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ABSTRACT Bacterial infection stimulates the host to
mount a rapid inflammatory response. A 6-base DNA motif
consisting of an unmethylated CpG dinucleotide flanked by
two 5’ purines and two 3’ pyrimidines was shown to contribute
to this response by inducing polyclonal B-cell activation. This
stimulatory motif is 20 times more common in the DNA of
bacteria than higher vertebrates. The current work shows that
the same motif induces the rapid and coordinated secretion of
interleukin (IL) 6, IL-12, and interferon y (but not IL-2, IL-3,
IL-4, IL-5, or IL-10) in vivo and in vitro. Stimulatory CpG DNA
motifs induced B, T, and natural killer cells to secrete cytokine
more effectively than did lipopolysaccharide. Thus, immune
recognition of bacterial DNA may contribute to the cytokine
as well as the antibody production characteristic of an innate
inflammatory response.

The mammalian immune system responds to bacterial infec-
tion by rapidly initiating an inflammatory reaction that limits
the early spread of pathogens and facilitates the emergence of
antigen-specific immunity (for review, see ref. 1). Microor-
ganisms have evolved to avoid such recognition by altering
their expression protein and lipid products (1). Yet DNA is an
indispensable and highly conserved component of all bacteria.
Indeed, the genomes of otherwise diverse bacteria share DNA
motifs that are rarely found in higher vertebrates (2-4). Recent
studies suggest that immune recognition of these motifs may
contribute to the host’s innate inflammatory response.

Yamamoto and others (5-9) showed that bacterial but not
mammalian DNA boosted the lytic activity of natural killer
(NK) cells and induced interferon y (IFN-y) production,
effects attributed to palindromic sequences present in bacterial
DNA (5, 10). Other investigators showed that bacterial DNA,
especially when complexed to DNA-binding proteins, induced
B-cell activation (3, 4, 7-9, 11). Recent work from our labo-
ratory suggested that this B-cell stimulation was mediated by
a 6-base nt motif consisting of an unmethylated CpG dinucle-
otide flanked by two 5’ purines and two 3’ pyrimidines (12).
This motif is expressed nearly 20 times more frequently in
bacterial than vertebrate DNA (12-14).

In addition to B-cell activation, the innate immune response
to bacterial infection is characterized by the production of
immunomodulatory cytokines (15, 16). These include inter-
leukin (IL) 6, which contributes to T- and B-cell activation
(17-20), IFN-v, which enhances the capacity of macrophages
to eliminate a broad array of intracellular and extracellular
pathogens (21), and IL-12, which regulates IFN-vy production
and contributes to NK cell activation (22-24).

We examined whether bacterial DNA was involved in the
release of immunomodulatory cytokines. Sensitive and specific
ELIspot assays were used to monitor the secretory state of
lymphocytes stimulated in vitro and in vivo with bacterial DNA
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or synthetic oligodeoxyribonucleotides (ODNs). Results indi-
cate that ODNs containing unmethylated CpG dinucleotides
induced the rapid and coordinated production of IL-6, IFN-y,
and IL-12 by NK, B, and CD4* T lymphocytes.

EXPERIMENTAL PROCEDURES

Animals. Eight- to 15-week-old female BALB/c and
C57BL/6 mice were killed by cervical dislocation, and their
organs were removed aseptically. Single spleen cell suspen-
sions were prepared in complete medium (RPMI 1640 medi-
um/10% fetal calf serum/1.5 mM L-glutamine/penicillin/
streptomycin at 100 units/ml) as described (12).

Treatments. Cell suspensions were incubated at 37°C with
DNA, ODN, or with lipopolysaccharides extracted from Esch-
erichia coli (Difco) (12). Inhibition experiments were con-
ducted by adding neutralizing anti-cytokine antibodies at a
final concentration of 10 ug/ml to ODN-stimulated spleen
cells. The monoclonal antibodies used were as follows: anti-
IL-6 (clone MPS-20F3, Endogen, Cambridge, MA), anti-
IFN-y (clone R4-6A2, Lee Biomolecular Laboratories, San
Diego), anti-granulocyte/macrophage colony-stimulating fac-
tor (clone MP1-22E9, Endogen), and anti-IL-12 (clone 17.8,
from Georgio Trinchieri).

