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Abstract

Monoclonal antibodies (MAbs) are widely applied in basic research, medicine, and the pharmaceutical industry. Recently, appli-
cations and generations of MAbs have been increasingly attracting attention in many research areas since MAbs could be produced
in large quantities with the development of genetic technology and antibody engineering. On the other hand, in recent years, phage
display system has been developed for high-throughput isolation and generation of novel MAbs that have high affinity with various
antigens. This technology is capable of constructing “Library” containing billions of phage repertoires displaying various antibody
fragments, and rapid selection of a specific MAb from this phage library. Additionally, this technology has a great advantage that
MADbs can be generated without immunization to animals. However, there are still relatively few reports confirming that useful
MADs can be derived from non-immune antibody libraries. The latter, as undertaken by current methods, seem unable to achieve
the high quality required to produce useful MAbs for any desired antigen because cloning of antibody gene from non-immune
donors is inefficient. This problem is caused by the fact that their RT-PCR primer scts, PCR conditions, and efficiency of subcloning
through construction of antibody gene library cannot encompass all the antibody diversity. In an attempt to overcome some of these
earlier problems, here we describe an optimized method to establish a high quality, non-immune library from mouse bone-marrow
and spleen, and assess its diversity in terms of content of multiple antibodies for a wide antigenic repertoire. As an example of the
application of the methodology, we describe the selection of specific MAbs binding to Luciferase and identify at least 18 different
clones. Using this non-immune mouse antibody library, we also obtained MAbs for VEGF, VEGF receptor 2, TNF-o, and Pseu-
domonas Exotoxin, confirming the high quality of the library and its suitability for this application.
© 2004 Elsevier Inc. All rights reserved.
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or rats using hybridoma technology [4,5], which involves
immunizing the animal with a target antigen, isolating
the relevant B cells, and fusing them with immortal cell
lines to create antibody-producing hybridoma cells.
Typically, in order to generate MAbs for a particular
antigen, a number of mice are immunized over a period
of 2-6 months, followed by a further I-2 months of lab-
oratory work before the hybridoma cells can be finally
produced.

In contrast, the phage display system represents a
more rapid technique, because it does not require immu-
nizing the donor with antigen and avoids much labori-
ous laboratory work. Using phage display system,
various antibody fragments can be displayed on the sur-
face of filamentous phages containing the antibody gene
as a phagemid [6-9]. On the other hand, antibody frag-
ments including scFv (single<chain fragment variable)
molecules have been developed for potential clinical
applications [10-12]. ScFvs, smallest antibody frag-
ments, are composed of a light chain and a heavy chain
variable region (VL and VH, respectively) joined via a
short peptide spacer sequence. Thus, the phage display
system has been developed from recombinant scFv tech-
niques for the cloning and expression of cDNAs encod-
ing the variable regions of antibody VL and VH chains
and allows the in vitro generation of large antibody rep-
ertoires [13]. The processes required for this phage dis-
play system, i.e., RT-PCR, and PCR amplification and
selection from phages displaying combinatorial libraries,
constitute a selection step analogous to that occurring
during the primary immune response. These processes
allow the in vitro construction of antibody fragments
of diverse specificities. The selection of non-immune li-
braries can yield a set of recombinant scFvs within 2-3
weeks. Moreover, a critical advantage of this technology
is the direct link that exists between the experimental
phenotype and its encapsulated genotype. This technol-
ogy allows the evolution of the selected binders into
optimized molecules, by affinity maturation via hot spot
mutation [14,15} and enhancing in vivo stability by low-
ering the pl effect {16).

Use of such antibody libraries from non-immune do-
nors has enabled the identification of MAbs in rapid
high-throughput mode; however, successful initial con-
struction of the non-immune libraries has thus far been
achieved only by a small number of research groups
[17,18]. In addition, non-immune libraries constructed
by current methods lack the full variable region gene
repertoire and show low efficiency of generation and cre-
ation of scFv gene diversity. In other words, previous
methods for library construction are unable to encom-
pass all potential antibody gene repertoires, because
the primer set for cloning the VH and VL genes is not
satisfactory. Additionally, PCR amplification condi-
tions, efficiency of ligation of scFv gene to vector, and
conditions employed for phage antibody secretion are

all very important factors for establishing a large non-
tmmune library. Establishing non-immune antibody
libraries of high quality and great diversity under opti-
mized conditions is needed.

In this study, we optimized the above-mentioned con-
ditions to establish a high quality non-immune library,
with a large size that potentially includes many specific-
ities present in vivo. We describe the production of a
mouse non-immune library based on optimized condi-
tions including the nature of the primer sets for cloning
antibody repertoires, PCR and ligation conditions, and
phage production. By way of illustration, 18 specific
monoclonal scFvs were selected from this library on
the basis of binding to Luciferase, a model antigen. De-
tailed analysis of the anti-Luciferase scFvs confirmed
their specificity and sequence. To demonstrate the gen-
eral efficacy of our approach, we selected specific scFvs
binding to diverse antigens, namely, vascular endothelial
growth factor (VEGF), VEGF receptor 2 (VEGF-R2),
tumor necrosis factor-alpha (TNF-a), and Psexdomonas
Exotoxin (PE). This optimized methodology permits the
construction of a high quality phage library easily and it
can be applied to the development of phage display
systems.

Materials and methods

Construction of non-immune mouse scFo phage libraries. Fig. | is a
flow diagram that shows the construction of a non-immune mouse
scFv phage library. Total RNA was prepared from spleen tissue and
bone marrow of non-immunized 6-week-old male C57BL/S, Balb/c,
and C3H mice. Mouse mRNA was purified using oligo(dT) columns
(Amersham-Pharmacia Biotech, Uppsala, Sweden) and subsequently
first strand cDNA was generated using Superscript Il reverse trans-
criptase (Invitrogen, Carisbad, CA). From each cDNA, heavy- and
light-chain genes were amplified separately and recombined by three
subsequent PCRs. In the first-step PCR, the heavy- and light-chains
were amplified. The light chain 5’ primers were modified to include an
Sfil site, and heavy chain 3’ primers to include a NotI site. Light chain
3’ primers were designed to assemble with heavy chain 5’ primers
(Tables 1 and 2). Heavy and light chain variable region genes were
amplified by PCR containing 2 pL. ¢DNA and 25 pmol of each 5’ and
3’ primer, using the Expand High Fidelity PCR system (Roche
Diagnostics, Indianapolis, IN, USA). The samples were cycled 35
times at 96 °C for 60's, 55 °C for 60 5, and 68 °C for 60 s. The samples
were then purified from the agarose gel by GenElute MINUS EtBr
Spin Columns (Sigma Chemical, St. Louis, MO). In the second-step
PCR, heavy and light chains were assembled. The first-step PCR
products of heavy and light chains were mixed, and the assembly PCR
containing equal amounts of the products was cycled 20 times at 96 °C
for 60s, 63°C for 60s, and 68 °C for 60s without primers. The
samples were purified with QIAquick PCR Purification Kits (QIA-
GEN, Valencia, CA). The third-step PCR extended the second PCR
products by overlap PCR. This PCR extends the scFv gene (second-
PCR products) using the following primers: the Y15 primer (5-gec aag
cft tgg age ct ttt it gza gat tit caa ¢gt gaa aaa att att att cgc aat tec ttt
agt tgt too (it cta tge gge cca pee gge cat gge -3') and the Y16 primer
(5'cgc cgp cgt cca cge gee cac gpe ata gEc cta gec gac ctt gee gea cge
cgt atc tga caa ctt tca aca aat cgt ttt gga gta tgt ctt tta agt aaa tg-3°).
The modified 5’ primer and 3’ primer are were extended from the Sfil
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" Fig. 1. Flow diagram illustrating construction of the scFv phage library.

