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Vaccination with naked DNA elicits cellular and humoral immune responses that have a 
T helper cell type 1 bias. However, plasmid vectors expressing large amounts of gene 
product do not necessarily induce immune responses to the encoded antigens. Instead, 
the immunogenicity of plasmid DNA (pDNA) requires short immunostimulatory DNA 
sequences (ISS) that contain a CpG dinucleotide in a particular base context. Human 
monocytes transfected with pDNA or double-stranded oligonucleotides containing the 
ISS, but not those transfected with ISS-deficient pDNA or oligonucleotides, transcribed 
large amounts of interferon-a, interferon-@, and interleukin-12. Although ISS are nec- 
essary for gene vaccination, they down-regulate gene expression and thus may interfere 
with gene replacement therapy by inducing proinflammatory cytokines. 

Intramuscular ( 1 )  or intradermal ( 2 )  ad- 
ministration of p D N A  expression vectors 
causes intracellular synthesis of the  encoded 
protelns and induction of long-lasting cel- 
lular and humoral immune responses. Re- 
cently, we reported that tnice injected or 
scratched intraderlnally with expression 

vectors encoding P-galactos~dase (@-Gal) 
and containing a bacterial ampicillin resis- 
tance gene (ampR) produced a strong anti- 
body response to  p-Gal (3). However, sub- 
sequent experiments showed that mice in- 
jected intraderlnally with a sllnilar expres- 
slon vector containing the  kanamycin 
resistance gene (kanR) instead of ampR gen- 
erated a weak antibody response to  P-Gal 
(Fig. 1 and Table 1) .  These results were 
unexpected, because we had always detect- 
ed higher @-Gal activity in cells transfected 
with the  ItaitR-based vector (pKCB) that 
encodes P-Gal, pKCB-Z (615.4 pg of P-Gal 
per well), than in cells transfected with the  
am11R-based vectors, pACB-Z and pACS-Z, 
encodillg P-Gal (254.9 pg of P-Gal per well 
and 113.3 pg per well, respectively) (4) .  

T o  test the  hypothesis that the ampR 
sequence may up-regulate the itnmune re- 
sponse to P-Gal in gene-vaccinated mice, 
we Injected animals with pKCB-Z together 
with pDNA for either the  ampR or knnR 
gene. T h e  coadlllinistration of pKCB-Z with 
vectors contai~ling the  ampR gene (pACB or 
pUC19)  restored the  antibody response to 
P-Gal to approximately the level induced hy 
pACB-Z (Table 1 ). T h e  imtnune stirnula- 
tion was dose-related because coadministra- 
tion of 100 pg of pUC19 induced a larger 
specific antibody response than coadminis- 
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tratlon of 5 pg  of pUC19. In  contrast, co- 
administration of pKCB-Z with the  pKCB 
vector did not result in any significant en- 
hancement of the  antibody response to 
P-Gal (Table 1) .  T h e  intradermal gene vac- 
cination of mice with pKCB-Z did not in- 
duce a significant cytolytic T lymphocyte 
(CTL) response to P-Gal, as compared with 
the vigorous C T L  response ~nduced by 
pACB-Z (Flg. 2A).  However, the colnjec- 
tion of pKCB-Z with pACB or with pUC19 
restored the  C T L  response to  @-Gal to ap- 
proximately the level observed In mice im- 
munized with pACB-Z (Fig. 2A). 

O n e  of the  main features of intradermal 
gene vaccination wlth naked pDNA is the  
induction of a T helper cell type 1 (TH1) 
response to the  gene product (3,  5). This 
response 1s characterized by the  production 
of a distinctive cytokine profile [interleu- 
kin-2 (IL-2), tumor necrosis factor-p 
(TNF-P) ,  and, mainly, interferon-y (IFN- 
y)]  by antigen-stimulated CD4 T cells (6). 
T h e  C D 4  splenocytes from pACB-Z-itnmu- 
nized tnice generated large amounts of 
IFN-y and small amounts of IL-4 (Fig. 2, C 
and D, respectively), whereas cells from 
pKCB-Z-immunized mice produced only 
trace amounts of these cytokines. However, 
the  production of IFN-y could he restored 
in pKCB-Z-immunized mice by coinjection 
with the  ampR-containing vectors, pACB 
and pUC19 (Fig  2C).  

