitied in the postgenome era. However, as elucidated in the
clinical trials of various proteins in the past, protein therapy still
has many problems derived [rom the in vive drawbacks of
proteins. such as their in vive low stability (short plasma hall-
lifey wnd complicated actions. One way (o circumvent this prob-
lem miay be 1o synthesize functional muteins by iraditional
technigues of amino acid substitution, such as site-directed
mitagenesis. based on the structural simulation data of o mutein
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Fig. 2 Antitumor effects of various forms of TNF-a on mice bearing
intradermally implanted Meth-A solid tumors. (a) Tumor necrotic ef-
fects of i.v.-administered TNF-a and mono-PEGylated TNF-a forms.
Tumor hemorrhagic necrosis was scored 24 h after the injection. Each
data value is the mean * seconds.e., N.D., not detected. (b) Antitumor
effect of the sp-PEG-mTNF-K90R on Meth-A solid tumors. At 7 d after
the tumor inoculation, mice were treated with i.v. injections of PBS (C).
1 g of the MTNF-K90R (O), 0.1 g of the sp-PEG-mTNF-K90R (¢ ).
0.3 pg of the sp-PEG-mTNF-K90R (A), | pg of the sp-PEG-mTNF-
K90R (@). Each data value is the mean % seconds.e.

(21. 33, 34). However, it is difficult to obtain muteins with
desired properties using these methods. This is because useful
muteins must be identified only among several kinds of struc-
tural variant proteins that are produced by trial and ervor, after
a great deal of time. Another effective method to overcome the
in vivo drawbacks of proteins may be to modify the proteins
with PEG (35, 36). However, the application of PEGylation has
been limited to a small part of the protein, because the random
introduction of PEG to €-amino groups usually lowers the
bioactivity of proteins markedly. Thus, the improvement of both
the protein-drug innovation systems mentioned above is indis-
pensable for the promotion of protein therapy. In this study,
using TNF-a, we attempted to develop a novel protein-drug
innovation system by fusing technology used to create clinically
useful muteins and site-specific PEGylation.

Phage libraries displaying polypeptides, such as naive an-
tibodies or random peptides, have extensively been applied for
the identification of specific molecules with a high affinity for a
target ligand (37-39). The advantages of a phage display system
are easy preparation of a library consisting of structural variants
of a polypeptide as diverse as over one hundred million and
isolation of several molecules binding to a targeted ligand from
this kibrary in a few weeks. However, there are few studies on
the application of the phage display technique for creation of
therapeutically useful structural variants of a bioactive protein,
such as muteins with a stronger bioactivity and longer plasma
half-life. To create a lysine-deficient sSmTNF-a with a suonger
in vitro bioactivity than the wTNF-a, a phage library displaying
a lysine-deficient mTNF-« was prepared, and it consisted of
~1 X 10® independent structural variants. After two rounds of
biopanning against TNF-RI, the mTNF-K90R with an in vitro
bioactivity that was 6-fold stronger was obtained, despite reports
that some lysine residues were essential for its bioactivity (Fig.
2 and Table I; refs. 40—43). This mTNF-K90R has an ~10-fold
higher in vivo antitumor potency and 1.3-fold lower in vivo
toxicity compared with that of wTNF-a. Therefore, the thera-
peutic window of the mTNF-K90R was extended by ~13-fold
compared with that of the WTNF-a (Fig. 24 and Table 1). This
improved therapeutic window of the mTNF-K90R was due to its
stronger in vitro bioactivity as well as its longer plasma half-life
(Fig. 3). We reported previously that Jowering the isoelectric
point of antiturnor immunotoxins increased their therapeutic
potency, probably due to the desirable changes in their pharma-
cokinetic properties derived from the surface negative electro-
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Fig. 3 Pharmacokinetics of various forms of TNF-a after their i.v.
injection. The concentration of TNF-a molecules in scrum was quanti-
ficd by ELISA. A standard curve was made for each form of TNF-a.
Each data value represents the mean #* seconds.e.
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Fig. 4 In vitro bioactivity of mono-PEGylated forms of TNF-as. The
specific activity of the mono-PEGylated forms of TNF-a was measured
by a cytotoxic assay using LM cells in the presence of actinomycin D.
Each data value represents the mean * seconds.d, LCg, is the concen-
tration of various PEGylated TNF-as capable of killing 50% of the ceils.
Commercially available recombinant human TNF-a was used as a
standard.

static potential (21). Thus, the longer half-life of the mTNF-
K90R may partially result from the effects of lowering the
isoelectric point.