Table 1

Primers for PCR amplification of mouse antibody light chain variable regions

VL-5 primers

§'-cct tic tat gcG GCC CAG CCG GCC atg gee GAY ATT GTD HTV WCH CAG TC.¥

§'-cet tte tat goG GCC CAG CCG GCC atg gec GAY ATT NWK MTV ABD CAG TC-¥
§'-cet tte tat geG GCC CAG CCG GCC atg gec GAY RTY BWR MTS ACM CAR WC-¥
$'-cct tte tat geG GCC CAG CCG GCC atg gee GAY ATY SWG MTG ACN CAR BC-3'
§'-cct tic tat gcG GCC CAG CCG GCC atg gee GAY RYT GTK RTR MYY MRG DW.3’

VL-3' primers

S'-acc aga gee gee gee goe get ace ace ace ace CCG TTY NAK YTC CAR CTT DG-¥

§’-ace aga gec geo goe goe get ace ace ace acc MCS TWB NAB HKY CAV YYT DG-3'

$=G/C,R=GlA, K =GIT, M= A/C, Y =CI/T, W= A/T, H = AICIT, B = C/GIT, V = AIC/G, D = A/GIT, and N = A/T/G/C.

Table 2

Primers for PCR amplification of mouse antibody heavy chain variable regions

" VH-$’ primers

$’-agc gge gee gee gee tet get ggt get gga tec SAK GTB MAG CTB MAG SAS TC-3'

S'-agc gge gge gge gec tet gat gat get gga tec SAG GTY CAR CTB CAR CAR TC3' -
5’-agc ggc gE¢ BEC ZEC tot gat gt get gga tec SAV GTS MWS BTG RWG SAR TC-3
$’-age gge gec gec gee tot get ot got gga tee GAK GTG MAV SKG RTG GAR TC-¥
$'-age gec gec gee gae tet ggt ot ggt gga tec GAR GTR MAR STT SWB GAG TC-3'
$’-agc gEC gec gBC REC tet ggt ggt get gga tcc SAK GTB MMN YTV VWV SWR YS-3/

VH-3’ primers

S’-cgg cac ¢gg cge ace tGC GGC CGC YGA RGA RAC DST GAS MRK RGT-3¥

§’-cgg cac cgg cge ace tGC GGC CGC YGA RGA RRM SKK KAS WGW GRT-¥
S'-cgg cac cgg cge ace tGC GGC CGC YGA GGA GAC KGT GAS HGD GGH-¥

S$=G/C,R=G/A, K=GIT, M= A/C, Y =CIT, W = A/IT, H = AICIT, B = C/G/T, V = AIC/G, D = A/GIT, N = AIT/G/C.

and Norl sites of scFv genes upstream by overlap PCR. The third

overlap PCR was run under the same cycling conditions as the first-
PCR at an annealing temperature of 65 °C.

Cloning of the mouse scFo repertoire into pCANTAB SE. The PCR-

. amplified scFv DNAs and pCANTAB SE phagemid vector were di-

gested with Notl and Sfil. The resulting scFv fragments were inserted

into pCANTAB SE phagemid vector to generate an scFv-gene III
fusion library, using T4 ligase (Roche Diagnostics, Indianapolis, IN,
USA) at 16 °C for 16 h. Ligated DNA populations were introduced
into Escherichia coli (E. coli) TG) using a Bio-Rad Gene Pulser (Bio-
Rad Laboratories, CA). Each library was then grown by culturing at
37°C in 2-YT medium, supplemented with ampicillin (100 pg/mL) and
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glucose (2% wiv). Colonies were then collected, mixed with glycerol,
and stored at —80 °C. Panning of phage particles was done as de-
scribed earlier. Phage preparations were purified and concentrated by
polyethylene glycol (PEG) precipitation,

Selection of anti-Luciferase antibodies. A large mouse scFv phage
display library containing 5 x 10® clones was used for the selection. The
library stock was grown in log phase, rescued with M13KO7 helper
phage (Invitrogen, Carlsbad, CA), and amplified overnight in 2YTAK
(2YT containing 100 pg/ml. ampicillin and 50 pg/mL kanamycin) at
37°C. The phage was precipitated with 4% PEG/0.5M NaCl, resus-
pended in NTE buffer (100 mM NaCl, 10 mM Tris, and | mM EDTA)
and incubated with 2% Block Ace at 4 °C for 1 h to block nonspecific
binding. Immunotubes (Nunc maxisorp; Life Technologies, Merel-
beke, Belgium) were coated with 10 ug/mL Luciferase (Promega,
Madison, WI), TNF-a, VEGF-R2, VEGF or PE in carbonate/bicar-
bonate buffer (Sigma Chemical, St. Louis, MO). Prior to this, they
were first blocked with 2% Block Ace at 4 °C for | h. Then the tubes
were incubated with phage preparation at 4 °C for 1 h. After incuba-
tion, the tubes were washed 10 times with PBST (PBS containing
0.05% Tween 20) and subsequently with PBS. The bound phage was
eluted at 4 °C for 10 min with 1 mL of freshly prepared 100 mM HC}
solution. The eluted phage particles were incubated with 10 mL of log
phase TG cells at 37 °C with shaking at 110 rpm for 20 min and at
250 rpm for 30 min. The infected cells were mixed with glycerol at
—80 °C. For the next round of panning, 3 mL of infected TG! cell
stock was added to 50 mL of 2YTAG medium and grown to log phase.
The culture was rescued with M13KO7 helper phage, amplified, pre-
cipitated, and used for selection, following the procedure described
earlier. The panning process was repeated.

Phage ELISA. After the panning process, individual TG1 clones
were picked, grown at 37°C in 96-well plates, and rescued with
M13KO7 helper phage as described earlier. The amplified phage
preparation was blocked with 2% Block Ace at 4 °C for 1 h and then
added to Maxi-sorp 96-well microtiter plates coated with Luciferase or
ovalbumin (10 pg/mL, SIGMA), After overnight incubation at 4 °C,
the plates were washed three times with PBST and PBS, and incubated
with a mouse anti-M13 phage-horseradish peroxidasc (HRP) conju-
gate (Amersham-Pharmacia Biotech, Uppsala, Sweden). The plates
were washed three times, TMB peroxidase substrate was added, and
the absorbance was read at 450 nm using a microplate reader (Bio-Rad
Laboratories, CA).

DNA BsiNI pattern analysis and nucleotide sequencing. After the
third round of panning, the diversity of the selected scFv clones was
analyzed by restriction enzyme digestion patterns (i.e., DNA finger-
print analysis). The scFv gene insert of individual clones was amplified
by PCR using the following primers: pPCANTABS-S1 primer (5'-cag
gaa aca gct atg ac-3') and pCANTABS-S6 primer (5'-gta aaa cga cga
cgg cca gt-3’). The amplified product was digested with a frequent-
cutting enzyme, BsiNI (NEB), and analyzed on agarose gels. DNA

sequencing was performed using the BigDye Terminator Ready
Reaction Kit (Applied Biosystems).

