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The activation of innate immune responses by genomic DNA from bacteria and several nonvertebrate
organisms represents a novel mechanism of pathogen recognition. We recently demonstrated the CpG-
dependent mitogenic activity of DNA from the protozoan parasite Babesia bovis for bovine B lymphocytes (W. C.
Brown, D. M. Estes, S. E. Chantler, K. A. Kegerreis, and C. E. Suarez, Infect. Immun. 66:5423–5432, 1998).
However, activation of macrophages by DNA from protozoan parasites has not been demonstrated. The present
study was therefore conducted to determine whether DNA from the protozan parasites B. bovis, Trypanosoma
cruzi, and T. brucei activates macrophages to secrete inflammatory mediators associated with protective
immunity. DNA from Escherichia coli and all three parasites stimulated B-lymphocyte proliferation and
increased macrophage production of interleukin-12 (IL-12), tumor necrosis factor alpha (TNF-a), and nitric
oxide (NO). Regulation of IL-12 and NO production occurred at the level of transcription. The amounts of
IL-12, TNF-a, and NO induced by E. coli and protozoal DNA were strongly correlated (r2 > 0.9) with the
frequency of CG dinucleotides in the genome, and immunostimulation by DNA occurred in the order E. coli >
T. cruzi > T. brucei > B. bovis. Induction of inflammatory mediators by E. coli, T. brucei, and B. bovis DNA was
dependent on the presence of unmethylated CpG dinucleotides. However, at high concentrations, E. coli and T.
cruzi DNA-mediated macrophage activation was not inhibited following methylation. The recognition of pro-
tozoal DNA by B lymphocytes and macrophages may provide an important innate defense mechanism to
control parasite replication and promote persistent infection.

It is well established that genomic DNA from bacteria, but
not mammals, is mitogenic for B cells and stimulates macro-
phages and dendritic cells to produce proinflammatory cyto-
kines and nitric oxide (NO) (reviewed in references 18 and 27).
The immunostimulatory properties of bacterial DNA are at-
tributed to the high frequency of unmethylated CG dinucle-
otides (18, 27 28). These motifs are largely absent from mam-
malian DNA because CG dinucleotides have a reduced
frequency of occurrence, are generally methylated, and are
often flanked by bases that constitute immunosuppressive mo-
tifs (27). The B-lymphocyte pattern recognition of unmethyl-
ated CpG motifs in bacterial DNA was found to extend to
other nonvertebrate genomes, including insects, mollusks,
nematodes, yeasts, and protozoa (5, 42). Recognition of non-
mammalian DNA by the innate immune system is a newly
discovered host immune response to infectious organisms that
is distinct from protein or carbohydrate immune recognition
(17).

In mice, bacterial DNA generates a type 1 immune response,
marked by enhanced cytotoxic T-lymphocyte and antibody re-
sponses and by production of interleukin-1b (IL-1b), IL-6,
IL-12, IL-18, gamma interferon (IFN-g), and tumor necrosis
factor alpha (TNF-a) (reviewed in references 18 and 27). In-
duction of a T-helper 1 (Th1)-dominated immune response by
bacterial DNA has provided an explanation for the remarkable
efficacy of “naked” DNA vaccines and indicated the basis
for new vaccine strategies (46). Bacterial and invertebrate
genomic DNA have been used in mice as potent adjuvants for
immunization with soluble or particulate antigens (18, 26–28,
44, 46). Furthermore, through the addition of immunostimu-
latory CpG motifs, plasmid DNA or synthetic oligodeoxynucle-
otides can be engineered to provide a Th1-promoting adjuvant
function (18, 26, 27, 46). Several reports have demonstrated
similar effects of Escherichia coli DNA and defined oligode-
oxynucleotides on leukocytes of nonhuman primate, human,
and bovine leukocytes (27).

Recognition of CpG motifs of microbial origin as a “danger
signal” (32) represents a novel innate immune defense mech-
anism to enable the discrimination of pathogen from host and
to trigger a selective immune response at the site of infection
(17, 34). Activation of innate immune responses by DNA re-
leased from dying parasites could contribute to host survival
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and encourage persistent parasitic infection. In fact, protozoan
parasite infections of humans, such as malaria, African sleep-
ing sickness, and Chagas’ disease, as well as those of cattle,
such as theileriosis, babesiosis, and trypanosomiasis, result in
parasite persistence, thereby ensuring parasite survival by pro-
viding a reservoir for subsequent arthropod vectored transmis-
sion. It is also possible that immunostimulation by protozoal
DNA could provoke hyperactivation of B cells and macro-
phages, with pathological consequences.

