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AbstractÐIn our ongoing e�orts to decipher the sequence and structural requirements in the ¯anking region of the CpG motif in
phosphorothioate oligodeoxynucleotides (PS-oligos), we have examined the requirement of free 50- and 30-ends of PS-oligos on
immune stimulation. Our model studies using 30±30-linked (containing two free 50-ends) and 50±50-linked (containing two free 30-
ends) CpG-containing PS-oligos demonstrate that immunostimulatory activity is signi®cantly reduced when the 50-end of the PS-
oligo is not accessible, rather than the 30-end, suggesting that the 50-end plays a critical role in immunostimulatory activity. # 2000
Elsevier Science Ltd. All rights reserved.

Bacterial DNA and synthetic single-stranded oligo-
deoxynucleotides containing unmethylated CpG motifs
activate cells of the innate immune system. Tokunaga et
al. originally reported that mycobacterial DNA and
oligonucleotides containing palindromic sequences sti-
mulate murine MK cells, induce interferons, and have
antitumor activity.1ÿ3 In subsequent studies, it was
reported that bacterial DNA induces proliferation of
murine B cells4 similar to that observed with synthetic
PS-oligos containing unmethylated CpG dinucleotides
(CpG-PS-oligos) with appropriate ¯anking sequences.5

Activation of immune cells (B-cells, macrophages, and
dendritic cells) appears to occur upon CpG-oligo
uptake, resulting in the activation of the stress kinase
pathways and NF-kB6,7 and induction of various cyto-
kines including IL-6, IL-12, g-IFN, and TNF-a.8ÿ11 In a
number of recent studies the use of CpG-oligos as anti-
viral and anticancer agents, and as vaccine adjuvants,
has been demonstrated.12ÿ15

Our laboratory has been studying the impact of chemi-
cal modi®cations on the immunostimulatory activity of
CpG-PS-oligos.16ÿ19 Modi®cation of the phosphoro-
thioate internucleotide linkages between the CpG
motif of CpG-PS-oligo or substitution of the CpG motif
with 20-O-methylribonucleoside resulted in a signi®cant
loss of immunostimulatory activity.16 Our recent studies

indicated that substitution of the ®rst, second, or both
deoxynucleosides in the 50-¯anking region immediately
next to the CpG motif in CpG-PS-oligos with 20-O-
methylribonucleosides also caused a decrease in immu-
nostimulatory activity, while the same substitutions in
the 30-¯anking deoxynucleoside had no signi®cant
e�ect.18 Substitution of the deoxynucleoside immedi-
ately next to the CpG motif in CpG-PS-oligo in both
the 50- and 30-ends with 30-O-methylribonucleoside
resulted in the loss of immunostimulatory activity.
Substitution of one or two deoxynucleosides away from
the CpG motif in CpG-PS-oligo in the 50-¯anking
region, either by 20-substituted ribonucleosides (20-O-
methylribonucleoside, 20-O-methyoxyethoxyribonucleo-
side) or 30-O-methylribonucleoside, resulted in increased
immunostimulatory activity. Similar substitution in the
30-¯anking region had less of an impact on the immuno-
stimulatory activity than did 50-substitutions. These
observations suggest that the 50-¯anking region of CpG-
PS-oligos plays an important role in immunostimulatory
activity.

To con®rm this observation, we carried out the study
described herewith in which the 50- or 30-end of CpG-
PS-oligo was blocked and studied its impact on immu-
nostimulatory activity. We chose two oligonucleotide
sequences, oligos 1 and 4 (Table 1), each containing two
CpG motifs. Both oligos 1 and 4 have shown immuno-
stimulatory activity in earlier studies. We have synthe-
sized oligos 2±4 and 6±8 in which two units of oligo
1 or 4, respectively, are attached by 30±50- or 50±50- or
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30±30-linkage. We have evaluated these oligos for
immunostimulatory activity using mouse spleen lym-
phocyte proliferation assay and splenomegaly in mice
following single-dose administration.16

Synthesis of CpG-PS-oligos

CpG-PS-oligos used in the present study (Table 1) were
synthesized using an automated synthesizer and phos-
phoramidite approach as outlined in Figure 1. Oligo 1

(16-mer) was synthesized using nucleoside-50-b-cya-
noethylphosphoramidites. Oligo 2, a 32-mer, was syn-
thesized using nucleoside-30-b-cyanoethylphosphor-
amidites and controlled pore glass support (CPG-solid
support) with a 30-linked nucleoside in which the 16-mer
sequence of oligo 1 was repeated twice; therefore, oligo
2 had two 16-mers (oligo 1) linked by a normal 30±50-
linkage (Fig. 1). Oligo 3, a 32-mer, was synthesized with
two 16-mers (oligo 1) linked by a 50±50-linkage, so oligo 3
had two 30-ends and no 50-end. Synthesis of oligo 3 was
carried out in two steps: the ®rst 16-mer was synthesized