Results and discussion

In this study, we present the principle of selecting spe-
cific scFv for any antigen from a non-immune mouse
scFv library (Fig. 1). For the construction of these large
libraries, mMRNA was extracted from mouse bone mar-
row and spleen cells, and the cDNA fragments encoding
VL and VH genes were amplified by RT-PCR. In previ-
ous methods, the VL and VH genes were not adequately
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Fig. 3. Selection of phage-scFv libraries by panning in immunotubes.
Luciferase-coated immunotubes were first blocked with 2% Block Ace
at4°Cf{or 1 h and then incubated with phage preparations at 37 °C for
1 h. The tubes were washed 10 times with PBST (PBS containing 0.05%
Tween 20) followed by PBS. The bound phage was cluted with 1 mL of
freshly prepared 100 mM HCI solution at 4 °C for 10 min. The ratio
was calculated as follows: (output phage titer)/(input phage titer). The
second and third panning input phage preparations were amplified
from the last rounds of the output phages.

Fig. 2. Construction of non-immune mouse scFv library. (A) The amplified variable regions of heavy- and light-chains from mouse bone marrow
and spleen. (B) Preparation of scFv genes. Lane 1, third PCR products; lane 2, scFv genes digested with Sfil; and lane 3, scFv genes digested with
Notl. (C) Non-immune scFv encoding inserts of 21 phage clones were amplified by PCR using pCANTABS-S1 and pCANTABS-S6 primers. The
amplified products were digested with the frequent-cutting enzyme Bs¢NI at 60 °C for 2 h. The restriction patterns of samples were analyzed on

agarose gels,
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and accurately amplified, because the RT-PCR was not
run under optimal conditions. This step is dependent on
several factors, of which the most critical is the diversity
of primer sets covering the whole VL and VH gene rep-
ertoires. In contrast, we have constructed original pri-
mer sets that encompass theoretical whole repertoires
using The Kabat Database [19]) and previous report
[20] as reference (Tables | and 2). In fact, in control
comparative experiments, we were unable to amplify
scFv genes even from the OKT9, Wé6/32, and TES23
hybridomas using previous primer sets [20] (data not
shown). On the other hand, using our modified primer

sets (Tables 1 and 2), the VL and VH genes were clearly
amplified at 340 and 400 bp from these bybridomas.
Moreover, in this step, the use of high fidelity Tag poly-
merase as well as the Expand High Fidelity PCR sys-
tem, and specific primer sets, resulted in better
coverage of the mouse antibody gene repertoire. In each
case, PCR amplification using our improved primer
sets yielded sufficient amounts of products of the pre-
dicted size, as shown by a sharp band (Fig. 2A). This re-
sult suggested that our primer sets possess sufficient
diversity for constructing comprehensive non-immune
scFv libraries.

Table 3
Selection of scFv displaying phage binding to Luciferase
Panning rounds 1st 2nd 3rd
Total input phage (CFU) 3.1 10! 6.6x 10" 1.5x 10"
Total output phage (CFU) 2.7x10° 2.1x10* 14x10
Ratio (output phage/input phage) 87x107° 32x107® 9.3x10°¢
A 100%f B 100%;
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Fig. 4. Binding activity to Luciferase of output phage clones. After panning on Luciferase, the binding properties of selected clones were measured
by ELISA. (A) Forty-eight clones from the first panning output phages, (B) 42 clones from the second panning output phages, and (C) 90 clones from
the third panning output phages. Percentage control was (sample OD/positive control OD) x 100%. The positive control was the wild-type phage
captured by anti-M13 Mab and detected by anti-M13 Mab HRP conjugate.

603bp e o
3100p —. [FUROR I

Fig. S. Fingerprint analysis of anti-Luciferasc scFvs. Anti-Luciferase scFv-encoding inserts of 21 phage clones were amplified by PCR using
pCANTABS-St and pCANTABS-S6 primers. The amplified products were digested with the frequent-cutting enzyme BstNI at 60 °C for 2h. The
restriction patterns of samples were analyzed on agarose gels.
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In order to create scFv fragment genes (Fig. 1), 3’
ends of VL genes were fused to 5’ ends of VH genes
through a (G4S); linker peptide, and the VL and VH
genes were assembled and amplified. We constructed
VL-linker-VH-type scFv genes such that the 3’ end of
the light chain was complementary to the 5' end of the
linker and the 3’ end of this linker DNA was in turn
complementary to the 5/ end of the heavy chain. The
scFv genes of the third PCR products were digested by
Sfil and Notl, and the bands obtained were trimmed
of elongation sequences (Fig. 2B). By traditional meth-
ods, only a restricted repertoire of mouse antibody genes
can be amplified and ligated using the pCANTABSE
vector. However, this method is not efficient, because
scFv genes are commonly too short to be cut with some
enzymes, i.e., in general, the sequences at the 5’ and 3’
ends of the PCR products are too short. To overcome
this problem, we extended the 5’ end of VL and 3’ end
of VH by approximately 100 bp at the third PCR, and
improved the efficiency of cutting following the ligation
step. The VH-linker-VL-type scFv formed by the inver-
sion of VL and VH genes had lower affinity and bioac-
tivity than the VL-linker-VH-type scFvs, which were
created from an anti-TNF-¢ MAb-secreting hybridoma.

A combinatorial non-immune mouse scFv library of
5% 10® clones was established by cloning the scFv frag-
ments into a vector, which allowed the fusion of the hea-
vy chain variable fragment to gene III protein of phage
minor coat protein, To ascertain the scFv repertoire and
the quality of the non-immune antibody library, DNA
segments encoding the scFv genes from 21 randomly
picked clones were identified from the primary library.
These clones were amplified and digested with BstNI,
and their fingerprint patterns were compared. The pat-
terns of these clones were found to vary, indicating an
excellent diversity in the non-immune mouse scFv li-
brary (Fig. 2C). Using this method, we succeeded in
establishing a non-immune mouse scFv library, which
demonstrated a large diversity of scFv, and we also con-
firmed that our non-immune scFv phage library was
composed of billions of independent clones.

In general, in order to select useful specific scFv anti-
bodies for target antigens, it is important that the primary
phage libraries demonstrate high quality. The term “high
quality” implies several key features. Importantly, the li-
brary must have a large functional size to match diverse
antibody sequences to facilitate the selection of a variety
of high affinity scFvs. It is essential that the scFv genes
be well expressed to allow the panning process. In this
study, we established a large non-immune scFv phage dis-
play library and attempted to isolate specific scFvs for
firefly Luciferase as a model antigen. Phage clones bind-
ing to immobilized Luciferase were selected on the basis
of their affinity as described in Materials and methods.
Fig. 3 shows the enrichment and screening of the phage
scFv antibody library. The vertical axis indicates the ratio
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of the number of recovered phages from the immunotube
to the number of phages added. At the second round of
panning, there was a 3-fold increase in enrichment, which
was again increased approximately 300-fold by the third
round. Thus, the overall enrichment was approximately
1000-fold (Table 3). These results suggest that high affin-
ity scFv-displayed phage clones could be selected from
the scFv library by affinity panning.