We recently reported that DNA from the protozoan parasite
Babesia bovis induced CpG-dependent proliferation of bovine
B cells and enhanced immunoglobulin G (IgG) secretion (5),
indicating that DNA is a mitogenic component of the parasite
with the potential to stimulate innate defenses against the
foreign pathogen. We have also demonstrated that B. bovis-
infected erythrocytes stimulated NO and inflammatory cyto-
kine production by bovine macrophages (37, 41). However,
with the exception of a parasite-derived lipid fraction that
stimulated the induction of NO but not cytokines, the immu-
nostimulatory components in the parasite were not defined.
The present study was designed to determine if DNA from this
parasite and others that cause persistent infection, namely,
Trypanosoma cruzi, and T. brucei, is capable of activating mac-
rophages. We demonstrate that protozoal DNA induces IL-12,
TNF-a, and NO, which are thought to be important for the
resolution of infection and/or increased pathologic changes
caused by these parasites (4, 13, 22, 23, 25, 31, 37, 51). In
addition, we show that, like B. bovis DNA, DNA from T. cruzi
and T. brucei is mitogenic for B lymphocytes.

MATERIALS AND METHODS

Macrophage isolation. Monocyte-derived macrophages were isolated from
peripheral blood mononuclear cells (PBMC) of six noninfected cattle by plastic
adherence and culture as previously described (37). After 6 to 7 days of culture,
macrophages were harvested with Ca21- and Mg21-free Hanks balanced salt
solution containing 0.5 mM EDTA. The procedure regularly yielded greater than
80% CD14-expressing cells by fluorescence-activated cell sorting with monoclo-
nal antibody (MAb) CAM36A. Unless indicated otherwise, all MAbs were pur-
chased from the Washington State University Monoclonal Antibody Center,
Pullman, Wash.

B-cell isolation. B cells were isolated from bovine PBMC by positive selection
as previously described (5). Briefly, PBMC were incubated with a MAb (GB25a)
to bovine CD21 at 4°C for 40 min with gentle agitation. Bead-bound B cells were
isolated using goat anti-mouse IgG-coated magnetic beads (Dynabead M-450;
Dynal Inc., Lake Success, N.Y.) as specified by the manufacturer. The procedure
routinely yielded .90% of cells that expressed surface immunoglobulin. The
purified cell population was negative for T cells and monocytes as determined by
fluorescence-activated cell sorter analysis using MAb specific for bovine CD14
(CAM36A), CD2 (MAb MUC2A), CD3 (MAb MM1A), CD4 (MAb CACT
138A), CD8 (MAbs CACT 80C and BAT 82B), and the d chain of the g/d T-cell
receptor (MAb CACT 61A).

DNA preparation. DNA from E. coli, B. bovis, and T. cruzi was prepared
essentially as described previously (5). Briefly, lyophilized E. coli (strain B,
ATCC 11303) (Sigma) was resuspended in TE buffer (100 mM NaCl, 10 mM
Tris-HCl [pH 8.0], 25 mM EDTA [pH 8.0]) and treated with lysozyme, protein-
ase K, and sodium dodecyl sulfate (SDS). E. coli DNA was successively extracted
with phenol, phenol-chloroform-isoamyl alcohol, and chloroform-isoamyl alco-
hol. The DNA was then precipitated with 3 M sodium acetate–absolute ethanol,
washed with 70% ethanol, and air dried. B. bovis Mexico strain merozoites were
maintained in continuous culture in bovine erythrocytes and purified as de-
scribed previously (6). T. cruzi DNA was prepared from the RA strain (15).
Parasites were washed in phosphate-buffered saline (PBS) and incubated in a
digestion buffer containing NaCl, Tris-HCl, EDTA, SDS, and proteinase K.
RNase A was added to a final concentration of 100 mg per ml, and the mixture
was incubated at 37°C for 2 h. B. bovis and T. cruzi DNA was extracted as
described above. Pelleted DNA was resuspended in phosphate-buffered saline or

Tris-buffered saline at 37°C. T. brucei bloodstream trypomastigotes were isolated
from rats by cardiac puncture and purified over a DE52 column, and DNA was
prepared as described previously (52). Trypomastigotes were lysed by the addi-
tion of 0.5% SDS and then incubated sequentially with 100 mg of RNase A per
ml and 1 mg of pronase per ml. DNA was extracted with phenol, extensively
dialyzed, precipitated with absolute ethanol, and washed with 75% ethanol.
Pelleted DNA was lyophilized and resuspended in TE buffer. Bovine (Bos taurus)
DNA was prepared from bovine buffy coats obtained from 10 ml of anticoagu-
lated blood from normal adult Holstein cattle (33). DNA concentrations were
determined by spectrophotometric analysis.

Purified DNA (150 to 200 mg/ml) was digested with 1 mg of DNase I (Sigma)
per ml for 2 h at 37°C (5) and then stored at 220°C until use. Complete digestion
of the DNA was confirmed by agarose gel electrophoresis. Prior to use in
proliferation assays, the DNA concentration was determined again by spectro-
photometric analysis.

