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ABSTRACT

Synthetic oligodeoxyribonucleotides containing
CpG-dinucleotides (CpG DNA) in specific sequence
contexts activate the vertebrate immune system. We
have examined the effect of 3′-deoxy-2′–5′-ribonucleo-
side (3′-deoxynucleoside) incorporation into CpG DNA
on the immunostimulatory activity. Incorporation of
3′-deoxynucleosides results in the formation of 2′–5′-
internucleotide linkages in an otherwise 3′–5′-linked
CpG DNA. In studies, both in vitro and in vivo, CpG
DNA containing unnatural 3′-deoxynucleoside either
within the CpG-dinucleotide or adjacent to the CpG-
dinucleotide failed to induce immunostimulatory
activity, suggesting that the modification was not
recognized by the receptors. Incorporation of the
same modification distal to the CpG-dinucleotide in
the 5′-flanking sequence potentiated the immunos-
timulatory activity of the CpG DNA. The same modifi-
cation when incorporated in the 3′-flanking sequence
had an insignificant effect on immunostimulatory
activity of CpG DNA. Interestingly, substitution of a 3′-
deoxynucleoside in the 5′-flanking sequence distal to
the CpG-dinucleotide resulted in increased IL-6 and
IL-10 secretion with similar levels of IL-12 compared
with parent CpG DNA. The incorporation of the same
modification in the 3′-flanking sequence resulted in
lower IL-6 and IL-10 secretion with similar levels of
IL-12 compared with parent CpG DNA. These results
suggest that site-specific incorporation of 3′-deoxy-
nucleotides in CpG DNA modulates immuno-
stimulatory properties.

INTRODUCTION

Bacterial DNA and synthetic oligodeoxyribonucleotides
containing unmethylated CpG-dinucleotides (CpG DNA)
stimulate B-cell proliferation and activate macrophages,
monocytes and dendritic cells (1,2). The activation of immune
cells by CpG DNA results in the secretion of a number of
cytokines, including IL-6, IL-12, TNF-α and IFN-γ (1,2). The
use of CpG DNA as antitumor, antiviral, antibacterial and

anti-inflammatory agents and as adjuvants in immunotherapy
has been reported (3–13).

Recent studies suggested that a transmembrane protein,
TLR9, plays a critical role in the recognition of CpG DNA and
initiation of signaling pathways that lead to the upregulation of
NF-κB and the subsequent production of cytokines (14).
Alternately, CpG DNA triggers DNA protein kinase activation,
which phosphorylates IkB-kinaseB, leading to the activation of
NF-κB, which further leads to the production of cytokines
(15). It is not clear whether the two pathways are activated
sequentially or in parallel leading to a common function of
activating the NF-κB pathway. The evidence suggests that
TLR9 exhibits considerable sequence selectivity for CpG
DNA (16,17). The receptor shows a strict preference for
CpG-dinucleotides, but it can accommodate a range of
flanking sequences (18,19), which may vary from species to
species (20,21). It appears that the receptor exhibits considerable
specificity for the chemical and conformational nature of the
d(CpG) dinucleotide.

Our laboratory has been studying the effects of sequence and
structural changes in the flanking sequences that potentiate or
neutralize the immunostimulatory activity of CpG DNA in an
attempt to understand the molecular recognition events
between the receptors and CpG DNA. These studies suggested
that the receptor recognized base modifications that mimic
natural C and G (22) but with a strict preference for 2′-deoxyribo-
nucleotides (23) and also required a negatively charged inter-
nucleotide linkage between C and G of the CpG-dinucleotide (23).
However, a number of different modifications at the 2′-position of
the sugar and phosphate backbone were tolerated ~3 nt away
from the CpG-dinucleotide in both the 5′- and 3′-flanking
sequences (24–26). In fact, the incorporation of modifications
in the 5′-flanking sequence usually potentiated the immunos-
timulatory activity of CpG DNA, while the incorporation of
the same in the 3′-flanking sequence had minimal effect on the
immunostimulatory activity. Recently, we have also shown that
deletion of a nucleobase on nucleosides, which is achieved by
incorporation of ‘d-spacer’ or abasic linker, in certain positions
in the 5′- or the 3′-flanking sequence to the CpG-dinucleotide
potentiated immunostimulatory activity (27).