A total of three rounds of selection was performed on
immobilized Luciferase. After each round, a total of 180
clones was randomly picked and their binding to Lugcif-
erase was tested by phage ELISA (Fig. 4). A few clones
after the second selection and 31 clones after the third
were positive for Luciferase binding. And then, we also
confirmed that soluble formed scFvs of them could bind
to Luciferase as well (data not shown). These results
suggest high efficiency of the selection process. Addi-
tionally, crossreactivity on ovalbumin-immobilized
phage ELISA demonstrated that 29 of the 31 scFvs were
specific Luciferase binders (data not shown). DNA seg-
ments encoding the scFvs from 21 binders, identified in
the third selection, were amplified, digested with Bs/NI,
and their fingerprint patterns were compared. A total of
18 different patterns was identified among the 21 clones,
indicating an excellent diversity of the isolated anti-Lu-
ciferase scFvs (Fig. 5). Partial DNA sequencing data
further confirmed that four clones were unique, with dif-
ferent nucleotide and amino acid sequences (Table 4).
The fingerprints of clones D-5 and D-6 clones were
apparently identical, although their amino acid se-
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quences were different. Therefore, we have accomplished
the generation of at least 18 different anti-Luciferase
scFv antibody clones.

The large mouse scFv library was established in order
to isolate multiple scFv binding to any antigen. To
determine the general diversity of the scFv library, it
was subjected to three rounds of selection on four differ-
ent antigens, namely, immobilized VEGF, VEGF-recep-
tor, TNF-a, and PE. After three rounds of selection, the
ratio of the number of recovered selected phages from
the immunoadsorption tubes to the number of phages
added increased from 5- to 1000-fold (Fig. 6). In all
cases, the scFv genes from randomly picked clones were
analyzed by fingerprinting, and a unique pattern of scFv
genes was identified from the non-immune mouse scFv
library. Hence, we have succeed in establishing a non-
immune mouse library, with a large functional size
and a high antibody sequence diversity in order to facil-
itate the selection of a variety of high affinity scFvs.
Further, it was essential that the scFv genes be well-ex-
pressed to allow for efficient panning.

In the last decade, recombinant antibody engineering
has emerged as one of the most promising approaches
for the design, selection, and production of reagents
for basic research, medicine, and the pharmaceutical
industry [21-23]. The in vitro selection and evolution
of phage libraries now provide us with very powerful
tools for producing antibodies without using animals
and the immune system. Significant advances in the past
decade with phage and other display methodologies,
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Fig. 6. Selection of phage-scFv libraries by panning. Selection on various antigens was performed by panning in antigen-coated immunotubes with

(A) VEGF-receptor2, (B) VEGF, (C) TNF-g, and (D) PE.
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library design, refined selection procedures, and instru-
mentation for automation have made display technolo-
gies increasingly popular for creating antibodies to be
used in all areas of research, and also for medical and
industrial applications. In the present study, we have ex-
plored the generation of useful antibodies such as cell
type- and tissue-specific binders for application as cell
markers and drug delivery carriers, by biopanning with
cell and tissue in vivo. Moreover, to create more useful
antibodies, we developed a novel modified methodology
using polyethylene glycol to improve the stability and
antigenicity of the antibodies. Previously, we reported
that the site-specific modification of polyethylene glycol
to protein improves the stability and other characteris-
tics without deactivation of bioactivity [24]. Recently,
we have used a number of such antibodies in clinical
applications, and given their availability, these method-
ologies were used to develop antibody therapy to ex-
plore novel antibodies from the library and to improve
their characteristics to make them more suitable as clin-
ical tools. We believe that antibody therapy will be more
widely applied in future and that this will be facilitated
by the use of improved techniques for their production,
such as those described here.
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Abstract: To optimize polymer-conjugated drugs as a
polymeric drug delivery system, it is essential to design
polymeric carriers with tissue-specific targeting capacity.
Previously, we showed that polyvinylpyrrolidone (PVP)
was the most suitable polymeric carrier for prolonging the
blood-residency of drugs, and was one of the best parent
polymers to design the polymeric carriers with targeting
capacity. In this study, we synthesized some hydropho-
bic PVP derivatives, poly(vinylpyrrolidone-co-styrene)
[poly(VP-co-S)} and poly(vinylpyrrolidone-co-vinyl laurate)
[poly(VP-co-VL)], and assessed their biopharmaceutical
properties after intravenous administration in mice. The
elimination of hydrophobic PVP derivatives from blood was
the same as PVP, and the plasma half-lives of poly(VP-co-S)

were almost similar to that of poly(VP-co-VL). Poly(VP-co-
VL) efficiently accumulated in the spleen, whereas poly(VP-
co-S) effectively accumulated in the liver. The level of
poly(VP-co-VL) in the spleen was about 20 times higher than
PVP and poly(VP-00-S). These hydrophobic PVP derivatives
did not show any cytotoxicity against endothelial cells in
vitro. Thus, poly(VP-co-VL) may be a useful polymeric car-
rier for drug delivery to the spleen. This study will provide
useful information to design optimal polymeric carriers with
targeting capacity to the spleen and liver. © 2004 Wiley
Periodicals, Inc. J Biomed Mater Res 70A: 219-223, 2004

Key words: polymeric carrier; drug delivery system; target-
ing; polyvinylpyrrolidone; hydrophobic

INTRODUCTION

Because of recent advances in structural genomics
and pharmacoproteomics, the functions of numerous
proteins can be clarified. The therapeutic application
of bioactive proteins, such as newly identified proteins
and cytokines, is also ex -4 Because these pro-
teins are generally quite unstable in vivo, their clinical
application requires frequent administration at high
dosages. This often results in impaired homeostasis in
vivo and may lead to severe adverse effects. Because
cytokines such as interleukin (IL)-2 and tumor necro-
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sis factor (TNF)-a have diverse effects on various tis-
sues, it is not easy to selectively obtain a favorable
function (therapeutic effects) of such proteins among
their diverse functions to minimize their side effects.
The same problems exist in antitumor chemothera-
peutic agents and immunosuppressive drugs.® To
overcome these problems, we attempted to conjugate
bioactive proteins with nonionic polymeric carriers
such as polyethylene glycol (PEG).””*' Chemical con-
jugation of proteins with PEG, as a polymeric drug
delivery system (DDS), increases their molecular size
and enhances steric hindrance, both of which are de-
pendent on the PEG attached to the protein. This
results in improving the plasma half-lives of proteins
and their stability against proteolytic cleavage, as well
as a decrease in their immunogenicity. We also re-
ported that PEGylation of proteins such as TNF-,
IL-6, and immunotoxins could enhance therapeutic
potency and reduce undesirable effects.