DNA was methylated using CpG methylase (SssI methylase; New England
Biolabs, Beverly, Mass.) as specified by the manufacturer and as described
previously (5, 43). DNA methylation was complete after 24 h, as determined by
measuring the resistance of treated DNA samples to cleavage by HpaII (New
England Biolabs). Methylated DNA was extracted, precipitated, and quantified
by spectrophotometry.

Limulus amebocyte lysate assay. Cell culture reagents and all DNA prepara-
tions were tested for the presence of endotoxin by using the Limulus amebocyte
lysate assay (Whittaker M. A. Bioproducts, Walkersville, Md.) The sensitivity of
the assay is 0.06 EU of endotoxin per ml (6 pg per ml). All cell culture reagents
and protozoal and bovine DNA samples had undetectable levels of endotoxin
(,6.0 pg in 25-mg/ml DNA samples). E. coli DNA contained 6.0 pg of endotoxin
in a 25-mg/ml sample. Elsewhere, we have shown that 10 mg of polymyxin B
sulfate per ml is sufficient to block up to 10 ng per ml of lipopolysaccharide-
induced cytokine or inducible nitric oxide synthase (iNOS) transcription (36a).
All leukocyte and DNA cultures contained 10 mg of polymyxin B sulfate per ml.

B-lymphocyte proliferation assays. Purified B cells (2 3 106 cells per ml) were
incubated at 37°C for 72 h in duplicate or triplicate cultures of 100 ml in complete
RPMI 1640 medium with 1 mg of pokeweed mitogen (Sigma) per ml, 1 mg of
concanavalin A (Sigma) per ml, or 1.0 to 12.5 mg of DNA per ml. In the final 18 h
of culture, the cells were radiolabeled with 0.25 mCi of [3H]uridine (New En-
gland Nuclear, Boston, Mass.). The cells were harvested and counted in a liquid
scintillation counter. Results are presented as the mean cpm of replicate cul-
tures 6 1 standard deviation (SD) or as the stimulation index (SI), calculated as
the mean cpm of cells cultured with DNA/mean cpm of cells cultured with
medium. SI . 3.0 is considered significant.

Stimulation of macrophages for cytokine and NO production. Macrophages
(5 3 105) were cultured for 6 h (for RNA extraction), 24 h (for secreted
cytokines), or 48 h (for secreted NO) in 24-well plates in 400-ml volumes with 25
mg of protozoal DNA, E. coli DNA (used as a positive control), or bovine DNA
(used as a negative control) per ml plus 50 U of IFN-g (generously provided by
Lorne Babiuk, Veterinary Infectious Disease Organization (VIDO), Saskatoon,
Saskatchewan, Canada) per ml and 10 mg of polymyxin B sulfate per ml. In some
experiments, 0.01 to 25 mg of E. coli DNA per ml was used. For assays measuring
IL-12 p40, serum-free Iscove’s medium supplemented with 25 mM HEPES
(Mediatech, Herndon, Va.), 2 mM L-glutamine (Mediatech), 5 3 1025 M 2-mer-
captoethanol (Sigma), and 50 mg of gentamicin sulfate per ml was used. Super-
natants were collected and stored at 270°C until analysis.

IL-12 p40 detection by dot blot assay. IL-12 was detected using MAb 17827
specific for the bovine IL-12 p40 subunit (Serotec, Raleigh, N.C.). Macrophage
supernatants and recombinant human IL-12 (rHuIL-12; kindly provided by Ge-
netics Institute, Cambridge, Mass.) were serially diluted and applied to a nitro-
cellulose membrane using a HybriDot manifold (GIBCO BRL, Rockville, Md.).
Bound antibody was identified using the Western-Star chemiluminescent detec-
tion system (Tropix, Inc, Bedford, Mass.). Briefly, the membrane was incubated
on a rocker for 1 h at room temperature or overnight at 4°C with I-block blocking
solution and then incubated with IL-12 p40 MAb at a final concentration of 1 mg
per ml in I-block for 1 h. After six 15-min washes with TBST (10 mM Tris, 150
mM NaCl, 0.05% Tween 20 [pH 7.6]), goat anti-mouse IgG-plus-IgM alkaline
phosphatase conjugate diluted 1:15,000 in I-block was added for 1 h. The mem-
brane was washed, incubated twice for 2 min in 13 assay buffer (20 mM Tris [pH
9.8], 1 mM MgCl2), and transferred to a Western-Star development folder. The
substrate solution, composed of 3 ml of CDPStar-RTU and 150 ml of NitroBlock,
was spread evenly over the membrane and allowed to bind for 5 min. Excess
solution was smoothed out of the development folder, and the blot was exposed
to autoradiography film.
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IL-12 bioassay. The presence of the biologically active IL-12 heterodimer was
determined as described (37, 38). Briefly, macrophage supernatants (200 ml)
were incubated with 2 3 106 PBMC and phytohemagglutinin PHA (1 mg/ml) in
a total volume of 400 ml in a 48-well plate for 2 days. PHA-stimulated PBMC
were also incubated with rHuIL-12 (1 to 1,000 pg per ml) as a standard. PBMC
supernatants were collected and assayed for bovine IFN-g using a commercially
available enzyme-linked immunosorbent assay (ELISA) as specified by the man-
ufacturer instructions (CSL Ltd., Parkeville, Victoria, Australia). IFN-g activity
was determined from a standard curve derived with serial dilutions of a T-cell
supernatant, estimated by the vesicular stomatitus virus cytopathic effect reduc-
tion assay to contain 440 U of IFN-g per ml. By comparison with recombinant
bovine IFN-g, 1 U of IFN-g activity represents approximately 1.7 ng. Macro-
phage supernatants were also evaluated for residual exogenous IFN-g.

