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1.Hisamitsu Pharmaceutical C o . ,  Inc. Kansas Laboratories, 1501 

2.Hisarnitsu Pharmaceutical C o . ,  Inc. Tsukuba Laboratories,l-25-11 
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Kannondai, Tsukuba, Ibaraki 305 ,  Japan 
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ABSTRACT : Antisense oligonucleotides have therapeut ic  potential as  inhibitor 
of gene  expression.  Water soluble and  nuclease resistant-polymers complexed 
w i t h  t h e  ant isense oligodeoxynucleotide which specifically inhibits t h e  
product ion of interleukin-1 B were  prepared using poly-L-lysine/ L-serine and  its 
polyethylene glycol 5000 conjugate a n d  evaluated their  act ivi ty  in  v i t ro  and in  
vivo.  These  complexes biologically inhibited interleukin-1 B product ion in  a 
dose-dependent and sequence-specific manner  a t  nanomolar levels in 
lipopolysaccride-stimulated human macrophage-like, lJ937 cells. Moreover, in  
v ivo  s tudies  using mouse eridotoxin shock model, it had a s t rong  efficacy in  a 
dose-dependent and  sequence-specific manner .  The mice(n=lO), administered 
w i t h  t h e  ant isense complex at  100mg/kg,  survived for more t h a n  7days.  These 
carr iers  may give a promise for  develoDing nucleic acid d r u g  in  clinical use.  

Recently, the development of improved deliven- systems for oligonucleotides (OKs) or 
plasmid expression vectors into mammalian cells have been a maior me-requirement for the 
therapeutic use of ONs in order to increase stability and cellular uptakes'.''. Numerous ON studies 
using unmodified phosphodiester(D-) have been tried, but resulted in fair, since I)-ONs are rapidly 
hydrolyzed by cellular or serum nucleases. Then, it has been shown that some analogs such as 
phosphrothioate(S-) ONs can overcome these difficulties, howe\rer in many cases, these modified 
ONs are the subject of questions on the separation of isomers, non-sequence specifi~ity'.~'. An 
alternative approach would be to use molecular assemblies without any chemical modifications of 
ONs . 

On the other hand, preclinical studies for use of the ONs (e.g., antisense RNMDNA and 
ribozyme) as drugs have been actively performed in recent year4). Ilowever, it is known that the 
ONs, per se, due to their high molecular weight, are difficult to be deli\.ered in required amounts 
into the cytoplasm which constitutes the site of exertion of effects, together with the fact that the 
ONs are prone to undergo degradation by various kinds of nucleases. To put the ONs into practical 
use as real drugs, therefore, it is required to overcome such issues, and numerous studies aimed to 
develop an effective drug delivery system for ONs have been attempted. 

hydrophilic serine residues and cationic lysine residues or its coniugates with 
In this study, we investigated efficacy of the synthetic polymerdHLS) composed by 
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1610 GOT0 ET AL 

po~~eth,-~eIi~~gl,.coi-;,i)OO, as de1iVt:r). s~-stenis of ONs i l l  vitro and in vivo. It is strongly sllggested 
that a pro-inflamrnaton- cytokine, II>- I 8 I A ~ I , S  an important role in pathogenesis of rheumatoid 
art1iritidR.U. Then, rye also tried to devolop a specific drug for treatment of patients mith R-2 
using antisenseLlVS) IriethodologJ.. 

E x r w u h i m - m  
1)- arid S-.A‘\TS 2Oriier oligodeoxyriucleotid~(OI)N), conipleinentary to the sequence including 

initiation codon of the hurnan interleukiii-1 3 (hlI,-l B ) gene, were automatically s-nthesized on 
.-\I31 DN.4 synthesixr (380B; Applied terns, Foster City California) . I t  is difficult to select 
thc sequence in mRVX on target w t o  So, the sequences in niRNA on target cytokine were 
focrised on the structure of the antisense moltxules in solution and the ability of hybrid formation 
with their corriplemei itary target sequrnces using computer simulation. Purification of these 
ODNs xvcre pcrforrrwd 
phase 300,A column, Ilaniilton Co., Reno, N.Y.) , 

Amino acidic copAymers of I ,-lysine and L-serinc were synthesized by the method reported 
previously4) . Reference poIy-L-lysine(I’LL) arid poly-I),L- lysine were purchased from Sigma Co. 
I.ttf. 