Cell Culture. Cells (2 X 10° per ml) were cultured in
complete medium at 37°C in a 5% CO,/air humidified incu-
bator. Culture duration varied depending upon the experiment
and nature of the assay.

Cytokine and IgM ELISA and ELIspot Assays. Nitrocellu-
lose-backed microtiter plates (96-well Milititer HA plate,
Millipore) were coated with primary anti-cytokine at 10 ug/ml
or anti-IgM antibody as described (25, 26). Plates were blocked
with phosphate-buffered saline (PBS)/1% bovine serum al-
bumin and washed with PBS/0.025% Tween 20. Serial dilu-
tions of a single-cell suspension were incubated on these plates
for 4-6 hr at 37°C in a humidified 5% CO; incubator (25, 26).

Plates were overlaid with secondary biotinylated anti-
cytokine antibody at 1 pg/ml (25, 26), washed, and treated
with a 1:2000 dilution of avidin-conjugated alkaline phos-
phatase (Vector Laboratories) or phosphatase-conjugated
anti-IgM antibody (Southern Biotechnology Associates). In-
dividual cytokine or IgM-secreting cells were visualized and
quantitated as described (25-27).

The concentration of cytokine in culture supernatants was
determined by using a modification of the assay system de-
scribed above. Supernatants were serially diluted in PBS/1%
bovine serum albumin and incubated on anti-cytokine-coated
microtiter plates for 2 hr. Biotinylated anti-cytokine antibody
followed by avidin-conjugated alkaline phosphatase were used
in a colorimetric assay to detect the presence of bound
cytokine (27).

Cell Purification. Mononuclear cells were incubated with
biotinylated anti-CD4, anti-CD8, anti-CD11, anti-CD14, or

Abbreviations: IFN, interferon; IL, interleukin; ODN, oligodeoxyri-
bonucleotide; NK, natural killer; pODN, phosphorothioate.
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FiG. 1. Activation of cytokine-secreting cells by CpG-containing pODNs and E. coli DNA. BALB/c spleen cells were incubated with 1 uM of
stimulatory (A1, A2) or control (A5, A6) pODNs, or E. coli at 100 pg/ml or calf thymus (C.T.) DNA. Optimal cytokine production was detected
by ELIspot assay after 10-12 hr. The stimulation index is the fold increase in number of cytokine-secreting cells over background. See Table 3 for

spontaneous cytokine production.

anti-NK1.1 antibodies (Becton Dickinson) for 15°C at 4°C.
Cells were washed and incubated with avidin-conjugated
MACS (magnetic cell separator) microbeads (Miltenyi Biotec,
Sunnyvale, CA) at 4°C for 15 min. Phenotype-positive cells
were then isolated using the MACS magnetic purification
system (28). The purity of the isolated cell populations as
determined by staining-sorted populations with fluorescein
isothiocyanate labeled phenotype-specific monoclonal anti-
bodies (PharMingen) followed by cell cytometry analysis was
87-94%.

Nucleic Acid Reagents. ODN and phosphorothioate ODN
(pODN) were synthesized as described (12). E. coli DNA and
calf thymus DNA were purchased from Sigma. All DNA and
ODN preparations were purified by extraction with phenol/
chloroform/isoamyl alcohol, 25:24:1 and/or ethanol precipi-
tation. E. coli and calf thymus DNA were rendered single-
stranded before use by boiling for 10 min and then cooled on
ice for 5 min.

Data Analysis. All results represent the average of two to
four separate experiments involving triplicate or serial-dilution
assays. Statistical significance was established by using Stu-
dent’s ¢ test.