Detection of TNF-a by ELISA. Samples were serially diluted and analyzed for
TNF-a by ELISA as described previously (12, 37). Briefly, Immulon II ELISA
plates (Dynax Technologies, Chantilly, Va.) were coated with anti-bovine TNF-a
MAb 1D11-13, kindly provided by Dale Godson (VIDO). After the plates were
washed with TBST, samples diluted in TBST-g (TBST containing 0.5% gelatin)
were added to the plates and incubated for 2 h at room temperature or overnight
at 4°C. Bound TNF-a was detected with a rabbit anti-TNF-a serum (VIDO),
followed by biotinylated goat-anti rabbit IgG (heavy plus light chains; Zymed
Laboratories, San Francisco, Calif.), streptavidin-alkaline phosphatase (GIBCO
BRL), and p-nitrophenylphosphate di(Tris)-salt crystalline (pNPP). The reaction
was stopped by addition of 0.3 M EDTA (pH 8.0), and the optical density at 405
nm was determined with an ELISA plate reader. Samples were quantified by
comparison against a standard curve generated with recombinant bovine TNF-a
(VIDO) diluted from 0.02 to 10 ng per ml.

Detection of nitrite by the Griess assay. Nitrite (NO2
2) present in macrophage

supernatants was tested in a Griess assay (37). Macrophages were cultured for
48 h at a concentration of 0.5 3 105 to 1 3 105 cells per well in 96-well
flat-bottom plates with 25 mg of DNA per ml, 50 U of IFN-g per ml, and 10 mg
of polymyxin B sulfate per ml. Culture supernatants were transferred (50 ml per
well) to new 96-well, flat-bottom plates, a 50 ml of Griess reagents per well was
added to the supernatants, and the absorbance at 540 nm was compared to a
NaNO2 standard curve. Results are presented as the mean (micromolar) con-
centration of NO2

2 in triplicate cultures 6 1 SD.
Statistical analyses. B-cell proliferation and cytokine and iNOS production

were analyzed for statistical significance using the Student’s one-tailed t test.
Analysis of CG dinucleotide content in genomic DNA. Genomic DNA se-

quences constituting at least 20,000 bases from E. coli, T. cruzi, T. brucei, and B.
bovis were obtained from the GenBank database and analyzed for the presence
of CG dinucleotides with the Genetics Computer Group (version 10.0) package
(11). Genbank accession numbers are as follows: for E. coli, 111721.em_ba,
e02087.gb_pat, af016587.gb_sy, m93424.em_ba, 148948.em_ba, a00047.gb_pat,
a01447.gb_pat, e01484.gb_pat, a22409.gb_pat, e03599.gb_patz21706.gb_sy,
k02969.em_ba; for T. cruzi, AF032907.GB_in, AF004423, AB010287, AB005063,
AF044732, AF061250, AQ445526, AQ445530, AQ445531, AQ445537,
AQ445541; for T. brucei, TBR132925, TBR012199; and for B. bovis, BBU18792,
AF027149. The results of the analysis are presented in Table 1.

RT-PCR. The induction of cytokine and iNOS mRNA was determined by
reverse transcription-PCR (RT-PCR) as previously described (37). Briefly, RNA
was isolated using TRIzol reagent (GIBCO BRL), treated with DNase (Ambion,
Inc., Austin, Tex.), and analyzed for cytokine and iNOS transcripts by RT-PCR.
The primers for bovine IL-12 p40, IL-12 p35, TNF-a, IL-1b, iNOS, IL-10, and
b-actin and the optimal PCR conditions were described recently (37). Additional
primers used to amplify IFN-a were as follows: forward, 59-CGACAACTGAG
GAGGGTCTC-39; and reverse, 59-AGGCTCTCATGACTTGTGCTC-39. The
cycle number chosen for each primer set was empirically determined for each set
of samples, based on the positive control, and was selected to fall within the
linear range of amplification. Samples were compared by normalizing the target
signal to the b-actin signal from each sample and comparing the normalized
values.