Palindromic, single-stranded immune- 
stimulatory D N A  sequences (ISS) have 
heen reported to induce production of IFN- 
a, IFN-P, and IFN-y from mouse spleno- 
cytes and human peripheral lymphocytes 
and to  enhance natural killer cell activity. 
These ISS include the followillg CpG-con- 
taining hexamers: 5 ' -GACGTC-3 ' ,  5 ' -AG- 
CGCT-3 ' ,  and 5 ' -AACGTT-3 '  (7). Two 
repeats of 5 ' - A A C G T - 3 '  were in the  ampR 
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gene, ~vhereas no  ISS Lvere identified within 1cimR gene in the  pKCB-Z vector. T h e  new 
the lcnizR gene (Fig. 1 ) .  T o  test the hypoth- vectors were designated pK1SS-1-CB-Z 
esis that the 5 ' -AACGTT-3 '  ISS within the and pKISS-2-CB-Z, respectively (Fig. 1).  
nmpR gene facilitates the  induction of C T L  G e n e  vaccination with t h e  modified 
and T,-,l immune responses to P-Gal, \ve pKISS rrectors elicited strong humoral and 
s~tbcloned either one or two repeats of the cellular immune responses ti) @-Gal (Ta-  
ISS 5 ' -AACGTT-3 '  to sites flanki~lg the ble 1 and Fig. 2).  Notably, intradermal 

Fig. 1. Local~zat~on of the cco c o r, ECO RI 0 .0 

ISS on the pDNAs used PACS-Z 
n th~s study The icanR ChlV promoter iacZ SV40pA ampR 

gene does not conta~n c r, o EGO R I  e e o  
any of the 5'-GACGTC- PACB-Z 

I I /  
CMV promoter iacZ BGHpA ampR 

3' 5'-AGCGCT-3' and 
5'-HACGTT-3' nal~n- 1100 c o Eco RI Eco RI 

dromc ISS (7) The pACS pKCB-Z iacz B G H ~ A  kaoR I 

and DACB vectors are 
p~C1'9-based plasm~ds [COO q o r, 0 

Eco R l  

(1~1th ampRJ that conta~n pKISS-i-CB-Z - I -, I 
CMV promoter iacZ BGHpA kanR 

the cvtomeaalov~rus u 

(CMV) promoter-en- C,0 C q C 0 0 

hancer seclclences 1807 pKISS-2-CB-Z I 

. 
ChlV oromoter iacZ BGHpA kaoR 

base pairs (bp)] aiong • o c  q GACGTC 
w~ th  tile CMV mmedate P U C I ~  iacZ amaR 

- 1 kb o AGCGCT 
early intron (824 bp) (2). fragment 0 AACGTT 
The pACS plasmrd con- 
ta~ns a 938-bp SV40 polyadenyate [poy(A)] (SV40pA) s~gnal, \~i iereas n the pACB plasmd, a 560-bp 
bov~ne growiTh hormone poly(A) s~gnal (BGHpA) replaces the SV40pA s~gnal (Bgl Il-Eco RI). Tile pKCB 
vector was constructed by replacng the 1542-bp ampR gene (Bsp HI-Hnd I )  w~th  a 1042-bp kanR- 
contanng fragment (Bsp HI-H~nd I ) .  TheiacZexpress~on vectors (pACB-Z and pKCB-Z) were constfuct- 
ed by nseriing a 3283-bp Esciienchia coli IacZ-containng fragment n to  the Pst I-Bam HI stes of tile 
aforement~oned corresponding vectors. Tile putative immunost~m~~latory double-stranded oligonucle- 
otide (sense. 5'-AATTGAACGTTCGC-3'; antsense. 5'-AATTGCGAACGTTC-3') flanked by Eco R -  
colnpatbe overhangs was hgated nto a unqcle Eco RI s~te of pACB, 3' to the BGHpA sequence. This 
resulted in tile d~sruption of the Eco RI site and the creat~on of a new Psp14061 restr~ction s~te (AACGTT). 
The SS-contain~ng region was then subcloned (Bsp HI-Bam HI) Into the pKCB and pKCB-Z vectors to 
create pKISS-I -CB and pKISS-I -CB-Z, respectively. The vectors pKSS-2-CB and pKSS-2-CB-Zwere 
constructed by ligation of the same ISS oligon~~cleotide into pKISS-1 -CB and pKISS-1 -CB-Z at a different 
Eco RI s~te 5 '  to the CMV promoter (disruptng ths  Eco R ste). 