Table 1.
cytokine production

RESULTS

Bacterial DNA and Synthetic ODNs Elicit the Production of
IL-6, IL-12, and IFN-v. Spleen cells from BALB/c mice were
treated with bacterial DNA, mammalian DNA, or synthetic
ODNSs. Immune activation was monitored using ELIspot as-
says to detect and quantitate cells secreting specific inflam-
matory and immunoregulatory cytokines. As seen in Fig. 1,
bacterial DNA stimulated normal spleen cells to produce IL-6,
IFN-v, and IL-12 (Upper), but not IL-2, IL-3, IL-4, IL-5, or
IL-10 (Lower).

The capacity of LPS-free synthetic ODNs and nuclease-
resistant pPODNSs to induce cytokine secretion was also exam-
ined. ODNs and pODNs with the same nucleotide sequence
had similar properties. ODNs and pODNs that activated
resting B cells to release IgM also stimulated whole spleen cells
to produce IL-6, IFN-vy, and IL-12. In contrast, mammalian
DNA and ODNs that did not stimulate IgM production did not
induce cytokine secretion (Fig. 1 and Table 1).

DNA Motifs Containing a CpG Dinucleotide Trigger Cyto-
kine Production. A panel of synthetic ODNs was used to
examine the sequence motif(s) responsible for inducing the
production of IL-6, IL-12, and IFN-y by bacterial DNA.

Stimulation of cytokine-secreting cells by CpG ODNs: Effect of multiple CpGs on

Stimulation index

pODN Sequence IL-6 IL-12 IFN-y
E. coli DNA 32+02 3.8+04 47=x23
Calf thymus DNA 0.8 +0.2 1.1+0.2 0.8 0.3
Al TCCATGACGTTCCTGATGCT 33*06 57+13 3.0+07
A2 GCTAGACGTTAGCGT 44+05 77+18 3704
A3 ATCGACTCTCGAGCGTTCTC 6.0 = 2.7 99 +12 4.0 0.6
A4 GAACCTTCCATGCTGTTCCG 1.3£02 ND ND
AS GCTAGATGTTAGCGT 1.3x03 1.1+02 1.0*+0.1
A6 TCCATGAGCTTCCTGATGCT 1.1x01 1.0x0.2 1.1+02

BALB/c spleen cells were incubated with 1 uM of pODN, 30 uM of ODN (see Table 2), or DNA
at 100 pg/ml for 10 hr. Stimulation index is calculated as fold increase in number of cytokine-
secreting cells over background. The pODNSs in Table 1 are representative of a set of 26 studied,
whereas the ODNs in Table 2 are representative of >125 studied. ND, not done.
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pODNs containing the dinucleotide CpG consistently trig-
gered cytokine release (see ODNs Al, A2, A3, Table 1),
whereas pODNs lacking this motif (A6) did not. Multiple
CpGs generally resulted in greater stimulatory capacity (Table
1, compare pODN A1 with A3), although CpGs located at the
terminus of an ODN were ineffective (A4, AS).

The latter finding suggested that sequences flanking the
CpG dinucleotide contributed to ODN stimulatory capacity.
To define the size and composition of this stimulatory motif,
a series of >150 synthetic ODNs and pODNs was examined.
Optimal stimulation of IL-6-, IL-12-, and IFN-vy-secreting cells
was induced when a central CpG was flanked by two 5’ purines
(GpA or ApA) and two 3’ pyrimidines (TpC or TpT) (Table
2, B1, B2, B8). Immune stimulation persisted despite purine/
purine or pyrimidine/pyrimidine replacements (ODN BS),
even if these substitutions eliminated a palindromic sequence
(ODN B?9). In contrast, stimulation was significantly reduced
when a purine was substituted for pyrimidine, or vice versa,
even if a palindromic sequence was maintained or created
(B10, B11).

If either base pair of the CpG was eliminated, stimulatory
activity was lost (B3, B4), whereas optimizing the flanking
region (BS) or incorporating two CpGs into a single ODN
increased stimulation. The minimal length of a stimulatory
ODN was 8 bp (compare Bl to B6 and B7, Table 2).