Table 1. Oligodeoxynucleotide phosphorothioates and modi®cation of linkages

Oligo no. Sequence and modi®cation Molecular weight

Calculated Found

1 50-G A G A A C G C T C G A C C T T-30 5106 5108

2 50-G A G A A C G C T C G A C C T T-30 ÐÐÐ 50-G A G A A C G C T C G A C C T T-30 10,290 10,288

3 30-T T C C A G C T C G C A A G A G-50 ÐÐÐ 50-G A G A A C G C T C G A C C T T-30 10,290 10,288

4 50-G A G A A C G C T C G A C C T T-30 ÐÐÐ 30-T T C C A G C T C G C A A G A G-50 10,290 10,290

5 50-T C T C C C A C G T G C G C C A T-30 5683 5685

6 50-T C C C A G C G T G C G C C A T-30 ÐÐÐ 50-T C C C A G C G T G C G C C A T-30 10,194 10,191

7 30-T A C C G C G T G C G A C C C T-50 ÐÐÐ 50-T C C C A G C G T G C G C C A T-30 10,194 10,192

8 50-T C C C A G C G T G C G C C A T-30 ÐÐÐ 30-T A C C G C G T G C G A C C C T-50 10,194 10,196

ÿÿÿ! 50±30-direction of CpG motif.

Figure 1. Schematic representation of synthetic cycles followed for the synthesis of oligos 1 and 5 (A), oligos 2 and 6 (B), oligos 3 and 7 (C), and
oligos 4 and 8 (D). Structures of the two di�erent phosphoramidites and nucleoside-linked CPG solid supports used for the synthesis of oligos 1±8
are shown in boxes.
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using nucleoside-30-b-cyanoethylphosphoramidites and
solid support with a 30-linked nucleoside, and then
synthesis of the second 16-mer segment was continued
using nucleoside-50-b-cyanoethylphosphoramidites (Fig.
1). Oligo 4, a 32-mer, comprised two 16-mers (oligo 1)
linked by a 30±30-linkage, so oligo 4 had two 50-ends and
no 30-end. Synthesis of oligo 4 was carried out in two
steps: the ®rst 16-mer was synthesized using nucleoside-
50-b-cyanoethylphsphoramidites and solid support with
a 50-linked nucleoside, and the synthesis of the second
16-mer segment was continued using nucleoside-30-b-
cyanoethylphosphoramidites. Synthesis of oligos 5±8
was carried out by using the same nucleoside-b-cya-
noethylphosphoramidites as for oligos 1±4, respectively.
At the end of the synthesis, oligos 1±8 were deprotected
with concentrated ammonia solution, puri®ed by
reversed phase HPLC, detritylated, desalted and dia-
lyzed. The purity of each PS-oligo was checked by CGE
and the molecular weight was con®rmed by MALDI-
TOF mass spectral analysis (Table 1). The sequence
integrity and directionality of 50-CpG motif in oligos 1±
8 were con®rmed by recording melting temperatures
(Tms) of the duplexes with their respective DNA com-
plementary strands (50-AAGGTCGAGCGTTCTC-30
for oligos 1±4, and 50-ATGGCGCACGCTGGGAGA-
30 for oligos 5±8) as described earlier. The Tms of these
duplexes were 53.9�0.9 �C (oligos 1±4), 61.8 �C (oligo
5), and 58.8�0.6 �C (oligos 6±8) (note that oligo 5 was a
18-mer and oligos 6±8 were 32-mers but not 36-mers).

Mouse Spleen Lymphocyte Proliferation Assay

Immunostimulatory activity of CpG-PS-oligos was stud-
ied initially in a lymphocyte proliferation assay. Typi-
cally, mouse (Balb-C) spleen lymphocytes were
cultured with CpG-PS-oligos at concentrations of 0.1,
1.0, and 10.0 mg/mL for 48 h and cell proliferation
was determined by 3H-uridine incorporation, as
described previously.16

Oligo 1 induced a dose-dependent e�ect on cell pro-
liferation; at a concentration of 10 mg/mL (�2.0 mM),
the proliferation index was 5.0�0.32 (Fig. 2). Oligo 2,
which consisted of two units of oligo 1 linked by a 30±50-
linkage, had a proliferation index of 5.8�0.28 at the
same dose (�1.0 mM). Oligo 3, which consisted of two
units of oligo 1 linked by a 50±50-linkage, had a pro-

liferation index of 2.0�0.26, re¯ecting a signi®cantly
lower immunostimulatory activity than observed with
oligos 1 and 2. Oligo 4, which consisted of two units of
oligo 1 linked by a 30±30-linkage, had a proliferation
index of 7.2�0.5, re¯ecting a greater immunostimulatory
activity than observed with oligos 1 and 2.