Collcctiori arid purification of the ODN and HLS complexes were carried out by ultrafiltration 
method. A solution tliat contained 32I’-l;ibeled ODN was mixed with the solution of a poly 
peptide in 2inM phosphate buffer ( p H S . 3  with a molar ratio of ODN to the I-ILS polypeptide 
region of 1 to 1.5. I ‘Irrafiltratitm method was used as a procedure to directly examine ihe complex 
forniatiori betwcen the 0L)Ns and the I-ILSs, frequently. Ultrafiltratiori tube was purchased from 
h4IIJPOKE: Co.(lJltrafree C3LGC, Lot. N2DhlB051.4). First, the ODNs were 5’-end labeled using r 
-32P-ATP and T4-polynucleotide kiriasc by the exchange reaction method. OND solution was 
mixed with the HLS solution of several concentration. The ultrafiltration tube with a menbrarie 
fract ioiiing capacity rvhicfi enables to pernieate only the free ODN was used to conduct 
centrifugation, and tlie aillourit of free ODN in the filtrate was then determined with a Bio-Imaging 
analyzer(Fuji film, EXS-2000) or on the based on the absorbance at 260nm or at 210nm. The 
amount of free ODN was subsecluentiy detected from the total amount of ODN used to determine 
tlic amount of the cornplex. 32P-labeled ODNs were mixed with the solutions that contained 
poly-cationic amino acids. 

syx:ctropolarimeter. 111 these measuremerits, a phosphate buffer of pH 7.0 was used exclusively ; 
the ionic strength of the buffer was 0.014 for PLL, I’DL, and PDLLsolutions and 0.100 for HLS 
solutions. The relative proportions of secondary structures were estimated by curve fitting the CD 
swctruni, usirg the reference spectra o f  a-helix as determined by Chen et al.5). The simulation 
was carried out in the \vavelength region 200-240n111 at lnm intervals. In the case of PLL addition, 
the simulated wavelength was shifted to  210-240nm with an increase in the concentration of PIL, 
since higher concentrations interfered in the CI> measwenlent in the lower-wavelength region. 

Concentrations of 1,olypeptides werc determined spectrophotonietrically. Extinction coefficients 
of H I S  and anotheir IdJ’peptideS \yere estimated on the basis of their concentrations determined 
by weighing the Iyophili~d samples oT 50-1001ng. The samples had k e e n  exhaustively dialyzed 
against pure water to  removed the electrolytes comDosing the buffer and then they were 
lyophilized. The extention at 215nm was 60,000 for H E .  

oligonucleotides were determined using an poly--acrylamide gel electrophoresis retardation 

reverse-phase high L)erformance liquid chromatography(PRI-3 reversed 

Circular Dichroisin (CU) rneasiireinents were carried out at 20°C with a Jasco 5-720 

The optimal proportions for complex formation between the HLS carriers and the 

tem6).  A conjugate to anionic OND molar ration of 1.5:lbased on cationic lysine content of 
1 HIS) \vas fourid to corripletely retard OND migration in the gel and form soluble complexes, 

and this ratio was used in all subsequerit experiments. All complex were filterd through UltraFree 
illipore) membrane prior to iritction to ensure that samples rised did not contain 
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precipitates. Complexes found to be stable in above buffer at 37°C for at least 2 days, and at 2°C 
for at least 3 weeks. 

macrophage-like cell .U937 celk were detected by the methods, previously described 
elsewhere3). 