RESULTS

Stimulation of B-cell proliferation by T. cruzi and T. brucei
DNA. In previous work, we demonstrated that B lymphocytes
were stimulated to proliferate in response to both E. coli and
B. bovis DNA but not bovine DNA (5). We have now extended
these studies to two additional protozoan parasites, T. cruzi
and T. brucei. Purified B cells proliferated in response to

pokeweed mitogen but not concanavalin A (data not shown).
DNA from both parasites stimulated dose-dependent B-cell
proliferation, and in general the response to E. coli and T. cruzi
DNA was higher than the response to T. brucei or B. bovis
DNA (Fig. 1A) (5). Interestingly, E. coli and T. cruzi DNA,
which have the highest CG dinucleotide content (Table 1),
stimulated more proliferation. As shown previously for B. bovis

FIG. 1. Trypanosome DNA stimulates dose-dependent B-lympho-
cyte proliferation. (A) Bovine B cells were cultured at 2 3 105 cells per
well with 0.5 to 12.5 mg of E. coli, T. cruzi, T. brucei, or B. bovis DNA
per ml and 10 mg of polymyxin B sulfate per ml. Results are presented
as the mean of duplicate (E. coli and T. cruzi DNA) or triplicate (T.
brucei and B. bovis DNA) cultures and 1 SD. These data are repre-
sentative of at least two independent experiments performed with
different cattle. (B) B cells were cultured as described for panel A with
12.5 mg of DNA per ml that was untreated or treated with DNase.
Results are presented as the mean cpm and 1 SD of duplicate cultures
and are representative of two experiments. DNase treatment signifi-
cantly reduced the mitogenic activity of all DNAs (P , 0.02, indicated
by asterisk).

TABLE 1. Frequency of CG dinucleotides in genomic DNA of
E. coli and protozoan parasites used in this study

Organism % CG No. of bases analyzed

E. coli 7.7 32,362
T. cruzi 4.6 20,489
T. brucei 3.9 36,189
B. bovis 3.4 20,333
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DNA (5), treatment of the E. coli or trypanosome DNA prep-
arations with DNase resulted in a significant (P , 0.02) reduc-
tion in the B-lymphocyte proliferative response (Fig. 1B), in-
dicating that the mitogenic activity was not due to contaminants in
the preparation.

Trypanosome DNA contains unmethylated CpG motifs and
stimulates B-cell proliferation by a CpG-dependent mecha-
nism. The mitogenic effects of DNA from E. coli, Drosophila,
yeast, and B. bovis were reduced or abrogated following meth-
ylation with CpG methylase (5, 27, 42). To determine whether
trypanosome DNA is unmethylated and to determine the re-
quirement for unmethylated CpG dinucleotides in stimulating
B-lymphocyte proliferation, DNA was methylated with CpG
methylase, examined for HpaII sensitivity, and tested for mi-
togenicity. Although this method of analysis is not quantitative,
DNA from B. bovis, T. cruzi, and T. brucei appears to be
somewhat less sensitive than E. coli DNA to HpaII digestion
(Fig. 2, lanes a and b), suggesting that the parasite DNA may
contain fewer unmethylated CG dinucleotides than the E. coli
DNA does. However, all were resistant to HpaII cleavage
following methylation (lanes c and d). Similar results were
reported for DNA from other nonvertebrate organisms (42).

T. brucei and T. cruzi DNA stimulated dose-dependent pro-
liferation of B lymphocytes, and methylation reduced but did
not eliminate the stimulatory activity of each DNA (Fig. 3).
These results are similar to what was previously observed with
B. bovis DNA (5) and yeast DNA (42), where methylation did
not completely eliminate mitogenicity for B lymphocytes. The
effect of methylation was significant (P , 0.05) for E. coli DNA
with 2.5 and 12.5 mg of DNA per ml and for T. cruzi DNA with

FIG. 2. Unmethylated DNA is susceptible but methylated DNA is
resistant to digestion with HpaII. DNAs from E. coli, T. cruzi, T. brucei,
and B. bovis were treated with SssI methylase and tested for sensitivity
to HpaII. DNA was visualized following electrophoresis on ethidium
bromide-agarose gels. Lanes: a and b, unmethylated DNA; c and d,
methylated DNA. DNA in lanes a and c was not subjected to HpaII
digestion, whereas DNA in lanes b and d was subjected to HpaII
digestion.

FIG. 3. Trypanosome DNA stimulates B-cell proliferation in a CpG-dependent manner. Positively selected B cells were cultured at 2 3 105 cells
per well with 0.5 to 12.5 mg of unmethylated or methylated E. coli (A), T. cruzi (B) or T. brucei (C) DNA per ml and 10 mg of polymyxin B sulfate
per ml. Results are presented as the SI of duplicate cultures of B cells cultured with DNA compared with B cells cultured with medium. These
data are representative of at least two experiments performed with different cattle.
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2.5 mg DNA per ml. These data indicate that unmethylated
CpG sequences are important for the mitogenic property of
protozoal DNA.