Fig. 2. Cellular immune responses to p-Gal in 
BALB/c mice immunized with various pDNAs (22). 
CTL and cytokine secretion assays were per- 
formed 12 weeks after inital immunization (24). (A) 
Restoration of the CTL response to p-Gal in Inice 
by conjection of ampR-based vectors (SO k g  per 
injection for pKCB-Z. 100 IJ .~  for pKCB and 
pACB, and 5 pg for pUC19) o f  by injection of the 
modified pKCB vectors, pKISS-1 -CB or pKSS-2- 
CB (50 k g  per njection). The specifc ysis of P815 
target cells incubated briefly with p-Gal peptide 
was less than 10% n nave, unmmunized mice 
and pUC19-immunized mice. (B) The specific y -  
s s  of P815 target cells Incubated briefly with the 
influenza nuceoprotein peptide (2. 24) as an irrel- 
evant peptide was less than 14@/0 when the effec- 
tor-to-target (E iT)  ratio in all groups was 3 6 : l  
Secretion of FN-y  (C) and L - 4  (D) by p-Gal-sti~n- 
ulated CD4+ spenocyies. Coinjection of ampR- 
based vectors or injectioli of one of the modfied 
pKCB vectors, pKSS- I  -CB or pKISS-2-CB, en- 
hanced IFN-y production. C D 4  splenocytes 
from gene-vaccinated mice secreted large 
amounts of IFN-y and very small amounts of L - 4  
compared w~ th  the C D 4  splenocytes from lnlce 
vacc~nated with @-Gal protein (Calbiochem. La 
Jola, Cal~fornia) n alum, nd~cating a T.,1 re- 
sponse to @-Gal for the gene-vaccinated rnice (3). 
Results are the mean z SE of f o ~ ~ r  mice per group. 

injectio11 of the  pK1SS-2-CB-Z induced a 
stronger antibody response to  @-Gal than  
d i J  the  pKISS-1-CB-Z. 

T h e  immunostimulatory effect of bacte- 
rial DNA was discovered hy T o k u ~ ~ a g a  r t  al. 
(8). By synthesizing single-stranded oligo- 
~n~cleot ides ,  correspondinc! to different re- 
gions in the  Mycobacte~i~tm hot~is genome, 
researchers identified specific single-strand- 

Table 1. lrnmunoglobul~n G (IgG) fo p-Gal In 
BALB/c m c e  co-~mmunzed 1 ~ 1 t h  varocls pDNAs 
(22). The ant~body responses to p-Gal 8 weeks 
after ~mmun~zat~on are shown (23). ntradermal 
nject~on of pKCB-Z and pUCI 9 Into two sepa- 
rate sites (base of tile tall and the nape, respec- 
tively) did not restore the rnmclne response to 
p-Gal. Unless otiierwse lndcated, mlce were 
Immunized with 50 lag of pDNA. Resc~lts are the 
mean i SE of e~gi i t  mice for pKCB-Z and four 
mice for the other groups. In two other experi- 
ments, intraderma mmunizat~on of mlce with 
pACS-Z or pACB-Z (e~ght mlce per pDNA per 
experiment) resulted In s ln lar  responses. 

Pasmd DNA 
IgG to p-Gal 

(Ulml) 

pKCB-Z 201 8 i 966^ 
pACS-Z 6391 + 1401 
pACB-Z 18052 i- 4842 
pKCB-Z - pKCB (1 00 pg) 6c0 + 260' 
pKCB-Z - pACB ( I  00 kg) 11 248 -t 879 
pKCB-Z + pUC1 9 (5 I L ~ )  9505 i- 2522 
pKCB-Z - pUC19 (1 00 kg) 5941 7 -t 17309 
pKSS-1 -CB-Z 34233 + 5452 
pKISS-2-CB-Z 47413 1- 11182 