12-o-Tetradecanoyl Phorbol Acetate(TPA) and lipopolysaccharide(LPS) were purchased from 
Wako Chemicals Co. Ltd. and Sigma Chemical Co. Ltd., respectively. Six southernd U937 cells 
were suspended in 0.3 ml of growth medium, then cultured in a 96-wells microtiter plate. One 
ng/ml of TPA, 10 LL g/ml of LPS and various concentrations of ONs were added into the medium. 
In some experiments, ODs complexed with HLS, were used instead of uncomplexed ONs. ONs and 
HLS complexe solutions were prepared just prior to its addition to the medium.The human 
macrophage cell-line U937 was grown in RPMI1640 medium containing 10% heat-inactived fetal 
bovine serum, lOunit/ml penicillin, and 100 f i  g/ml streptomycin. Celk were incubated at 37°C in 
5 % COZ and air saturated with water vapor, and were maintained in their logarithmic growth 
phase. Viable cells were determined using a trypan blue-exclusion method assay and counted using 
a hemocytometer. 

After incubation under conditions, microtiter plate was frozen and thawed in three times. The 
supernatant of each sample was collected and then hIL-1 B concentration was detected using an 
enzyme-linked immunosorbent (ELISA) system. 

The W / c  mice has served as a useful animal model for anaphylatic, burn, endotoxine, and 
septic shock. Female BALEVc mice were obtained from Charles River Breeding Laboratories,Inc., 
Portage, Mich., and were used between 9 and 11 weeks of age. The animals were given i.v. doses 
of ODNs as drugs at several concentrations. , 30min. prior to LPS injection. Control animals 
received isotonic sodium chloride solution alone. Lethal (20mg/kg) doses of endotoxine were then 
injected i.p., immediately. Mortality in all experiments groups was evaluated daily. 

The effects of antisense ODN and HLS complexes on human IL-1 B production in human 

Turbidi ty  of t h e  complex 
Figure 1 shows the spectroscopic evaluations of the complex-forming property of ODNs and 

HLS carriers according to the turbidity of the solution. An increasing in absorbance was noted at 
hgher concentrations than a given level in case of PLL, while no changes were noted in absorbance 
at 360nm in case of HLS. The HLS and ODN complex which indicated no agreegation in the 
solution, indicating that the solubility of the HE-ODN complex is extremely high 

Complex dissociation 
It is considered that the OD& are required to be dissociation from the complex with in the 

target cells and to be delivered into the Wtoplasm before their physiological activity. Figure 2 
shows the results of pH-dependent dissociation of ODNs and HLS complexes . The ordinate 
represents the amount in percentage of ODNs dissociated from thecomplex at each pH. As 
results,althoigh no dissociation of ODNs from FILS carriers was observed at pH7.0, the 
dissociation of ODNs finally reached 100% at ~143.0. Thmc rcsults indicate that the HLS and 
ODN complex dissociates at acidic pH range and simultaneously shows the possibility that 
theODNs ODNs might be effectively delivered into target cells, e.g., endocytosis, by use of the 
HE-ODNcarrier system. Apparently, in terms of the binding of the ODNs with H E ,  secondary 
structures of the ODNs had no effects (data not shown). 

On the other hand, in the case of PLL as a poly-amino acid, the complex formation did not 
progress to completion when antisense OND that had adopted secondary structures (e.g., 
stem-loop structure) was used (data not shown). This demonstrates that the release of the ODNs, 
capable of adopting secondary structures with poly-amino acids, that have the main chain 
consisted of only lysine, is more difficult than the case of the ODNs that adopt a h e a r  chain 
structure. Therefore, the insertion of serine residues into PLL resulted in promotion of the O m  
relese that has a secondary structure. It is to be stressed that poly-(D.1)-lysine synthetic 
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FiiTure 1. Concenr ra t ion  depencienct. of PLL or HLS 
o:i absorbance at 360 I~ITI. 