Induction of IL-12, TNF-a, and NO production by protozoal
DNA. In addition to activating B cells, bacterial DNA stimu-
lates monocytes and macrophages to increase the expression of
inflammatory mediators and costimulatory molecules (3, 9, 16,
40). However, to our knowledge, there have been no reports on
the ability of protozoal DNA to activate macrophages. There-
fore, bovine macrophages were stimulated with untreated or
methylated protozoal DNA and induction of TNF-a, IL-12,
and NO was determined. The presence of IL-12 in macrophage
supernatants was initially evaluated by a dot blot assay using a
MAb specific for the bovine IL-12 p40 subunit. E. coli, T.
brucei, and B. bovis DNA all induced IL-12 p40 expression
(Fig. 4). (T. cruzi DNA was not evaluated due to the limited
amount of sample available.) E. coli DNA had a more potent
effect than either T. brucei or B. bovis DNA, and while meth-
ylation had little to no effect on the induction of IL-12 p40 by
E. coli DNA, it completely prevented the induction of IL-12
p40 by T. brucei and B. bovis DNA. Untreated macrophages
and macrophages treated with bovine DNA produced little or
no IL-12.

Because the dot blot assay detects only p40 expression, a
bioassay which measures the induction of IFN-g by bovine

PBMC stimulated with functional heterodimeric IL-12 was
also used to measure IL-12-like bioactivity (37, 38). Superna-
tants from macrophages treated with E. coli, T. brucei, or B.
bovis DNA induced significant IFN-g production by PBMC
compared with those from macrophages treated with bovine
DNA (Fig. 5). A strong correlation of the level of IFN-g
produced and the CG dinucleotide content (Table 1) was re-
vealed when DNA from the different organisms was compared
(r2 5 0.993). Methylated T. brucei or B. bovis DNA induced
significantly less downstream IFN-g production than did un-
treated DNA. Together, these data indicate that bacterial and
protozoal DNA induce bovine macrophage expression of bio-
logically active IL-12.

E. coli, T. cruzi, T. brucei, and B. bovis DNA all induced
significant amounts of TNF-a production by macrophages
(Fig. 6). E. coli DNA was clearly the most potent activator,
while T. cruzi DNA was more potent than T. brucei or B. bovis
DNA. The amount of secreted TNF-a was highly correlated
with CG dinucleotide frequency in DNA of the four organisms
(Table 1) (r2 5 0.997). Methylated E. coli DNA and T. cruzi
DNA retained their ability to induce TNF-a production,
whereas methylation abolished the TNF-a-inducing activity of
T. brucei and B. bovis DNA. Untreated macrophages and mac-
rophages treated with bovine DNA did not produce TNF-a.

When NO production was determined by the Griess assay,
B. bovis, T. brucei, T. cruzi, and E. coli DNA, but not bovine
DNA, all stimulated significant amounts of NO2

2 (Fig. 7A). B.
bovis DNA was the weakest stimulus, while DNA from E. coli
and T. cruzi DNA were more potent. The correlation of NO2

2

production and CG dinucleotide frequency was again very high
when DNA from E. coli, T. brucei, and B. bovis was compared
(r2 5 0.990) or when DNA from all three parasites were com-
pared (r2 5 0.927). The amounts of NO2

2 induced by T. cruzi
DNA and E.coli DNA were comparable within a given exper-

FIG. 4. Protozoal DNA stimulates the production of IL-12 p40.
Macrophages were cultured in serum-free medium with 25 mg of DNA
per ml, 50 U of IFN-g per ml and 10 mg of polymyxin B sulfate per ml.
After 24 h, supernatants were collected, serially diluted, and trans-
ferred to nitrocellulose membranes by using a dot blot apparatus. The
upper blot contains serial dilutions (0.8 to 50 ng) of rHuIL-12. The
lower blot contain serial dilutions (1:2 to 1:128) of supernatants from
macrophages cultured with the indicated untreated or methylated (M)
DNA. IL-12 was detected with bovine IL-12p40-specific MAb and
visualized using an alkaline phosphatase conjugate detection system.
Autoradiograph films are shown. These data are representative of
three experiments.

FIG. 5. Protozoal DNA induces IL-12-like activity. Macrophages
were cultured for 24 h with 25 mg of bovine DNA (negative control),
E. coli DNA (positive control), or untreated or methylated B. bovis or
T. brucei DNA per ml, IFN-g, and polymyxin B sulfate. Supernatants
were assayed by ELISA for induction of IFN-g by PHA-costimulated
PBMC. Results are presented as the mean and 1 SD of duplicate
determinations and are representative of two experiments. Signifi-
cantly more IFN-g was induced by T. brucei and B. bovis DNA than by
bovine DNA or the corresponding methylated DNA (P , 0.01, indi-
cated by asterisk).
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iment that was repeated three times, although these levels
varied from experiment to experiment (Fig. 7A and C).
Whereas methylation of T. brucei DNA significantly reduced
NO2

2 production (Fig. 7B), there was no negative effect of
methylating either T. cruzi or E. coli DNA (Fig. 7C).