RNA and DNA with 2′–5′-linkages possess significantly
different structural and chemical characteristics than the
natural 3′–5′-linked nucleic acids (28–31). A number of studies
have been reported on the possible application of 2′–5′-linked
RNA and DNA for antisense uses (32–34). It has also been shown
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that 2′–5′-linked RNA does not induce spleen cell proliferation
(32), complement activation, and does not prolong aPTT (35)
compared with 3′–5′-linked DNA. However, there are no reports
on the studies of immunostimulatory properties of 3′-deoxy-
nucleosides in CpG DNA. In this report, we studied the effect of a
3′-deoxy-2′–5′-ribonucleoside (3′-deoxynucleoside) substitution
for natural 2′-deoxy-3′–5′-ribonucleosides (2′-deoxynucleosides)
within the CpG-dinucleotide or in the flanking sequences to
the CpG-dinucleotide on the immunostimulatory activity. The
incorporation of 3′-deoxynucleosides also results in an unnatural
2′–5′-internucleoside phosphate linkage in an otherwise 3′–5′-
linked DNA chain (Fig. 1).

MATERIALS AND METHODS

CpG DNA synthesis and purification

CpG DNA was synthesized using β-cyanoethylphosphoramidite
chemistry on a PerSeptive Biosystem’s 8900 Expedite DNA
synthesizer on a 1–2 µmol scale. The phosphoramidites of dA,
dG, dC and T were obtained from PerSeptive Biosystems. The
5′-DMT-3′-deoxy-2′-phosphoramidites of C and G were purchased
from ChemGenes. Beaucage reagent was used as an oxidant to
obtain the phosphorothioate backbone modification (36). After
the synthesis, CpG DNAs were deprotected using standard
protocols, purified by HPLC, converted to the sodium form
and dialyzed against distilled water. Then the CpG DNAs were
lyophilized and redissolved in distilled water and the concen-
trations were determined by measuring the UV absorbance at
260 nm. All the CpG DNAs synthesized were characterized by
CGE and MALDI-TOF mass spectrometry (Brucker Proflex
III MALDI-TOF mass spectrometer with 337 nm N2 laser) for
purity and molecular mass, respectively. The purity of the CpG
DNAs ranged from 87 to 92% as determined by CGE.

Mouse lymphocyte proliferation assay

Lymphocytes obtained from BALB/c mouse (4–8 weeks)
spleens were cultured in RPMI complete medium as described
earlier (23,37). The cells were plated in 96-well dishes at a
density of 106 cells/ml in a final volume of 100 µl. The CpG
DNA at a final concentration of 0.1, 0.3, 1.0 and 3.0 µg/ml,

lipopolysaccharide (a positive control) (10 µg/ml) or medium
were added to the cell culture in 10 µl of TE buffer (10 mM
Tris–HCl pH 7.5, 1 mM EDTA). The cells were then incubated
at 37°C. After 44 h, 1 µCi 3H-uridine (Amersham) was added
to the culture in 20 µl of RPMI medium, and the cells were
pulse-labeled for another 4 h. The cells were harvested by auto-
matic cell harvester and the filters were counted by a scintillation
counter. The experiments were performed two or three times
for each CpG DNA in triplicate at each concentration. The
averages were calculated, normalized and presented as a
proliferation index (PI).