For further improvement of this polymeric DDS, it
is essential to design polymer-conjugated proteins
with targeting capacity to the optimal tissue such as
spleen and kidney. It is well known that the fate and



distribution of the polymer-conjugated proteins can be
attributed to the physicochemical properties of poly-
meric carriers such as molecular weight, electric
charge, and hydrophilic-lipophilic balance. Therefore,
to control the in vivo behavior of conjugated proteins
with polymeric carriers, it is necessary to assess the
pharmacokinetic characteristics of the polymeric car-
riers themselves. Previously, we showed that polyvi-
nylpyrrolidone (PVP) had much longer circulation
time than PEG, which has been used for bioconjuga-
tion (PEGylation) frequently, and tissue distribution
of PVP was markedly restricted.!? Therefore, we
found that PVP was the most feasible polymeric mod-
ifier for increasing the half-life of cytokines and reten-
tion in the circulation. For example, bioconjugation of
TNF-a with PVP showed 200 times higher antitumor
effects than native TNF-a with decreased side effects
and the antitumor effects of PVP-modified TNF-a was
two times higher than that of PEG-modified TNF-a.’
Our other studies on IL-6 yielded similar results.”® In
addition, it is easy to introduce various comonomers
on radical polymerization to PVP for giving new func-
tion such as targeting capacity. For instance, we found
that anionized PVP derivatives selectively accumu-
lated into the urinary organ.* Briefly, carboxylated
PVP efficiently accumulated in the kidney, whereas
sulfonated PVP was rapidly excreted in the urine.
Thus, these carboxylated and sulfonated PVPs may be
useful polymeric carriers for drug delivery to kidney
and bladder, respectively. Recently, we synthesized a
novel polymeric drug carrier, polyvinylpyrrolidone-
co-dimethyl maleic anhydride [poly(VP-co-DMMAn}],
for its application in a renal DDS. About 80% of
poly(VP-co-DMMAn) selectively accumulated in the
kidneys 24 h after iv administration.® Poly(VP-co-
DMMAn)-conjugated superoxide dismutase (SOD) ac-
cumulated in the kidneys after iv administration, and
accelerated recovery from acute renal failure in a mu-
rine model. In contrast, PVP-modified SOD and native
SOD were not as effective. These results suggested
that PVP was the most feasible parent polymer for
design of a novel polymeric carrier with targeting
capacity.

In this study, we focused on assessing the in vivo
behavior of hydrophobic PVP derivatives. To evaluate
the relationship between pharmacokinetics and their
hydrophobic functional groups, we synthesized poly-
{(vinylpyrrolidone-co-styrene) [poly(VP-co-§)] and
poly(vinylpyrrolidone-co-vinyl laurate) [poly(VP-co-
VL)] by radical copolymerization. We found that
poly(VP-co-VL) was useful for the targeting carrier to
the spleen and poly(VP-co-S) was useful for the tar-
geting carrier to the liver. This study is the first report
of creation of the targeting carrier to the spleen. This
study may provide useful information, which will
facilitate the optimal molecular design of polymeric

YOSHIOKA ET AL.

drug carriers applicable to therapeutic use for DDS to
the spleen and liver.

MATERIALS AND METHODS

Materials

Chemicals were purchased from Wako Pure Chemical
Industries Ltd. (Osaka, Japan). TSKgel G4000PW and TSK-
gel alpha-3000 columns were obtained from Tosoh Corpo-
ration (Tokyo, Japan). Na'®l (3.7 GBq/mL) solution was
obtained from NEN Research Products (Boston, MA).

Animals and cells

All experimental protocols for animal studies were in
accordance with the Guide for Laboratory Animal Facilities
and Care (National Institutes of Health publication 85-23,
rev. 1985). These protocols have been approved by the com-
mittee at the school of Pharmaceutical Science, Osaka Uni-
versity. Male ddY mice were obtained from SLC
{Hamamatsu, Japan). Sarcoma-180 cells (5-180; Cancer Cell
Repository Institute of Development, Aging and Cancer,
Tohoku University) were maintained intraperitoneally
through serial passages in ddY mice.

Synthesis of PVP and its hydrophobic derivatives

PVP was synthesized by the radical polymerization
method using 4,4’-azobis-4-cyanovaleric acid and 8-mercap-
topropionic acid as radical initiator and chain transfer agent,
respectively. The hydrophobic PVP derivatives of both
poly(VP-co-S) and poly(VP-co-VL) were prepared by radical
copolymerization of VP and hydrophobic comonomers {sty-
rene or viny! laurate) in dimethylformamide with the aid of
4,4'-azobis-4-cyanovaleric acid and mercaptopropionic acid
as for PVP. These polymers were separated into several
fractions by gel filtration chromatography (GFC) to obtain
polymers with a narrow molecular weight distribution. The
number-average molecular weight of PVP and both hydro-
phobic PVP derivatives was about 10 kDa (polydispersity
[M,,/M,] <1.39; PEG standards). The comonomer content
determined by 'H NMR was in good agreement with the
feed molar ratio of the hydrophobic comonomer relative to
the VP monomer. '

In vivo behavior of polymers

125].radiolabeled polymers were prepared by the chlora-
mine-T method and purified by GFC. The specific activities
of '?5|-labeled polymers were about 4.44 #.Ci/mg/polymer.
$-180 cells were implanted intradermally (5 X 10° cells /200
uL/site) in mice that were injected iv with '**[-labeled poly-
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Figure 1. Chemical structures of PVP and hydrophobic
PVP derivatives.

mer (1 X 10° cpm/200 pL) 7 days later when the diameter of
the tumors exceeded 7 mm. Blood was collected from the tail
vein at intervals and radioactivity was measured. GFC anal-
ysis confirmed that there was more than 95% of radioactivity
in the circulating blood, 3 h after iv injection was derived
from the intact '*’Habeled polymers.

Pyrene fluorescence assay

Various concentrations of polymer solutions were added
to each vial containing 1.0 X 107”M pyrene and heated for
1 h at 70°C to equilibrate the pyrene and the polymers.
‘Emission spectra of pyrene were recorded on a spectroflu-
orometer (excitation at 336 nm) and the intensity of emission
peaks at 382 and 392 nm was determined.

RESULTS
Plasma clearance

The hydrophobic PVP derivatives, poly(VP-co-S)
and poly(VP-co-VL), were synthesized by radical po-
lymerization methods (Fig. 1). These products were
separated and purified by GFC to adjust the molecular
size (10 kDa) and polydispersity of PVP. We con-
firmed the successful synthesis of these products by
NMR. These hydrophobic PVP derivatives at a dose of
10 mg/mL did not show any cytotoxicity against en-
dothelial cells in vitro (data not shown). The plasma
clearance of PVP and the hydrophobic PVP deriva-
tives were compared after iv injection in mice bearing
S-180 solid tumors (Fig. 2). Pharmacokinetics of '*I-
labeled polymers was not influenced by the '*I-label-
ing method and the preparative method for activated
polymers (data not shown). Additionally, almost all
radioactivity in the blood was derived from the *I-
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labeled polymers by GFC analysis, 3 h after iv injec-
tion (data not shown). Therefore, it was considered
that the pharmacokinetics of '*I-labeled polymers
was exactly correlated with that of the polymers. All
polymers showed biphasic elimination patterns. Both
poly(VP-co-S) and poly(VP-co-VL) as well as PVP,
showed long retention in circulation and 25% of the
injected dose remained in circulation after 180 min.

Tissue distribution

Next, we studied the tissue distribution of the poly-
mers 3 h after iv injection (Fig. 3). Each polymer, with
the same molecular weight, showed a characteristic
distribution. PVP showed little tissue-specific localiza-
tion. Poly(VP-co-S) (S: 1%) did not demonstrate spe-
cific tissue accumulation as well as PVP. However,
poly(VP-co-S) (S: 3%) tended to accumulate in the
liver, whereas the accumulation of poly(VP-co-S) (S:
3%) in other organs was similar to poly(VP-co-S) (S:
1%). In contrast, poly(VP-co-VL) effectively accumu-
lated in spleen and accumulated more than 20 times
higher than PVP or poly(VP-co-S) (S: 1%).