Kinetics and Magnitude of the Cytokine Response Induced
by CpG-Containing ODNs. pODNs induced cytokine release
within 4 hr, with peak production at 12 hr (Fig. 2). Maximal
cytokine production was observed using pODNs at a concen-
tration 0.10-0.33 ug/ml (Table 2 and data not shown). By
comparison, lipopolysaccharide-dependent cytokine produc-
tion was observed over a broad concentration range, peaking
at 10-30 pg/ml. The maximal amount of IL-6, IL-12, and
IFN-vy released into culture after 48 hr of pODN treatment
exceeded that induced by LPS 4-14 fold (Table 3).

Phenotype of Cells Triggered to Secrete Cytokine. Pheno-
type-specific monoclonal antibodies were used to identify
CD4* and CD8* T cells, CD14* monocytes/macrophages,
CD11* B cells and NK1.1* NK cells in normal mice. Each cell
population was enriched by MACS sorting to 87-94% purity.
Cell populations were then treated in vitro with stimulatory
(A2, A3) or control (AS, A6) pODNs. CpG-containing
pODNs stimulated purified B cells to release IL-6 and IL-12
(as well as IgM), CD4* T cells to release IL-6 and IFN-v, and
NK cells to release IFN-y (Fig. 3). No significant effect on
CD8" T cells or macrophages was observed.

The phenotype of cells activated to secrete cytokine in vivo
was also examined. pODNs A1 and A2 injected i.p. into normal
mice induced a significant increase in the number of spleen
cells producing IL-6, IL-12, and IFN-y within 4 hr. Phenotype-
positive spleen cells from these animals were purified by

Table 2. Stimulation of cytokine-secreting cells by CpG ODNs:
Identification of stimulatory motif

Stimulation index

ODN Sequence IL-6 IL-12 IFN-y
B1 TCAACGTT 35 +04 5717 43+ 1.1
B2 G....... 34+06 50+12 52= 09
B3 ....GC.. 1.1+02 09=x0.1 1.0+ 0.2
B4 ... C.. 1.2x02 1.0=02 1.1+ 0.2
B5 T.G....C 71+13 95+28 81=x 17
B6 e 12x02 ND ND
B7 e 1.1x0.1 1.1+02 08+ 0.1
B8 ...G._.C. 42+ 04 54*1.0 59* 15
B9 R O 35x05 46 +038 45=* 1.1
B10 L TLAL 1503 1.6 =04 13+ 03
B11 .TT.AA 13+04 14 x04 1.2+ 02

See legend for Table 1. Dots indicate identity with ODN B1.
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FiG. 2. Kinetics of activation of cytokine-producing cells by
pODN. BALB/c spleen cells were incubated with pODN Al at 1
png/ml. The number of cells induced to secrete IL-6 (m), IL-12 (a),
IFN-vy (@), and IgM (O) was monitored by ELIspot assay. Results
represent the percentage increase in number of antibody- or cytokine-
secreting cells over background at each time point (see Fig. 1 legend
for details). Similar results were obtained by using pODN A2.

MACS and analyzed for cytokine production. Consistent with
results from in vitro experiments, B cells and CD4* T lym-
phocytes were the primary sources of pODN-induced IL-6 in
vivo, B cells were the dominant source of IL-12, and NK and
CD4" lymphocytes were major sources of IFN-y (Fig. 3,
Lower).

Relationship Between ODN-Mediated Cytokine and Anti-
body Production. Kinetic studies indicated that there was a
24-hr lag between the peak activation of cytokine- versus
IgM-secreting cells in ODN-treated cultures (Fig. 2). This
difference in kinetics suggested that cytokines might contrib-
ute to the activation of IgM-producing lymphocytes. To in-
vestigate this possibility, anti-cytokine antibodies were added
to cultures of pODN-treated spleen cells.