Assays for IL-12, IL-6 and IL-10 secretion in mouse spleen
cell cultures

The secretion of IL-12, IL-6 and IL-10 in BALB/c mouse
spleen cell cultures was measured by sandwich ELISA. The
required reagents, including cytokine antibodies and cytokine
standards, were purchased form PharMingen. ELISA plates
(Costar) were incubated with appropriate antibodies at 5 µg/ml
in PBSN buffer (PBS/0.05% sodium azide, pH 9.6) overnight
at 4°C and then blocked with PBS/10% FBS at 37°C for
30 min. Different concentrations of CpG DNAs were added to
the BALB/c mouse spleen cell cultures and incubated for 24 h,
as described above, and the supernatants were collected. Cell
culture supernatants and cytokine standards were appropriately
diluted with PBS/10% FBS, added to the plates in triplicate and
incubated at 25°C for 2 h. Plates were overlaid with 1 µg/ml of the
appropriate biotinylated antibody and incubated at 25°C for 1.5 h.
Then the plates were washed extensively with PBS/0.05% Tween
20 and then further incubated at 25°C for 1.5 h after adding
streptavidine-conjugated peroxidase (Sigma). Then the plates
were developed with chromatin (Kirkegaard and Perry) and the
color change was measured on a Ceres 900 HDI
spectrophotometer (Bio-Tek Instruments). The levels of IL-12,
IL-6 and IL-10 in the cell culture supernatants were calculated
from the standard curve constructed under the same experimental
conditions for IL-12, IL-6 and IL-10.

Mouse splenomegaly assay of CpG DNA

Female BALB/c mice (4–6 weeks, 19–21 g) were divided into
different groups with four mice in each group. CpG DNAs
were dissolved in sterile PBS and administered intraperitoneally
to mice at a dose of 5 mg/kg. After 72 h, mice were killed and
the spleens were harvested and weighed.

RESULTS AND DISCUSSION

We selected two CpG DNA sequences containing either a
‘GACGTT’ (CpG DNA 1) or an ‘AGCGTT’ (CpG DNA 7)
hexameric motif, which have been shown to stimulate immune
response in mice. To understand the effect of site-specific
incorporation of 3′-deoxynucleosides, we synthesized CpG
DNAs 2–6 and 8–11 (Table 1), in which one natural (2′-deoxy)
nucleoside was substituted within the CpG-dinucleotide, or in
the 3′- or the 5′-flanking sequence to the CpG-dinucleotide with a
3′-deoxynucleoside. The sites of substitutions in each CpG DNA
are shown in Table 1. In CpG DNAs 2 and 8, 2′-deoxyguanosine
of CpG-dinucleotide was substituted with 3′-deoxyguanosine,
which also resulted in a 2′–5′-internucleotide phosphate
linkage between the nucleotides as represented with an asterisk
(Table 1). In CpG DNAs 3 and 9, 2′-deoxycytidine of

Figure 1. Comparison of chemical structures of (A) a normal 3′–5′-DNA
strand and (B) a DNA strand containing a 3′-deoxy-2′–5′-ribonucleoside
(boxed).
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CpG-dinucleotide was substituted with 3′-deoxycytidine. In
CpG DNAs 4, 5 and 10, a 2′-deoxynucleoside was substituted
with a 3′-deoxynucleoside in the 5′-flanking region to the
CpG-dinucleotide at different positions. Similarly, in CpG
DNAs 6 and 11, a nucleoside was substituted with a 3′-deoxy-
nucleoside in the 3′-flanking region to the CpG-dinucleotide
(Table 1). The immunostimulatory activity of the parent and
modified CpG DNAs was assessed by their ability to induce cell
proliferation and secrete cytokines in mouse spleen cell cultures
in vitro and enlargement of spleen in mice in vivo. All the CpG
DNAs used in the study are phosphorothioate back-bone modi-
fied.

Spleen cell proliferation in vitro

The immunostimulatory activity of the parent and modified
CpG DNAs was studied in BALB/c mouse spleen cell cultures
and is expressed as the proliferation index. Spleen cells from
BALB/c mouse were cultured with CpG DNA at concentrations
of 0.1, 0.3, 1.0 and 3.0 µg/ml for 48 h and cell proliferation was
determined by 3H-uridine incorporation (37,38). All the CpG
DNAs that were active showed a concentration-dependent
spleen cell proliferation (Table 1). The parent CpG DNAs 1
and 7, which did not have any modification, showed PIs of
19.4 ± 0.9 and 23.0 ± 0.9, respectively, at a concentration of
0.3 µg/ml (Fig. 2). Under the same conditions, CpG DNAs 2, 3, 8
and 9 that had either C or G in the CpG-dinucleotide substituted
with a 3′-deoxynucleoside, failed to induce significant proliferation
of spleen cells compared with the media control (Fig. 2). These
results suggest that a 3′-deoxynucleoside in either the C or G
position of a CpG-dinucleotide is not recognized. Perhaps the
receptor specifically recognizes the confirmation of 2′-deoxy-
nucleotides in these positions or the structural changes caused
by 3′-deoxynucleosides do not permit recognition by the receptor.
CpG DNA 4, which had a 3′-deoxynucleoside substitution
adjacent to the CpG-dinucleotide on the 5′-side, also failed to
induce significant proliferation of spleen cells, suggesting that
a 3′-deoxynucleoside at this position was detrimental to immuno-
stimulatory activity.