1 

3 4 5 6 7 8 

Figure 2 .  pH-dependent dissociation of 
ODN and HLS complexes. 

copdyrnei-s failrtl to iorrii complexes \villi O N l k  (data riot slio\vn), an indication that an ionic 
iiiteractioii is tiot thc sole driviilg forcc for the corii~lex dissociation. 

FoIlo\virig (:I) rrirasurmirnts hirirrd at I hr irriporlani-e o f  somr structural element such  as (Y 

-1irlices ir i  ttir formation of complexes i w - w r Z r ;  cationic prptidrs and O1)Ns. We therefort? rcplaced 
parts of llir pol>’-L-h.siiic chain with 1. 
corriposcti o f  L-lysinc and 1;serine hat1 fi.wer cationic charges but Iiad a greater tcndena towards 
an iu-l-iclical coiiiiyulaliori. When I L S  was cxarriiried for its capacio to hiiid to Or)Ns, it (lid indeed 
form a tightcr coiriljk~x with ODNs than did l’I,l,. Thcn, the stal.ilily o f  the conidexes ivas 
cxa~iiir~cd in human smiiii. 

ril it: 1-esidurs. The resultant syrithctic copolymcr. 

Stability of 0 I ) N s  w i t h  FILS in human s e r u m  
1;igure 3 shows the time course of aririsense ODN-drgratiatioii, in uiitiiluted hriman st:riiiii. 

wFicm forinctl corripleses xvith the cationic peptides. I n  the case of naked ODNs, there were hardly 
dcgradatioii in secomlx or within 1 riiiri. 111 the caseol PT.I.-corn~~lexed OIINs, about 60% o f  each 
coi~iplcx rr:rriairied intact after 241irs. iri a form of complex Tvith catioiiic peptides sun-ivctl h i  
i.intlilutetl human serum more than 24hours \Thereas naked ODK ~ v a s  degraded in seconds. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
5
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



NOVEL APPROACH FUR GLNI: MEDICINE I613 

h 

x 
v 

m z a 
0 

80  

60  

40  

20 

5 10  15 20 
'Time (hr . )  

F igure  3. Effect of poly a m i n o  acids on s tab i l i ty  of 
ODNs in undi lu ted  h u m a n  s e r u m .  

-0- : 11-ODN with HLS 0 : D-ODN alone 
f : D-ODN with PLL -0: S-ODN alone 

ELISA 
The effects of antisense ODN mith cationic peptide on inhibition of IL-l 4 are shown in figure 

4. Although S-antisense ODN of lOuhf inhibited II;1 P production by 20% S-sense6EN) ODN 
also inhibited IL-1 p production in considerable level. Surprisirigly enough, low concentrations 
([A31 levels) of antisense D-ODN:HIS complex dose-dependently inhibited IL-10 production, and 

it u'as quite specific for its antisense sequence. 
Fiirthrr analysis revealed that antisense ONs were all released from the complex with I ILS 

when the pH was decreased to 5.5 or lower (data riot shown). Most probably, the release occurs 
because structures such as a-helices are clestabilid at lower pI I(upon the protoriatiori of 
increasing numbcrs of hsinc residues). This feature is important since the complex of HLS and a 
nukleic acid would be exposed to such a low pH(about 5.0)uDon cridocytosis arid nucleic acids may 
be able to escape from the cndosonies. Another admiitage of using HLS as a carrier is that the ON 
/ HLS complex dose not form a prccipitatc out at a high concentration. By contrast. ON/ PLL 
complex tends to precipitate out at a high concentrations. Complexes of nucleic acids and HLS by 
themselves cannot penetrate macrophage-like cells, requiring additional attachemeritof targeting 
moleciiles(data not shown). However, our prrliniinary data indicate that an antisense ON/HLS 
coinplcx can exert an antisense effect in cclls uf rnacro~ihage origin. 