Protozoal DNA activates the expression of macrophage
mRNA for inflammatory cytokines and iNOS. To further ex-
amine the effects of protozoal DNA on cytokine and NO in-
duction, steady-state mRNA levels were compared in nonac-
tivated and activated macrophages (Fig. 8). Bovine DNA did
not upregulate the expression of any cytokine or iNOS (data
not shown). DNA from E. coli and T. cruzi was most effective
at stimulating enhanced steady-state levels of IL-12 p40, IL-12
p35, and iNOS mRNA expression, which was unaffected by
methylation (Fig. 8A and D). T. brucei and B. bovis DNA also
induced increased steady-state levels of expression of IL-12
and iNOS, although they were relatively lower than for E. coli
or T. cruzi DNA, and methylation effectively reduced their
activity (Fig. 8A and D). The steady-state levels of TNF-a and
IL-1b transcript expression were high in unstimulated macro-
phages and not reproducibly elevated in response to DNA
(data not shown). Furthermore, in several experiments, para-
site DNA stimulated an increase in IFN-a transcript levels, but
did not induce IL-10 mRNA (data not shown). The graphical
representations of DNA-mediated increases in steady-state
levels of IL-12 p40 and iNOS mRNA relative to medium are
shown in Fig. 8B and C and Fig. 8E and F, respectively. The
relative levels of expression of cytokine and iNOS mRNA
mirrored the CG dinucleotide frequency in genomic DNA.

Methylation of E. coli DNA effectively inhibits immuno-
stimulatory activity at lower concentrations. One possible ex-
planation for the ability of methylated E. coli or T. cruzi DNA
to activate macrophages is that these DNAs are incompletely
methylated, so that at high concentrations, such as the 25 mg
per ml used in these studies, sufficient numbers of unmethyl-
ated CpG dinucleotides remained. This would be more likely

to occur with E. coli and T. cruzi DNA, which have a higher
frequency of CG dinucleotides than T. brucei and B. bovis
DNA. At lower DNA concentrations, methylation should ab-
rogate the macrophage response to E. coli and T. cruzi DNA.
To test this possibility, we measured TNF-a and NO2

2 pro-
duction by macrophages treated with different concentrations
of methylated or untreated E. coli DNA in the presence of
polymyxin B sulfate (Fig. 9). A dose-dependent response to
untreated DNA was observed, which was maximal at 1 mg
DNA per ml. Interestingly, methylation significantly inhibited
the induction of TNF-a and NO when 5 mg of DNA per ml or
less was used. When 1 mg of DNA per ml or less was used,
methylation nearly or completely abrogated the stimulatory
activity.

DISCUSSION

The data presented here extend earlier studies demonstrat-
ing the mitogenic activity of B. bovis DNA for B lymphocytes
to two medically important trypanosome species, the human
pathogen T. cruzi and the bovine pathogen T. brucei. Reduced
mitogenicity of DNA following either DNase treatment or
CpG methylation demonstrates the importance of nonmethy-
lated CG dinucleotides in activation of B-lymphocyte prolifer-
ation. Importantly, this study is the first demonstration that
protozoal DNA activates macrophages. The production of
TNF-a, IL-12, and NO by bovine macrophages in response to
protozoal and E. coli DNA was qualitatively similar to what has
been reported for murine macrophages and human monocytes
(3, 16, 40). We also demonstrate that regulation of the expres-
sion of NO and IL-12 occurs at the level of transcription. As
observed in previous studies with bovine macrophages (37, 41),
some variation occurred from experiment to experiment in the
relative amount of transcript or its encoded product that was
expressed (Fig. 7 and 9). We attribute this variation to different
states of activation by the primary macrophage cultures.

Interestingly, differences in the stimulation of macrophages
by methylated DNA from different organisms were observed.
In many experiments, methylation of E. coli and T. cruzi DNA
had little to no effect on activity whereas methylation of T.
brucei and B. bovis DNA routinely reduced or abolished the
activity. Contaminating endotoxin does not explain our results,
since endotoxin was not detected in any of the parasite DNA
samples and since all experiments were conducted in the pres-
ence of saturating amounts of polymyxin B sulfate. One pos-
sible explanation for the ability of high concentrations of meth-
ylated E. coli or T. cruzi DNA to activate macrophages is that
these DNAs may contain as yet unidentified immunostimula-
tory nucleotide motifs independent of CpG motifs that may be
present at a higher frequency in these organisms. Nucleotide
sequences other than CpG motifs, including poly(G) se-
quences, can stimulate B-cell proliferation, and dG runs facil-
itate the uptake by macrophages of oligodeoxynucleotides,
thereby enhancing their immunostimulation (29, 34). In this
regard, it is of interest that both T. brucei and T. cruzi DNA
contain a modified base J, b-D-glucosyl-hydroxymethyluracil
(14, 49), although the role of this modified base in macrophage
activation has not been determined. An alternative explanation
is that the CG dinucleotides were not completely methylated in
E. coli, and perhaps T. cruzi, DNA. In support of this possibil-