Detection of conformational shift of the polymers
by pyrene fluorescence assay

In general, hydrophobic polymers tend to assemble
each other in water. Therefore, the difference of phar-
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Figure 2. Plasma clearance of PVP and hydrophobic PVP
derivatives after iv injection in mice. Mice were intrave-
nously injected with '**I-labeled polymers. After adminis-
tration, blood was collected at indicated times and radioac-
tivity was measured using a y-counter. Mice were used in
groups of five. Each value is the mean + standard error. (O)
PVP; (O) poly(VP-co-S) (S: 1%); (M) poly(VP-co-S) (S: 3%); (&)
poly(VP-co-VL) (VL: 1%).
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Figure3. Tissue distribution of PVP and hydrophobic PVP
derivatives at 3 h after iv injection in mice. At 3 h after iv
injection, mice were killed and each organ was collected. The
radioactivity was measured using a y-counter. Mice were
used in groups of five. Each value is the mean * standard
error.

macokinetics of the hydrophobic PVP derivatives
would result from the difference of the state of the
polymer in blood. Fluorescence probe technique was
used to investigate the self-assembly of the polymers
in water using pyrene as a hydrophobic probe.'® The
transition from an expanded, hydrophilic coiled poly-
mer to a compact, globular structure can be detected
in the presence of pyrene as the change of the ratio of
the emission intensity at 372 nm to that at 382 nm.
Phosphatidylcholine, as a positive control, assembled
with increase of the concentration. In contrast, no
changes were detected in all hydrophobic PVP deriv-
atives (Fig. 4).

DISCUSSION

Systemic administration of potential activators of
immune cells for tumor or virus therapy such as IL-2,
IL-12, and IFN-y, or potential inhibitors of immune
cells for autoimmune disease such as IL-10 and immu-
nosuppressive drugs, has attracted much attention.'®
However, systemic administration of these cytokines
is often associated with severe toxic side effects before
the curative dose. To overcome these problems, it is
important to develop an effective spleen DDS that
selectively carries bioactive proteins to the spleen with
a high degree of safety. In this regard, we previously
reported that PVP was a more suitable polymeric car-
rier for enhancing the blood residency of drugs than
PEG, which has been used frequently.®!* Using this
PVP as a backbone polymer, we have evaluated the in
vivo pharmacokinetics of synthesized PVP derivatives
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with various electrically charge or hydrophilic/hydro-
phobic balance.®* For instance, the copolymer be-
tween VP and dimethyl maleic anhydride showed a
marked increase in accumulation in the kidney.'® In
this study, we focused on the assessment of the in vivo
behavior of hydrophobic PVP derivatives for optimiz-
ing the spleen DDS.

In vivo behavior of hydrophobic PVP derivatives
was changed by type and content (molar ratio) of
hydrophobic groups. Poly(VP-co-VL) and poly(VP-co-
S), as well as PVP, showed high retention in circula-
tion (Fig. 2). Furthermore, poly(VP-co-VL) accumu-
lated in the spleen, as compared with other tissues
such as the liver, kidney, and lung at 3 h after their iv
injection (Fig. 3). The level of poly(VP-co-VL) in spleen
was about 20-fold higher than PVP and poly(VP-co-S).
However, poly(VP-co-S) showed little accumulation in
the spleen. The reason for this difference is not clear,
but it is partially due to the difference in structure of
hydrophobic polymers. These results suggested that
optimal hydrophobic groups may produce the highest
accumulation in the spleen. The spleen is a lymphoid
organ composed of red pulp and white pulp, contain-
ing T and B cell areas. The spleen has a unique vas-
cular network and its framework is formed by a retic-
ular meshwork consisting of fiber-forming reticular
cells. The accumulation site of poly(VP-co-VL), and the
mechanism of accumulation are currently under in-
vestigation. To evaluate the relationship between ac-
cumulation efficiency in the spleen and the number of
vinyl laurate groups, we are synthesizing various
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Figure 4. The ratio of pyrene emission intensity at 372 nm
to that at 384 nm in the presence of poly(VP-0o-5) and
poly(VP)-co-VL. Pyrene and each polymer solution were
mixed and incubated for 1 h at 70°C. After incubation,
fluorescence activity (Ex: 336 nm, Em1: 372 nm, and Em3:
384 nm) was measured. (O) PEG; (¢) PVP; (W) phosphati-
dylcholine; (A) poly(VP-co-S) (S: 1%); (A) poly(VP-co-S) (S:
3%); (O) poly(VP~co-VL) (VL: 1%).
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kinds of poly(VP-co-VL)s and examining the accumu-
lation in the spleen. In addition, we are examining the
therapeutic effects of poly(VP-c0-VL) with immuno-
suppressive cytokine, IL-10, for the treatment of auto-
immune diseases such as rheumatoid arthritis, and the
usefulness of poly(VP-co-S) for the targeting carrier to
liver is also under investigation.

This study may provide useful information that will
facilitate the optimal molecular design of polymeric
drug carriers applicable to therapeutic use for DDS to
the spleen.

CONCLUSIONS

Both poly(VP-co-S) and poly(VP-co-VL), as well as
PVP, showed long retention in circulation. Poly(VP-
c0-S) (S: 3%) tended to accumulate in the liver,
whereas PVP showed little tissue-specific localization.
Furthermore, poly(VP-co-VL) effectively accumulated
in spleen and accumulated more than 20 times higher
than PVP or poly(VP-o-S) (S: 1%). .
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Summary

Renal disease is a serious health problem which is on the increase in the world. Over time such conditions
necessitate dialysis and may require a kidney transplant. However these therapies are expensive and do not restore
normal health. Therefore, new therapeutic strategies must be developed for treating patients with renal disease.
Drugs such as steroids have been used to prevent the progression of renal disease, but they produce toxicity because
of their wide distribution in the body. The development of a renal delivery system that selectively carriers drugs to
the kidneys is a promising approach for limiting tissue distribution and controlling toxicity. To overcome the
problems associated with conventional therapies, bioactive proteins have been conjugated with water-soluble
polymeric carriers. Conjugated bioactive protein with polymeric carriers regulate the tissue distribution of
bioactive proteins, resulting in a selective increase In its desirable therapeutic effects, and a decrease in undesirable
side effects. However, for further enhancement of the therapentic potency and safety of conjugated bioactive
proteins, more precise control of the in vivo behavior of each protein is necessary for selective expression of their
therapeutic effect. Recently, we reported that the poly(vinylpyrrolidone-co-dimethyl maleic acid) [PVD] was
selectively distributed into the kidneys after intravenous injection and it was conjugated with the amino groups of
drugs. The conjugates demonstrated high accumulation and retention in the kidneys without any adverse toxicity.
In this review, with reference to our recent studies, we propose that bioconjugation with the appropriate polymeric
modifier of PVD can be a potential therapeutic agent for various renal diseases.