Our data are the first to report the creation of a lysine-
deficient mutant protein with a higher bioactivity and enhanced
therapeutic antitumor effects. It is interesting to examine, from
the standpoint of structure, why the mTNF-K90R had a stronger
in vitro bioactivity and higher affinity to TNF-RI than the
wTNF-a, when all of the lysine residues in the mTNF-K90R are
replaced with other amino acids. Site-directed mutagenesis anal-
ysis of TNF-a suggested that among six lysine residues, Lys6S
and Lys90, in particular, were involved in the interaction with
its receptor (40—43). It was shown that the TNF-a mutant, in
which Lys65 was replaced by Ala65 (K65A), bound the receptor
better than the wTNF-a, whereas the K65W mutant showed a
remarkably reduced binding to the receptor. In the wWTNF-a
structure, it was predicted by molecular modeling of the com-
plexes between TNF-a and TNF-RI that Lys65 would repel
against Lys78 in TNF-RI (Fig. 5B). This predicted model ex-
plains that the increased binding affinity of K6SA would be due
to the absence of short contacts between Ala65 in K65A and
Lys78 in TNF-RL, and the decreased affinity of K65W may
result from steric interference between Trp65 in K65W and

Lys78 in TNF-RI. In the mTNF-K90R, Lys65 was replaced by
Ser65. We considered that the substitutions of Lys65 with a
small amino acid, such as Ser65 in the mTNF-K90R, would
enable these proteins to bind receptors because of the loss of
interference between Lys65 in TNF-a and Lys78 in TNF-RIL
Surprisingly, Lymphotoxin-a (TNF-B), which can bind TNF-RI
with similar affinity to TNF-a, has Ser65 instead of Lys65 in
TNF-a (44). In the wTNF-ea structure, Lys90 forms a hydrogen
bond with Glul35 (Fig. 5C). This interaction is likely to stabi-
lize the loop structure containing residues 84 to 89, which are
involved in the receptor binding in the model. The loop is
located near the trimer interface, and receptor binding studies
have also suggested that the loop is essential for receptor bind-
ing. In the mTNF-K90R, Arg90 is also likely to be involved in
hydrogen bonding with Glu135. The interaction would contrib-
ute to the stabilization of the loop structure. To additionally
investigate the relationship between structure and activity, we
are attempting to reveal the crystal structure of the mTNF-
K90R.

The PEGylation of proteins is mostly nonspecific and may
occur at all of the lysine residues, some of which may be within
or near an active site. The resultant PEGylated proteins show
markedly lower bioactivity. Additionally, the PEGylated pro-
teins are composed of positional isomers with PEG at various
sites, which have distinct activities and other characteristics
(45). The NH, terminus site-specific mono-PEGylation was
found to improve the plasma haif-life of the mTNF-KS0R
without a marked reduction of its in vitro bioactivity, whereas
the ran-PEG-wTNF-a had 6% of the bioactivity of the wTNF-a.
Additionally, the sp-PEG-mTNF-K90R with superior molecular
uniformity showed a much higher in vitro bioactivity than the
wTNF-a and a site-specific PEGylated mutant TNF-a reported
previously. Our data are the first to report the creation of a
PEGylated protein with a higher bioactivity than the unmodified
parent protein. Thus, these resufts indicate that this site-specific
PEGylation system has solved the problems of previous random
PEGylation systems. The sp-PEG-mTNF-K90R had a 3-fold
higher in vivo antitumor effect and 1.5-fold lower toxicity com-
pared with the mTNF-K90R; thus, the therapeutic window of
the sp-PEG-mTNF-K90R was enhanced by 4.5-fold and 60-fold
compared with that of the mTNF-K90R and wTNF-a, respec-
tively. This may be due to the longer plasma half-life of the
sp-PEG-mTNF-K90R. However, the replacement of the lysine
residues in the mTNF-K90R may increase the immunogenicity
of the protein, which must be investigated, aithough on the other
hand, PEGylation is known to considerably decrease protein
immunogenicity (24). When TNF-a is used as a systemic anti-
tumor agent, its dose must be restricted to only 1/5 to 1725 of the
amount necessary to obtain sufficient antitumor activity, due to
its adverse side-effects. The therapeutic window of the sp-PEG-
mTNF-K90R was found to be 60-fold wider than that of the
wTNF-a. TNF-a in combination with Melphalan achieved im-
proved tumor response using local perfusion in transit mela-
noma metastases and limb salvage in soft-tissue sarcoma pa-
tients. This is because TNF-a selectively injured tumor
endothelial cells and enhanced the vascular permeability of
tumor vessels (10-15). The sp-PEG-mTNF-K90R can be used
not only for systernic administration but also in combination
with chemotherapy. In addition, some researchers reported that
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Fig. 5 Ribbon diagrams of the complex between the wTNF-a and TNF-RI. These images are based on the crystallographic structure of the complex
hetween TNF-B and TNF-RI (PDB code: ITNF: 44). The images were drawn using Bobscript (47) and Raster3D (48). (a) The wTNF-u is in red.
green. and cyan. TNF-RI is in blue. (b, ¢) An enlargement of the interface boxed in (a). Here, wTNF-a is in red and TNF-RI is in blue.

fusion of TNF-a with a targeting ligand such as an antibody and
peptide, against tumor or tumor endothelial cells, was useful for
therapy (16-19). Currently. we are attempting to apply this
system for creating muteins and for site-specific PEGylation of
the fusion TNF-a.

In this study, we showed the advaniage of a mutein creation
system using the phage display technique and a site-specific
PEGylation system to produce lysine-deficient muteins with a
superior bioactivity for the promotion of pharmacoproteomic-
based protein-drug discovery and development. The fusion of
these two systems may be, al present, the best way to design
optimal protein-drugs for therapy.
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