"Denotes P < 0.05 in cornparson with the other groilps 
by analysls of varia~ce. 
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ed oligonucleotides that activated adherent 
splenocytes and en l~a~lced  natural killer cell 
activity in vitro (9) .  Recently, Krieg e t  a/. 
studied the effects of single-stranded oligo- 
~lucleotides with CpG motifs on murine B 
lymphocyte activation (10). They found 
that cytosine lnethylation or the elimi~la- 
tion of the CpG from the oligol~ucleotide 
abolished the lymphocyte stilnulatory ef- 
fect. The ac t iva t io~~ capability nas attrihut- 
ed to a series of CpG-containing motifs that 
generally follow the formula 5'-Pur Pur C G  
Pyr Pyr-3'. CpG-enriched oligonucleotides 
induced not only B cell proliferation, but 
also the secretion of IL-6 and IFN-y (1 1 ). 

T o  analyze the cytokine profile induced 
by the knnR- and by the nmpR-based vec- 
tors, we transfected in vitro fresh hulnall 
nlonocytes with a panel of pDNAs, ISS 
oligonucleotide, and ISS-deficient oligo- 
llucleotide (12,  13) and then assessed by 
reverse tra11scriptio11-polyn~erase chain re- 
action (RT-PCR) the expression of the 
T,,1-associated cytokine mRNAs of IFN- 
a ,  IFN-P, and the p40 subunit of IL-12. 
Transfection with pUC19, pACB, pKISS- 
1-CB, and double-stranded ISS digonucle- 
otide, hut not with pKCB or ISS-deficient 
oligonucleotide, enhanced within 3 hours 
1nRNA amounts for all three cytoki~les 
(1 2 ,  13). IFN-a plays a role in the differ- 
entiation of nai've T cells toward a T H 1  
phenotype, antagonizes TH2 cells (14) ,  in- 
hibits IgE synthesis, promotes IgG2a pro- 
duction (1 5 ,  16) ,  and induces a TH1 phe- 
notype of allergen-specific T cell clo~les 
(1 7). IL-12 promotes IFN-y production by 
T cells (18)  and favors maturation of TH1 
cells (1 9 ) .  Recently, Halpern s t  a/.  sho\\red 
that the stimulation of IFN-y synthesis by 
bacterial DNA is mediated by IL-12 and 
TNF-a  (20). Therefore, keratinocytes and 
dermal antige11-presenti~~g cells (APCs) 
transfected with ISS-co~~taining pDNA 
could produce IFN-a and IL-12, \\rhich 
would then induce a TH1 immune response 
against the pDNA-encoded protein. 

Our findings indicate that immunogenic 
pDNA may be divided conceptually into 
two distinct units: a transcription unit that 
directs antigen synthesis and an adjuvant 
unit in the plasmid backbone that elicits 
the production of type-1 IFN and IL-12 in 
the transfected skin keratinocytes and 
APCs. For this reason, manipulation of the 
transcription ~rni t  withill the pDNA to 
yield higher levels of antigen expression 
does not necessarily produce a stronger im- 
mune response. Both the localization and 
the precise secluence of the ISS within the 
plasmid backbone are also ilnportant for 
DNA vaccination. Thus, the potential ISS, 
5'-GACGTC-3',  and 5'-AGCGCT-3' in 
the pKCB-Z transcriptioll unit did not have 
sufficient adjuvant activity in vivo (Fig. 1).  

In contrast, the addition of one or two 
repeats of the 5'-AACGTT-3' secluence to 
the noncoding region of the pKCB-Z back- 
bone ellhanced the immune response to 
P-Gal in a "gene dosagen-related fashion 
(compare pKISS-1-CB-Z with pKISS-2- 
CB-Z in Table 1).  