1. Introduction carriers. We have already reported that polymer

In recent years, the clinical applications of bioactive conjugation of cyfokines typified with tumor necrosis
proteins such as cytokines and growth factors have been factor-a. (TNF -0t) interleukin-6 (IL-6), and immunotoxin
studied. However, the clinical applications of most of ~ (T), ~ with polyethylene  glycol (PEG) and
these proteins are limited because of their various side  POlyvinylpyrrolidone (PVP), improved their resistance to
effects (Blick et al, 1987; Rosenberg 1987). Generally, the proteinase, enhance_d their plasma half-.hves, and resulted
plasma half- lives of bioactive proteins in vivo are very I greater therapeutic potency (Tsutsumi et al, 1997, 2000;
short (Donohue et al, 1983; Bollon et al, 1988; Tanakaand ~ Kaneda et al, 1998; Kamada et al, 2000; Yamamoto et al,
Tokiwa 1990). This necessitates their frequent ~ 2003). We have also shown that conjugation with
administration at high dosage in order to obtain sufficient ~ Polymeric carriers regulates the tissue distribution of

therapeutic effects. Such administration markedly destroys ~ bioactive proteins, resulted in a selective increase in
homeostasis, resulting in unexpected side effects. In desirable therapeutic effects, and a decrease in undesirable

addition, since bioactive proteins exhibit diverse  Side effects. However, for further enhancement of the
pharmacological actions in various tissues, it is difficult to  therapeutic potency and safety of conjugated bioactive
selectively obtain only the favorable actions (therapeutic  Proteins, more precise control of the ir vivo behavior of
effects). To overcome these problems, bioactive proteins each protein is necessary for se-lectlve expression of their
have been conjugated with water-soluble polymeric therapeutic effect. Thus, there is a need to develop novel
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polymeric carriers capable of targeting specific tissue,
while PEG and PVP are useful and powerful polymeric
carriers for improving the plasma half-lives of proteins.
Renal discase is a serious problem that is on the rise
all over the world. According to the Third National Health
and Nutrition Examination Survey, about 10.9 million
people in the United States have renal disease. (Jones et al,
1998). There is no cure for renal disease, and few
strategies are available for prevention. Bioactive proteins
such as superoxide dismutase (SOD) and interleukin-10
(IL-10) were believed to prevent the progression of renal
disease; however, their therapeutic potency was too low as
they were poorly distributed to the kidneys. The
development of 2 renal delivery system that selectively
targets the kidneys is a promising approach for limiting
tissue distribution and controlling toxicity. Several renal
drug delivery systems have been described. One approach
involves prodrugs that are cleaved by kidney-associated
enzymes fo release the drugs in the kidney (Elfarra et al,
1995). However, these prodrugs tend not to accumulate in
the kidneys because of plasma protein binding and limited
transport to the kidney. Altematively, low-molecular-
weight proteins such as lysozyme have been used as
carriers because they are easily reabsorbed by the kidneys.
Unfortunately, they also result in considerable renal
toxicity and cardiovascular side effects (Haverding et al,
2001). A third strategy has been based on the binding
capacity of streptavidin carriers to biotin in the kidney.
However, streptavidin is immunogenic and also results in
limited renal accumulation because of its large molecular
size (Schechter et al, 1995). The fate and distribution of
conjugates between polymeric camriers and drugs is
determined by their physicochemical properties such as
electric charge and hydrophilic-lipophilic balance (Inoue
et al, 1989). In this review, at first, we show that PVD is
accumulated and retained in the kidney without any
adverse toxicity. Additionally to assess the usefulness of
PVD as a renal targeting polymeric carrier of drugs, we
evaluated the relationship between PVD molecular weight
and renal accumulation. We then prepared a conjugated

SOD -with PVD and evaluated its pharmacokinetic
characteristics and therapeutic effects on HgCl,-induced
acute renal failure (ARF). This review will provide
fundamental information enabling us to design of
polymeric drug carriers and its application for renal drug
targeting.

II. Pharmacokinetics of PVD

The in vivo pharmacokinetics of polymer-conjugated
drugs such as bioactive proteins may be markedly
influenced by the properties such as electric charge and
hydrophilic-hydrophobic balance of polymeric carriers
attached to the surface of the drugs. Therefore, in order to
optimize drug therapy by polymer conjugation typified by
PEGylation, we must initially design a polymeric carrier
with useful functions such as targeting and controlled
release capability, which can precisely regulate their
behavioral characteristics in vivo. We reported that PVP
was a more suitable polymeric carrier for enhancing the
blood residency of drugs than PEG, polyacrylamide
(PAAm), polydimethylacrylamide (PDAAm), and
polyvinyl alcohol (PVA) (Figure 1). PVP, PAAm, and
PDAAm could be functionalized by introduction of
various comonomers on radical polymerization. PVA has
several primary OH groups that can be used for
bioconjugation on the side chain. Most appropriately,
using this PVP as a backbone polymer, we have evaluated
the in vivo pharmacokinetics of synthesized PVP
derivatives with various electric charges or hydrophilic-
hydrophobic balance. We assessed the pharmacokinetic
properties of various PVP derivatives. We demonstrated
PEGylated TNF-a was improved its anti-tumor effect than
native TNF-a in mice bearing tumor, because their blood
residency not tumor distribution (Tsutsumi et al, 1995).
Among these, carboxylated PVP accumulated in the
kidney 24h after intravenous injection (Figures 2 and 3).
The in vitro cytotoxicity of carboxylated PVP against
renal tubular cells was low, and its renal targeting capacity
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Figure 1. Plasma clearance of various water-soluble polymers in mice after intravenous injection.
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was better than that of other carriers (Figure 5). Anionic
polyaspartamides are transiently distributed in the kidney
and are rapidly excreted in the urine (Rypacek et al, 1982).
However, we found that these anionic polymers were not
suitable as renal targeting carriers, because the conjugates
composed of these anionic polymers and the drug did not
accumulate in sufficient quantities to produce therapeutic
effects.

We synthesized PVD by radical copolymerization
and mixed the reactive comonomers [Dimethyl maleic
anhydride (DMMAn) and vinylpyrrolidone (VP)] to
evaluate its use as a polymeric drug carrier for renal drug
delivery systems. We found that about 80% of the dose of
PVD selectively accumulated in the kidneys 24 h after
intravenous  injection (Figure 4). Although PVD
accumulated in the kidneys was gradually excreted in the
urine, about 40% was retained 96 h after beginning the
treatment. The high renal accumulation and retention of
PVD makes it a more useful targeting carrier than other
agents. Although most anionized polymers are safer than
cationized polymers, they exhibit cytotoxicity at high
doses. Indeed poly(VP-co-MAn), PVD, which has the

Shin
Tunsn
Bran
Thymus
Lauy
Flean
Spleen
Kidiney
Laver
Bliwx

L2 8 .} 3

o A0 ETS
Radivacns ity iepurng tivsuel

{A)

same molecular size, polydispersity, and carboxyl group
content as PVD, produced cytotoxicity in LLC-MK2 cells
at higher concentrations (Figure 5). In contrast, PVD
produced no evidence of pathological effects in mice at a
dose of 10mg/d for 28 d. A subcutaneous dose of 50mg
PVD, which had a jelly-like consistency, was well
tolerated by mice. The safety of PVD seems similar to that
of PEG and PVP, which are used clinically. Thus, PVD
seems to be a safe polymeric carrier with much higher
renal targeting and retention capacity than any other renal
targeting carrier. PVD was hydrolyzed at the maleic
anhydride position to form carboxyl group, which
produced polyanionic characteristics. Endothelial cells and
the glomerular capillary wall are coated with highly
polyanionic sialprotein (Simionescu, 1983). Therefore,
anionic polymers such as anionized dextran are generally
cleared more slowly from the circulation than are nonionic
and cationic polymers (Chang et al, 1975). The reason for
this discrepancy in vivo activity is not clear. In a
preliminary study, the uptake of PVD by renal cells was
inhibited by the energy inhibitor NaN; and was not
affected by cytochalasin B.
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Figure 2. Tissue distribution of PVP and anionized PVP derivatives at 3h after intravenous injection in mice.
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Thus, PVD may be taken in by an energy-dependent
process other than endocytosis. Several specific molecules
are involved in renal transport, and various organic anion
transporters exist in the kidney (Moestrup et al, 1996;
Sweet et al, 1997; Hosoyamada et al, 1999; Nakajima et
al, 2000). However, these transporters generally carry low
molecular weight drugs. Therefore, a new transport
pathway may exist. It is important to consider the in vivo
uptake pathway (reabsorption pathway or direct pathway)
of PVD into the proximal tubule. We found that the in vivo
behavior of PVD was similar in both normal and ARF
mice. Since reabsorption did not occur in ARF mice, we
believe that PVD was delivered directly to the proximal
tubule.