It is clear that the PLL portion of cationic peptide carrier that has been used effectively in earlier 
experiments can be replaced by H E  since naked C)DNs that are unstable in vivo can be completely 
protected from attack by DNases in human serum when they have formed a complex with HLS. 
The formation of this kind of complex provides a potentially powerful methodology for delivering 
any nucleic acids, including antisense rnolecules, into cells. Available data suggests that ODNs : 
poly-cationic amino acid complexes ha\re high potential 

as carriers for ODN drugs. 

Efficiency of HLS in mouse endotoxin shock model 

in t h e  serum of mice following infusion of endotoxin a n d  t h e  
IL-1 B has been implicated as playing a critical role in  endotoxin shock.The 

appearance of II,-1 
ability of anti-lL-l B antibodies to protect  t h e  animals f rom dea th  support  t h e  
hypothesis  that  IL-14 has  a role in sept ic  shock8,9) .  Figure 5 shows the effects of 
several OLINs on IPS lethality. hlortality as a result of LPS administration at 20mg/kg was 
auparcnt by 24hrs. most mice die7). S-ODNs treatment had no beneficial effect in the 
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Figure 4. Inhibitory effect of the ODNs with or  
without HLS on IL-14 secretion by human.  

Figure 5. Effect of ODNs with HLS on LPS lethality. 
+ Control +- 100 m g / k g  of antisen5e ODNs 

n,g,hi: ,,I acnSe ODNs 4- 30 nie/kg of antisense ODNs  
-2- 10  Ing/kg of antisense O D N s  

endotoxin-shock rnciric?i. High co11cc111 ion o f  I)-s?iisr (rI iNs with HIS carriers were at 30 or 
lOOing/kg protected iriicc against cmdotoxine Ic%thalits,, arid these rnice were long-time sunivors, 
\villi no deaths occuriiig beyond 48hi-7. I n  contrast, similar concentrations of ODN without H I S  
\ v t w  ineffective in priitecting BAlA/c iii dicd, x i t h  kiiictics similar lo those obsen-ed for the 
lion-complex- treatctl controls. 

this corriplex niay bc ;I 11ew type of antiinfhmmaton- iigt,rit in clinical use. The B.AIB/c has sened 
as ii useful animal mcxlel for ariaphylatic, Surn, ciidoloxiiie, and septic shock. Furthermore, the 
cationic copolymers riiaj- provide potentially strong niethods for delivering antisense ODN 
targeted to othcxr genes, and also for delh-eriiig other kinds of nucleic acid drugs or their analogs to 
the cclls in vai-ious stiidicr. 

Po~verfiil rffects o f  t h t ,  aiitistmsi: D--OI)N tc; I[,-[ $3 pt:iic ant1 tlie I ILS cornpiexes suggest that 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
5
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



NOVEL APPROACH FOR GENE MEDICINE 1615 

( 3 )  Yahata N., Kawai S., Higaki M., and hlizushima Y., Nucleic Acid 

(4) Taylor, N. R ., Kaplan, B. E., Swiderski. P., U. H , and Rossi, J J., Nucleic 

(5) Uchida C. , Iizuka Y., Muraoka R., Wakamatsu K.. and Oya M., 

(6) Chen, Y. H., Yaw. J. T.. and Chau, K. U., Biochemistry 13, 

(7) Stillwell, W .G.. Bryant,M. S., and Wishnok, J. S. , Riomed 

(8) Steven H. Zuckerman and Alison M. Ekndele, Infection and 

(9) Li, H. C., and M. J. Levine, Arch. Oral Biol. 25, 353-355 (1980). 
(10) Loomis, R. E., E. J. Bergey, M. J. Levine. and L. A. Tab&, Int. J. 

Drug Dev., 6. 55-61 (1996). 

Acids. Res. 20,4559-4565 (1992). 

J. Chem. Soc. Jpn. 5 ,  327-333 (1995). 

3359-3359 (1974). 

Environ. Mass Spectron. 14, 221-223 (1987). 

immunity 57, 3009-3013 (1989). 

Protein Res. 26, 621-629 (1985). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
5
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1