Although ISS enhance CTL and TH1 
ilnlnu~le responses after intraderma1 gene 
vaccination, they may interfere n i th  gene 
expression by stimulating IFN-a produc- 
tion. Indeed, pKISS-1-CB-Z, pKISS-2-CB- 
Z, and a171pR-based vectors always expressed 
smaller amounts of P-Gal in the transfected 
cells than did pKCB-Z, and the addition of 
l~eutralizing antibodies to I?+-a doubled 
@-Gal expressio~l in the pACB-2-trans- 
fected MG-63 cell line, whereas the addi- 
tion of IFN-a (50 pg/ml) di~nillished @-Gal 
expression in pKCB-Z-transfected cells by 
40'36 (12). Thus, the presence of ISS may 
interfere with gene replacement therapy by 
i~lduci~lg the synthesis of IFN-a and proin- 
flalnnlatory cytokines. The IFN-a produced 
by transfected somatic or stem cells may 
directly impede lnRNA and protein synthe- 
sis (21 ). ISS-containing plasmids trans- 
fected into bone marrow stem cells may 
activate adjacent macrophages and T lym- 
phocytes, with resultant impairment of stern 
cell recollstitution in vivo. A DNA adju- 
vant effect is desirable for gene irnmuniza- 
tion, but unnecessary and perhaps harmf~11 
for gene replacement. Vectors for somatic 
or stem cell gene replacement therapy 
should he desig~led to lack these ISS, 
whereas pDNA for gene vaccination should 
he engineered to have multiple repeats of 
the ISS. 

REFERENCES AND NOTES 

1. E. F. Fynan eta/., Proc. Nail. Acad Scr U.S.A. 90, 
11 478 11 993): J. B. Umer et a/.. Science 259. 1745 
(1 993); 6 .  ~ a n g  eta/., Proc. Nail. Acad. Sci. U.S.A. 
90, 4156 (1993). 

2 E Raz eta/., Proc. Natl. Acad. Sci. U S.A. 91, 951 9 
(1 994) 

3. E. Raz e t a / ,  ibid. 93, 5141 (1996). 
4 MG-63 cells (American Type Culture Collection) were 

seeded at 2 x 10%ells per w e  in a 24-well plate the 
day before transfection with 2 p.g of pDNA and 
DOTAP (Boehringer Mannheim), The p-Gal assays 
were performed as described [J. Felgner et a/., J. Biol. 
Chem. 269, 2550 (1994)l. Data are the average of 
duplicates and represent one of three similar experi- 
ments. The p-Gal amounts from MG-63 cells trans- 
fected with pKISS-I -CB-Z and pKSS-2-CB-Z were 
400.0 pg per well and 360.6 pg per well, respectively. 

5. E. Manickan, R. J. D. Rouse, Z. Yu, W. S. Wire, B. T. 
Rouse, J. /mmuno/. 155, 259 (1 995); Z. Xiang and 
H. C. J, Ertl, Immunity 2, 129 (1 995) 

6, T. R. Mosmann and R. L. Coffman, Annu. Rev, Im- 
munol. 7, 145 (1 989). 

7. S. Yamamoto et a/. , J, Immunol. 148,4072 (1 992), T 
Yamamoto et a/., Jpn. J. Cancer Res 85, 775 
(19941, T. Yamamoto, S. Yamamoto, T. Kataoka, T. 
Tokunaga, Microbiol. /mmuno/. 38, 831 (1994). 

8. T. Tokunaga et a/., J. Natl. Cancer Inst. 72, 955 
( I  984). 

9. T. Tokunaga et a/., Microbiol. /mmuno/. 36, 55 
(I 992); Y. Kimuraetal., J Biochem. 11 6,991 ( I  994). 

10. A. M. Kr~eg eta/.. Nature 374, 546 (1 995). 
11. A,-K. Yi, J. H. Chace. J. S. Cowder:, A. M. Krieg, J. 

Immunol. 156, 558 ( I  996). 
12. Y. Sato et a/., unpub~shed data. 
13. The sequences of the annealed, blunt-end, double- 

stranded oligonucleot~des used for transfection are 
as follows: SS oligonucleotide, 5'-TCATTG- 
GAAAACGTTCTTCGGGGCG-3', from the ampR 
gene in the pUCI9 sequence (nuceotides 2288 to 
231 2): and ISS-defcient oligonucleotide, 5'-TCATT- 
GGAAAAGGTTCTTGGGGGGG-3'. Bold nucleo- 
tides indicate the SS. 

14. \I. Brinkmann, T. Geiger, S. Alkan, C. H. Heusser, J. 
Exp. Med. 178, 1655 (1 993). 