When the 3′-deoxynucleoside modification was placed four
nucleosides upstream of the CpG-dinucleotide in the 5′-flanking

sequence (CpG DNAs 5 and 10), both CpG DNAs induced
proliferation of spleen cells (Fig. 2). The PIs measured for CpG
DNAs 5 and 10 were 22.7 ± 2.2 and 23.4 ± 1.4, respectively, at
a concentration of 0.3 µg/ml. These PI values for CpG DNAs 5
and 10 are higher or equal to those observed with their parent
CpG DNAs 1 and 7, respectively. These results provided an
initial indication that 3′-deoxynucleosides incorporated at least
about four nucleosides away from the CpG-dinucleotide in the
5′-flanking sequence had no neutralizing effect but may
potentiate the immunostimulatory activity of CpG DNA.

As shown in Figure 2, when a 3′-deoxynucleoside was placed
~5 nt downstream of the CpG-dinucleotide in the 3′-flanking
sequence (CpG DNAs 6 and 11), both CpG DNAs induced
proliferation of spleen cells. The PIs measured were 17.8 ± 0.6
and 20.0 ± 0.7 for CpG DNAs 6 and 11, respectively. These PI
values are comparable with their respective parent CpG DNAs
1 and 7, suggesting that incorporation of a 3′-deoxynucloside
modification in the 3′-flanking sequence has an insignificant
effect on the immunostimulatory activity of CpG DNA.

Cytokine secretion in vitro

In addition, we measured the induction of cytokines, IL-12
(Table 2), IL-6 (Table 3) and IL-10, by CpG DNAs 1–11, at
different concentrations in BALB/c mouse spleen cell cultures.
All CpG DNAs that induced cytokine secretion showed a
concentration-dependent production of cytokines. For comparison,
the levels of IL-12, IL-6 and IL-10 produced at a concentration
of 1 µg/ml of CpG DNAs are shown in Figure 3. The parent
CpG DNAs 1 and 7 induced 1635 ± 55 and 2316 ± 45 pg/ml of
IL-12, 2063 ± 69 and 4609 ± 295 pg/ml of IL-6, and 39 ± 4 and
131 ± 22 pg/ml of IL-10 secretion, respectively. CpG DNAs 2–4,
8 and 9, which had a 3′-deoxynucleoside substitution in or
adjacent to the CpG-dinucleotide, showed no or little cytokine
production at the same concentration (Fig. 3).

CpG DNAs 5 and 10, which had the 3′-deoxynucleoside in
the 5′-flanking sequence, showed similar levels of IL-12 secretion
(1558 ± 123 and 2509 ± 170 pg/ml, respectively) compared with
their parent CpG DNAs 1 and 7, respectively. Both CpG DNAs
induced a higher level of IL-6 (10 614 ± 560 and 12 972 ± 1530
pg/ml, respectively) and IL-10 (179 ± 11 and 188 ± 10 pg/ml,
respectively) production at the same concentration than did
their respective parent CpG DNAs (Fig. 3).

Table 1. Spleen cell proliferation in BALB/c mouse spleen cell cultures
by CpG DNAs

aNucleosides shown in bold represent 3′-deoxyribonucleosides and * indicates
the position of the 2′–5′-phosphorothioate internucleoside linkage. The
two CpG sequence motifs used in the study are underlined. All CpG DNA
is phosphorothioate modified.