As seen in Table 4, neutralizing anti-IL-6 monoclonal anti-
body at 10 pg/ml significantly reduced the number of B cells
secreting IgM after 36 hr of culture but had no effect on the
production of IL-12 or IFN-y. Antibodies reactive with gran-
ulocyte /macrophage colony-stimulating factor (another cyto-
kine implicated in the regulation of immunoglobulin produc-
tion), IL-12, or IFN-y had no effect on IgM production.
However, neutralizing anti-IL-12 antibodies significantly re-
duced the number of spleen cells stimulated by ODNs to
secrete IFN-vy.

DISCUSSION

This study shows that a DNA motif consisting of an unmethy-
lated CpG dinucleotide flanked by two 5’ purines and two 3’

Table 3. Concentration of cytokine in stimulated cultures

Fold increase in cytokine

concentration
Treatment IL-6 IL-12 IFN-y

pODN

3.0 pg/ml 11.6 69.0 14.5

0.3 pg/ml 14.4 74.1 23.6

0.03 pg/ml 4.7 62.2 16.1
Lipopolysaccharide

30.0 ug/ml 38 5.2 7.6

3.0 pg/ml 2.9 44 6.2

0.3 pg/ml 1.3 38 39
PBS 1.0 1.0 1.0

BALB/c spleen cells (2 X 10°/ml) were incubated with pPODN Al,
lipopolysaccharide, or PBS for 48 hr. The relative concentration of
IL-6, IL-12, and IFN-v in these cultures was determined by limiting-
dilution analysis of culture supernatants by ELISA assay.
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FiG. 3. Phenotype of cells induced by CpG ODNs to secrete cytokine. (Upper) Phenotype-positive cells were isolated by MACS technology.
Each population was incubated in vitro with medium alone or 1 uM pODN (A1, A2). Control pODNSs (A5, A6) did not induce cytokine production
in any cell population. Phenotype-specific antibodies did not alter ODN-induced cytokine production by unseparated spleen cells. BALB/c mice
were used to analyze the contribution of CD4-, CD8-, CD11-, and CD14-expressing cells, while C57BL/6 mice were used to analyze CD11-, CD14-,
and NK 1.1-expressing cells. (Lower) Phenotype-positive cell populations were MACS purified from BALB/c or C57BL/6 spleens 8 hr after i.p.
injection of 600 ug of pPODNs A1 or A2. Percentage contribution of cells secreting cytokine in vivo is shown. No increase in cytokine production
over control was seen in mice treated with the nonstimulatory pODN A6. Results represent the average of four experiments. *, Statistically

significant increase (P < 0.05).

pyrimidines rapidly stimulates B cells to produce IL-6 and
IL-12, CD4* T cells to produce IL-6 and IFN-v, and NK cells
to produce IFN-vy both in vivo and in vitro. Although lympho-
cyte stimulation was polyclonal and antigen-nonspecific in
nature, specificity was retained with respect to the phenotype
of cells activated and the type of cytokine they produced. The
stimulatory motif is commonly expressed in bacterial but not
mammalian DNA and elicited greater cytokine production at
lower optimal concentrations than lipopolysaccharide.
Yamamoto et al. (5) showed that bacterial DNA could
induce murine NK cells to produce IFN-vy and attributed this
effect to palindromic sequences present in bacterial DNA (5,
10, 29). We find that immune stimulation is due to a 6-base pair
motif containing a central CpG dinucleotide. Palindromes are
not required because nucleotide substitutions eliminating pal-

Table 4. Effect of anti-cytokine antibodies on ODN-induced
cytokine production

Inhibition of ODN-dependent
activation, %

Treatment IL-6 IL-12 IFN-y IgM
ODN + control Ab 0 0 0 0
ODN + anti-IL-6 100* 0 6+3 92+ 4
ODN + anti-IL-12 0 100* 78 *4 0
ODN + anti-IFN-y 0 0 100* 0
ODN + anti-GMCSF 0 0 0 0