15. F. D. Finkeman eta/., ibid, 174, 11 79 (1991). 
16. P. Parronchi eta/., J. Immunol. 149, 2977 ( I  992). 
17. R. Manetti eta/., Eur. J. /mmuno/. 25, 2656 (1 995). 
18. G. Trinchieri, Annu. Rev. Immunol. 13, 251 (1995). 
19. C:S. Hsieh eta/. , Science 260, 547 ( I  993). 
20. M. D. Halpern, R. J. Kurlander, D. S. Piseisky, Cell. 

Immunol. 167, 72 (1 996). 
21. J,-C Wang, H. D. Lang, P. Liao, A Wong, Am. J. 

Hematol. 40, 81 (1992). 
22. We prepared pDNA with a Qiagen Maxi K t  (Qagen, 

Chatsworth, CA). Endotox~n was removed by Trl- 
ton X-114 (Sigma, St Lous, MO) extract~ons [Y. 
Aida and M. J. Pabst, J, /mmuno/ Methods 132, 
191 ( I  99O)I. Endotoxin amounts were determ~ned 
with the PyrotellR lhmulus amebocyte ysate (LAL) 
assay (Association Cape Cod, Woods Hole, MA) 
and were less than 5 ng per mill~gram of DNA. 
Female BALB!c mice were ntradermaly Injected at 
the base of the tall three times, 10 days apart, with 
the various pDNAs dissolved in normal sane. Mce 
were Immunized w~th p-Gal prote~n in alum as pre- 
vousy descrbed (3). A animal studes were ap- 
proved by the University of Ca~fornia, San Diego, 
animal welfare commttee. 

23, The enzyme-linked immunosorbent assay (ELISA) 
for ant~body to p-Gal was described prevousy (3). 
To quant~tate the relative amount of antbody, we 
compared titrat~on curves for individual sera with a 
standard curve on each plate uslng DeliaSOFT II v. 
3.66 software (BioMetallics, Pr~nceton, NJ). Addi- 
tional experiments showed that the effects of the SS 
were not attrbutabe to oolvclonal actvation f Y. Sato , , 
eta/., data not shown). 

24. The CTL assay was described previously (2). Spleno- 
cytes from unlmmunized mlce or mice immun~zed 
with either pDNA or @-Gal protein were solated 12 
weeks after the first mmunization and cultured w~th 
Irradiated syngenec splenocytes that had been incu- 
bated for 5 days with the p-Gal-der~ved, class I 
H-2Ld-restr~cted nanopeptide (Thr Pro His Pro Ala 
Arg e Gly Leu) (4 p,g/m) [M. A. Gavn, M. J. Gilbert, S. 
R. Riddel, P. D. Greenberg, M. J. Bevan, J, /mmuno/ 
151, 3971 (1 993)], After 5 days, the restimulated cells 
were harvested and separated from dead cells on a 
Lympholyte M gradent (Accurate Chemicals, West- 
buy,  NY), In 96-well round-bottom plates, 10,000 
P815 target cells incubated with e~ther the p-Gal- 
derived pept~de or a control class I H-2Kd-restricted 
peptide, der~ved from the influenza nucleoprotein 
(Thr-Tyr-Gn-Arg-Thr-Arg-Aa-Leu-Val), were incu- 
bated with the restimulated T cells in graded effector- 
to-target ratios for 4 hours, The specific lysis was 
assessed by measuring lactate dehydrogenase re- 
lease into supernatants with the Cyto Tox 96 assay kit 
(Promega, Madison, Wl). FN-y and IL-4 secretion by 
p-Gal-activated CD4- splenocytes were assessed 
as previously described (3) except that commercial 
ELSAs were used (Endogen, Cambridge, MA). 

25. We thank J. A. Duder, Y.  Geng, and J. Quach for 
providing the pACB vector, L-12 p40 primer, and 
fresh human monocytes. We also thank P. Charos, 
A. Ronaghy, and S. Malekfor their technical assist- 
ance and N. Noon for editorial assistance Sup- 
ported In part by grants A137305, AR41897, and 
A136214 from N H .  Y.S was supported in part by 
the Japan Rheumatism Foundation. M.R, was sup- 
ported by an NIH trainng grant (A07384). H.T. was 
supported in part by an award from the CaPCURE 
Foundat~on. 

29 February 1996; accepted 10 May 1996 

SClENCE VOL. 273  19 JULY 1996 