Figure 2. Proliferation indices of CpG DNA 1–11 in BALB/c mouse spleen
cell cultures at a concentration of 0.3 µg/ml. M represents the media control
and LPS stands for lypopolysaccharide at a concentration of 10.0 µg/ml. The
assays were performed in triplicate at least three times.
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CpG DNAs 6 and 11, which had a 3′-deoxynucleoside in
the 3′-flanking sequence, also induced 1484 ± 151 and
2468 ± 165 pg/ml of IL-12 production similar to those of their
parent CpG DNAs 1 and 7, respectively. However, they induced
lower or similar levels of IL-6 (599 ± 92, 4953 ± 452 pg/ml,
respectively) and IL-10 (13 ± 1 and 84 ± 4 pg/ml, respectively)
compared with CpG DNAs 1 and 7, respectively (Fig. 3).

Splenomegaly in vivo

In general, the increase in spleen weight (spelnomegaly) of
mice injected with oligonucleotides is considered a result of
the immunostimulatory activity of CpG DNA (37–39). To
further confirm the effect of 3′-deoxynucleoside modification
on immunostimulatory activity of CpG DNA in vivo, we
administered CpG DNAs 1–11 intraperitoneally to BALB/c
mice at a dose of 5 mg/kg and measured the spleen weights
after 72 h of CpG DNA administration (Fig. 4). Mice injected
with parent CpG DNAs 1 and 7 had spleen weights of 130.2 ± 7.7
and 126.5 ± 12.8 mg, respectively. These spleen weights of
mice treated with CpG DNAs 1 and 7 were ~28 and 24%

higher, respectively, than the spleen weights of the control
mice that were treated with vehicle (PBS). The administration
of CpG DNAs 2–4, 8 and 9 at the same dose did not result in
spleen weight increase, suggesting that these CpG DNAs did
not induce immune responses in BALB/c mice (Fig. 4). These
results further confirmed the results observed with CpG DNAs
2–4, 8 and 9 in spleen cell cultures. In addition, these results
suggest that the presence of a CpG-dinucleotide is required for
the immunostimulatory activity of CpG DNAs.

CpG DNAs 5 and 10, which had a 3′-deoxynucleoside in the
5′-flanking sequence, increased spleen weights of BALB/c
mice to ~50.3 and 80.1% at the same dose compared with the
mice that received vehicle (PBS) (Fig. 4). These data confirm
that the modifications incorporated in the 5′-flanking sequence
distal to the CpG-dinucleotide potentiated immunostimulatory
activity of CpG DNA in vivo as well as in in vitro proliferation
assays. At the same dose of 5 mg/kg, CpG DNAs 6 and 11 also
increased spleen weights of mice compared with the control
mice. The spleen weight increase caused by CpG DNA 6
(17.2%) was smaller than that observed with its parent CpG

Table 2. Induction of IL-12 secretion in BALB/c mouse spleen cell cultures by CpG DNAs

aNucleosides shown in bold represent 3′-deoxyribonucleosides and * indicates the position of the 2′–5′-phosphorothioate
internucleoside linkage. The two CpG sequence motifs used in the study are underlined. All CpG DNA is
phosphorothioate modified.

Table 3. Induction of IL-6 secretion in BALB/c mouse spleen cell cultures by CpG DNAs

aNucleosides shown in bold represent 3′-deoxyribonucleosides and * indicates the position of the 2′–5′-phosphorothioate
internucleoside linkage. The two CpG sequence motifs used in the study are underlined. All CpG DNA is phosphorothioate
modified.
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DNA 1 (28%). CpG DNA 11 produced a greater spleen
enlargement (53%) compared with its parent CpG DNA 7
(24.3%) in contrast to the in vitro proliferation data.

Taken together, the present results suggest that the unnatural
3′-deoxy-2′–5′-nucleoside incorporated either in the CpG-dinucleo-
tide or adjacent to the CpG-dinucleotide neutralizes CpG-related
immunostimulatory activity. The same modification when
incorporated distal to the CpG-dinucleotide in the 5′-flanking
sequence potentiates the immunostimulatory activity of CpG
DNA. When the modification is incorporated in the 3′-flanking
sequence, it has an insignificant effect on the immunostimulatory
activity of CpG DNA. These results are consistent with our
earlier studies in which 2′-sugar modifications were incorporated

and examined for immunostimulatory activity of CpG DNA
(19,20).