We injected mice intravenously with fluorescenly
labeled PVD and collected their kidneys after 3 h, We
prepared sections and evaluated them by fluorescence
microscopy (Figure 3). Most of the PVD accumulated in
the cortex (data not shown). PVD was also present in renal
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tubules, especially proximal tubular epithelial cells, but
not in glomeruli. In contrast, fluorescence-labeled PVP did
not accumulate in the renal tubules, Neither amino-aceto-
fluorescein nor the mixture with hydrolyzed PVD was
detected in renal tubules.

Further we used '®l-tyramine and amino-aceto-
fluorescein as model drugs with low molecutar weight,
and showed that they specifically accumulated in the
kidney after conjugation with PVD (data not shown). PVD
may serve as a carrier for site-specific delivery of drugs
with relatively low molecular weight to the kidney. These
drugs may include radionucleotides or anti-inflammatory
drugs, antibiotics, and other effector molecules.
Furthermore, DMMAn is an amino-protective agent that
binds to or scparates from amino groups when the pH
changes (Nieto and Palacian, 1983; de la Escalera and
Palacian, 1989; Kaneda et al, 1998). PVD also has maleic
anhydride groups that react with amino groups in drugs. In
inflammatory tissue and tumor tissue, the pH is lower than
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normal (Nakajima et al, 2000). Therefore, if PVD is used
in nephritis and renal cancer, it is expected to accumulate
in the kidneys and gradually release the drugs. In addition,
the modification of proteins with polymeric modifiers has
several advantages. TNF-¢, IL-6, and functional single-
chain Fv fragment bioconjugated with PEG or PVP are
more effective than the native proteins (Tsutsumi et al,

I11. Therapeutic effect of PVD-SOD
We synthesized PVD as a new renal targeting carrier.
About 80% of the dose of PVD was selectively distributed
to the kidneys after intravenous injection and then
gradually excreted through urine. Approximately 40%
remained in the kidneys 4 days after the intravenous
injection (Figure 4). No side effect occurred in the kidney
and other tissues by administration of excessively high
dose of PVD. Next, we assessed the usefulness of PVD as
a renal targeting carrier. The relationship between the M,
of PVD and its renal accumulation after intravenous
injection was investigated. To evaluate the influence of
molecular weight on renal accumulation of PVD, we
estimated the plasma clearance and tissue distribution of
PVD with various M, after intravenous injection (Figure
7). The radioactivity in the supernatant of homogenized
kidneys was measured after acid precipitation to
distinguish between bound polymer and free tyramine, it
was confirmed that the PVD did not release the free
tyramine and it was not degraded in the kidneys (data not
shown). The blood retention increased as the molecular
weight increased (Figure 7A). On the other hand, PVD
with an average molecular weight of 6-8kDa (PVDg, and
PVD;,,) showed the highest renal accumulation and about
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1995, 1997, 2000; Kamada et al, 1999, 2000; Mu et al,
1999; Tsunoda et al, 2000, 2001). We have also shown
that the fate and distribution of proteins with polymeric
modifiers are strongly influenced by the polymeric
modifiers. Therefore, PVD may be a useful modifier of
bioactive proteins for targeting the kidney.

80% of the administered dose accumulated in the kidneys
at 3 h after injection (Figure 7B). Accumulation raies
decreased to 60% for PVD,, and 30% for PVD,. We
examined the clearance, which was calculated on the basis
of radioactivity at 3 h after intravenous injection of various
PVDs in mice (Nishikawa et al, 1996; Nishikawa et al,
2003). The uptake clearance of PVD,, was the highest
among various PVDs. PVD, and PVD, were rapidly
eliminated from the blood and specifically accumulated in
the kidneys only 1 h after intravenous injection without
being distributed to other tissues.

In addition, PVD,, and PVD,, showed high retention
in the kidneys and about 60% of the injected dose was
retained in the kidneys 24 h after intravenous
administration. By the measurement of the urinary
radioactivity excretion, it became clear that the PVD
which accumulated in the kidney was gradually excreted
through the urine. Furthermore, measurement of urinary
radioactivity excretion revealed a significantly higher
value for PVD;, with the lowest molecular size (Figure 8).

We further evaluated the usefulness of PVD as a
renal targeting carrier by polymer conjugation to SOD,
which is viewd as a potential drug for renal disease.
Several recent studies have reported an association
between activated oxygen species such as superoxide

Figure 6. Histological sections of renal
tissues in mice receiving an injection of
fluorescein-labeld PVD.

From Nat Biotechnol.
Apr;21(4):399-404
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radical, hydrogen peroxide hydroxy! radical, and NO with
various pathologic diseases processes such as cancer,
inflammation, septicemia, and necrosis. associated with
ischemic reperfusion. Several studies have investigated the
use of activated oxygen metabolic enzymes and
antioxidants as therapeutic agents in diseases where stress
oxidation plays a prominent role. SOD has shown promise
as a therapeutic agent capable of eliminating superoxide
radical in the early stages of formation of highly reactive
oxygen species such as hydroxyl radical. Developments in
genetic engineering have now enabled the production of
large quantities of human Cu/Zn-SOD, which has attracted
attention as a therapeutic agent. Hashida et al. reported
that cationized SOD and PEGylated SOD exhibited
significant therapeutic effects on ischemic acute renal
failture (Fujita et al, 1992; Mihara et al, 1994). However,
there is no report as to delivery of drug to the kidney
specifically. With respect to kidney disease, activated
oxygen is known to play an indispensable role in the
mechanisms of ARF, complications associated with long-
term maintenance dialysis, drug toxicity, and various

inflammatory conditions. The PVD-SOD was prepared via
formation of amide bound between the SOD lysine
residues and carboxyl groups of PVD,. The resultant
PVD-SOD was separated into three fractions of different
molecular sizes (high = H, middle = M, low = L) by gel
filtration HPLC, and then, specific activities were
measured, The separated PVD-SODs, with molecular sizes
of 73, 120, and 220 kDa, were termed L-PVD-SOD, M-
PVD-SOD, and H-PVD-SOD, respectively. Although
specific activity decreased with an increase in the
molecular size, even H-PVD-SOD with the largest
molecular size still had 60% activity compared with native
SOD.

We then evaluated the pharmacokinetics of the three
kinds of PVD-SODs after intravenous administration.
Native SOD was rapidly cleared from the blood
circulation (Figure 9A) 3 h after injection, accumulation
of native SOD into the kidneys was observed in small
quantities (Figure 9B), and almost all native SOD was
found to be eliminated in the urine (data not shown). On
the other hand, the blood residency and renal distribution
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Figure 7. Plasma clearance and tissue distribution of PYDs with various molecular weight (M,) after intravenous injection.
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Figure 8. Renal accumulation and urinary excretion of PVD with various molecular weight after intravenous injection.
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