Similar results were obtained with oligos 5±8 (Fig. 2).
Oligo 5 had a proliferation index of 3.9�0.12. Oligos 6±
8, in which two units of oligo 5 are linked by a 30±50-
linkage (oligo 6), 50±50-linkage (oligo 7), and 30±30-link-
age (oligo 8) had proliferation indices of 4.9�0.2,
1.74�0.21, and 7.7�0.82, respectively. Comparison of
the results obtained with oligos 6±8 show that oligos 6
and 8, in which two oligo 5 sequences were linked by a
30±50-linkage or a 30±30-linkage had greater immuno-
stimulatory activity, while oligo 7, in which two units of
oligo 5 were linked by a 50±50-linkage had signi®cantly
less immunostimulatory activity, than did oligo 5.

Based on lymphocyte proliferation results of oligos 1±8,
it is clear that when oligos are linked through their
50-ends, there is a signi®cant loss of immunostimulatory
activity, while if they are linked through their 30-ends,
there is an increase in immunostimulatory activity. It is
important to note that 30±30-linked oligos have shown
substantially greater stability towards degradation by
exonucleases than the oligos that contained a free
30-end,20 which could also result in increased immuno-
stimulatory activity. The lower immunostimulatory
activity of oligos 3 and 7, in which the 50-end of oligos is
blocked, suggests that accessibility to the 50-end of oligo
is essential for immunostimulatory activity of CpG-PS-
oligos.

Splenomegaly in Mice

To con®rm the immunostimulatory activity of oligos 1±
8 in vivo, a dose of 5mg/kg of oligonucleotides was
injected intraperitoneally to Balb-C mice. The mice were
sacri®ced 72h post-administration, spleens were removed,
blotted to dryness, and weighed. Change in spleen
weight in treated and untreated mice was used as a
parameter for immunostimulatory activity.

Administration of a 5mg/kg dose of oligo 1 caused about
40% increase in spleen weight compared with the control

Figure 3. Spleen enlargement in mice following administration of oli-
gos 1±8 at a dose 5mg/kg intraperitoneally. Control mice received
vehicle (PBS). Four animals were used for each oligo treatment.
Average values are indicated by a large+sign.

Figure 2. Proliferation indices of oligos 1±8 in mouse spleen lympho-
cyte cultures at 10 mg/mL dose. C and LPS represent proliferation in
the presence of medium (control) and lypopolysaccharide, respec-
tively. The assays were performed in triplicate at least three times.
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mice that received PBS (Fig. 3). Administration of oli-
gos 2 and 4 also caused about 50% increase in spleen
weight. Administration of oligo 3 caused no di�erence
in spleen weight compared with control mice. These
results further support the observation that oligo 3, in
which the 50-end was blocked, had signi®cantly less
immunostimulatory activity compared to oligos that
had an accessible 50-end. These results were also con-
®rmed with the administration of oligos 5±8. Adminis-
tration of oligos 5, 6, and 8 caused about 40±50% increase
in spleen weight, whereas no change in spleen weight was
observed following the administration of oligo 7.

The above results suggest that the immunostimulatory
activity of PS-oligos containing a CpG motif is sig-
ni®cantly minimized if the 50-end of the oligo is not
accessible. This loss in immunostimulatory activity of
oligos 3 and 7 cannot be explained based on nuclease
stability, as both oligos have two 30-ends and are not
more susceptible to 30-exonuclease degradation than are
oligos 1, 2, 5, and 6, which have one 30-end. PS-oligos 4
and 8, which have their 30-ends blocked and are very
stable to degradation by exonucleases, showed similar
immunostimulatory activity. Oligos 4 and 8 may show
sustained immunostimulatory activity due to their
increased in vivo stability, which is not evident in the
present study as mice were sacri®ced at only 72 h
after administration. Studies are in progress in which
mice will be sacri®ced at times later than 72 h after
administration.

The results described here are intriguing and suggest
that the 50-end of CpG-PS-oligos is critical for immuno-
stimulatory activity. In our previous studies, we have
shown that substitution of deoxynucleosides in 50-¯ank-
ing regions by modi®ed 20- or 30-substituted ribo-
nucleosides resulted in increased immunostimulatory
activity. In addition, substitution of deoxynucleosides
immediately upstream (50-end) to the CpG motif caused
a signi®cant suppression, and substitution of deoxy-
nucleosides immediately downstream (30-end) to the
CpG motif had no e�ect on immunostimulatory activ-
ity. Taken together, these results suggest that the
enzyme/receptor responsible for the immunostimulation
recognizes the CpG motif in oligos from the 50-end and
requires accessibility to the 50-end. Detailed studies are
under way to examine this hypothesis. Conjugation of
antigens or allergens to immunostimulatory CpG-oligo-
nucleotides has been shown to enhance immuno-
therapeutic potential of antigens several fold compared
to administration of unconjugated antigen and CpG
oligonucleotide mixture.21,22 Our present studies suggest
that it would be more appropriate to conjugate antigens

or allergens to the 30-end of the immunostimulatory
CpG-oligonucleotides rather than 50-end for optimal
immunostimulatory activity.
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