The incorporation of 3′-deoxynucleosides into CpG DNA
results in the increased nuclease stability of the modified CpG
DNAs (27,28). The increased nuclease stability could contribute
to the increased immunostimulatory activity of the modified
CpG DNAs (2–6 and 8–11). In general, the 3′-exonucleases
present in the cells are mostly responsible for degradation of
oligonucleotides. The modification incorporated towards the 3′ end
should impart a relatively higher stability against nucleases than
those incorporated towards the 5′ end. It is reasonable to
assume that CpG DNAs 6 and 11 should have higher nuclease
stability and, therefore, should have relatively higher immuno-
stimulatory activity. In contrast, the results presented here
show that CpG DNAs 5 and 10, which have the modifications
incorporated towards the 5′ end, are more active than CpG
DNAs 6 and 11, suggesting that the observed increase in
immunostimulatory activity of CpG DNAs 5 and 10 is not the
result of increased nuclease stability, but the result of the
structural modifications introduced in the CpG DNA.

Another observation that stems from these studies is that the
incorporation of a 3′-deoxynucleoside in the 5′-flanking
sequence distal (at least 3–5 nt away) to the CpG-dinucleotide
increases IL-6 production significantly without affecting IL-12
secretion compared with the parent CpG DNA. This property
could be of particular importance in the application of CpG
DNA as an adjuvant with prophylactic and therapeutic
vaccines, antigens and peptides, where IL-6 production is
highly desirable for maturation of B cells and subsequent
production of antigen-specific immunoglobulins. When the
same modification is incorporated in the 3′-flanking sequence,
IL-12 secretion is not significantly altered compared with the
parent CpG DNAs, but IL-6 and IL-10 secretion is minimal.
This property of modified CpG DNA may be specifically useful
for treating infectious diseases and cancer.

Several antisense oligonucleotides that are currently in
human clinical trials contain CpG-dinucleotides (6,40,41). The
incorporation of a 3′-deoxynucleoside in certain positions of
CpG DNA, as in CpG DNAs 2–4, 8 and 9, resulted in the
neutralization of CpG-related activity. Though such modifications
are not beneficial for CpG DNA therapeutics development,
they could be of immense importance for antisense oligonucle-
otide design, when a CpG-dinucleotide cannot be avoided in
them. The incorporation of a single 3′-deoxynucleoside at an
appropriate position of an antisense oligonucleotide containing
a CpG-dinucleotide is useful to reduce non-specific immune-
related activity, provided the modification does not significantly
affect the biochemical and biophysical properties of modified
oligonucleotide (28–33). However, for neutralization of the
immune effects of antisense oligonucleotides containing CpG-
dinucleotides, the use of 2′-alkyl-substituted nucleosides or
backbone modifications, which do not affect the binding
affinity and pharmacokinetic properties, would be more
appropriate (23–26).

CONCLUSION

In conclusion, our results suggest that a 3′-deoxynucleoside
substitution incorporated ~3–5 nt away from the CpG-dinucleotide
either in the 5′- or the 3′-flanking sequence does not interfere
with immunostimulatory activity. In fact, substitution in the

Figure 3. Secretion of IL-12 (A), IL-6 (B) and IL-10 (C) in BALB/c mouse
spleen cell cultures in the presence of CpG DNAs 1–11 at a concentration of
1.0 µg/ml. M, media control.

Figure 4. Spleen enlargement in BALB/c mice following intraperitoneal
administration of CpG DNA 1–11 at a dose of 5 mg/kg. Control mice received
vehicle (PBS). Four animals were used for each CpG DNA treatment and the
averages were calculated.



1618 Nucleic Acids Research, 2002, Vol. 30, No. 7

5′-flanking sequence potentiates immunostimulatory activity of
CpG DNA. The same substitution within or adjacent to the CpG-
dinucleotide neutralizes CpG-related immunostimulatory
activity. In addition, our studies demonstrate that it may be
possible to induce specific cytokines as desired for different
applications by site-specific incorporation of 3′-deoxynucleo-
sides in a CpG DNA. The on-going studies of modified CpG DNA
with specific immune cell lineages should help with under-
standing the molecular mechanisms of interactions in detail and
enable us to further fine tune the incorporation of modifications,
eventually allowing the broad application of CpG DNAs as
immunological tools and therapeutic agents.
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