Anti-cytokine antibody at 10 pg/ml was added to C57BL/6 spleen
cells treated with 1 uM of stimulatory pODN (A1 or A2). The number
of cells induced to secrete cytokine (after 10 hr) or IgM (after 36 hr)
was monitored by ELIspot assay. The mean = SD from three
independent experiments is shown. The spontaneous (background)
number of cytokine-secreting spleen cells was ~900 per 10° for IL-6,
100 per 106 for IL-12, 500 per 10° for IFN-v, and 1300 per 106 for IgM.
GMCSF, granulocyte/macrophage colony-stimulating factor; Ab, an-
tibody.

*The presence of anti-cytokine antibodies interferes with ELIspot
detection of cells producing homologous cytokine.

indromes but maintaining the CpG motif were immunostimu-
latory. Of note, the stimulatory palindromes identified by
Yamamoto et al. (5) all contained CpG dinucleotides.

The sequence motif identified in our studies is present at a
much higher frequency in bacterial than mammalian DNA.
This reflects the common use of methylated cytosines by
mammalian but not microbial DNA, differences in the fre-
quency with which 5’ purines and 3’ pyrimidines flank CpGs
in these organisms, and the poorly understood phenomenon of
“CpG suppression” in vertebrate DNA (3, 4, 12, 14). The
finding that NK and T cells as well as B cells are triggered by
CpG-containing ODNs suggests that immune recognition of
this motif is evolutionarily conserved among multiple types of
immunologically active cells.

The cytokines induced by CpG motifs perform critical
immunomodulatory functions. IL-12 and IFN-y promote type
1 cytokine production (22-24) and play important roles in the
elimination of human pathogens (16, 23, 24, 30). IL-6 is a type
2 cytokine that facilitates the growth/differentiation of T and
B lymphocytes (17-20) and stimulates immunoglobulin pro-
duction (31). IL-6 knockout mice are extremely susceptible to
infection (15, 32). Thus, bacterial DNA induces the production
of cytokines involved in both cell-mediated and humoral
immune responses.

Neutralizing anti-IL-6 antibodies significantly reduced
ODN-dependent IgM production. Thus, B-cell-derived IL-6
may be acting in an autocrine or paracrine capacity to promote
IgM secretion. Neutralization experiments also showed that
anti-IL-12 antibodies significantly reduced the number of cells
activated to secrete IFN-+y.

The ELIspot technique used in these studies detects cells
secreting immunoglobulin and cytokine in vivo (26, 33). In-
deed, the background levels of IL-6, IL-12, and IFN-y pro-
duction in untreated mice has been attributed to spontaneous
immune activation caused by environmental and self-antigens
in our specific pathogen-free colony (26, 27, 33). The 3- to
7-fold increase in spleen cells secreting cytokine after pPODN
treatment thus represents a profound increase over physiologic



Immunology: Klinman et al.

rates of B, T and NK cell activation. The stimulatory effect of
pODNs was not limited to BALB/c mice; similar results were
observed when spleen cells from C57BI/6 and the lipopoly-
saccharide nonresponsive C3H/HeJ mice were examined. It
should be noted that all ODNs were synthesized and studied
under identical conditions, eliminating the trivial possibility
that bacterial infection and/or lipopolysaccharide contamina-
tion might account for differences in activity between ODNs
with and without CpG dinucleotides.

Taken together, findings in this report support the view that
a complex series of cytokine and cell-mediated interactions
contribute to the host’s innate response to microbial patho-
gens. Bacterial DNA, alone or in combination with other
bacterial products, can trigger the release of IL-6, IL-12,
IFN-v, and IgM. The stimulatory capacity of CpG-containing
DNA motifs may also confound studies involving antisense,
gene therapy, and plasmid DNA vaccines produced in bacteria.
Studying the interactions between bacterial products and the
innate immune system should improve our understanding of
the interface between antigen-specific and non-specific im-
mune stimulation as it impacts on host protection.
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