FIG. 6. Protozoal DNA induces TNF-a. Macrophages were cul-
tured with 25 mg of the indicated DNA per ml, IFN-g, and polymyxin
B sulfate for 24 h, and supernatants were assayed for TNF-a by
ELISA. Results are presented as the mean and 1 SD of duplicate
determinations and are representative of at least two independent
assays. Significantly more TNF-a was induced by protozoal DNA than
by medium or bovine DNA (P , 0.02, indicated by asterisk) or the
corresponding methylated DNA (P , 0.02, indicated by octothorp).
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ity, we found that methylating E. coli DNA did inhibit the
induction of TNF-a and NO production when concentrations
of #5 mg per ml were used. Similarly, methylated DNA used at
concentrations of #12.5 mg per ml had reduced mitogenic
activity for B lymphocytes (Fig. 3).

Activation of macrophage cytokines by protozoan parasites
including B. bovis, T. brucei, and T. cruzi is well documented
(13, 25, 30, 37). Among the parasite-derived molecules known
to activate macrophages are membrane-derived glycolipids
such as glycosylphosphatidylinositol (GPI) moieties (13, 45).
GPI molecules from Plasmodium falciparum, T. brucei, and T.
cruzi induced the production of inflammatory molecules, in-
cluding IL-12, TNF-a, and NO, by murine macrophages (re-
viewed in reference 13). Lipids extracted from B. bovis-in-
fected erythrocytes induced iNOS and NO production by
bovine macrophages but did not induce detectable cytokines
(37). Recognition of protozoal DNA by macrophages as an
infectious stimulus may be another route by which a host
immune response is triggered. Most experiments performed
with bacterial DNA indicate that leukocyte activation requires

internalization of the DNA (27, 28) although toll-like receptor
9 is required for CpG DNA-mediated activation (19). Thus, for
parasites like T. cruzi, which reside within macrophages, DNA
released intracellularly could induce signaling events. For par-
asites such as T. brucei and B. bovis, which are extracellular or
reside within nonphagocytes, DNA released following phago-
cytosis and killing of the parasites or DNA taken up from the
extracellular environment could stimulate leukocyte activation.

The mediators IL-12, TNF-a, and NO stimulated by parasite
DNA and GPI molecules are known to contribute to the con-
trol of infection with many pathogenic protozoa. IL-12, in-
duced by B. bovis, T. brucei and T. cruzi parasites (13, 30, 37),
is a key type 1 cytokine that stimulates IFN-g production by
NK cells and T cells and results in macrophage activation and
production of molecules, such as NO, that are directly micro-
bicidal (47). Several reports indicated that type 1 immune
responses involving IL-12, TNF-a, and NO are protective in
experimental babesiosis and trypanosomiasis. In Babesia-im-
mune cattle, antigen-specific CD41 T lymphocytes produced
IFN-g (7, 8, 36), which was further enhanced by exogenous

FIG. 7. Protozoal DNA stimulates NO production. Macrophages were cultured with the indicated DNA, IFN-g, and polymyxin B sulfate for
48 h, and supernatants were assayed for NO2

2 production by the Griess assay. Results are presented as the mean and 1 SD of triplicate
determinations. (A to C) Significantly more NO2

2 was induced by parasite or E. coli DNA than no DNA (none) or bovine DNA (P , 0.02,
indicated by asterisk). (B) Significantly more NO2

2 was induced by untreated T. brucei DNA than by the corresponding methylated DNA (P ,
0.01, indicated by octothrop).
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IL-12 (48). B. bovis- and IFN-g-stimulated macrophages pro-
duced IL-12, TNF-a, and NO, and NO inhibited parasite
growth (24, 37, 41). Neutralization of IL-12 in mice infected
with T. cruzi resulted in increased parasitemia and mortality,

suggesting that the induction of IL-12 was key to resistance (1).
T. brucei-resistant strains of mice expressed higher levels of
IL-12 and TNF-a than did susceptible mice (25), and in sep-
arate studies resistance was dependent on TNF-a (31) and

FIG. 8. Protozoal DNA stimulates enhanced steady-state levels of transcripts for inflammatory cytokines and iNOS in macrophages. RNA was
collected from macrophages stimulated with 1 ng of lipopolysaccharide (LPS) per ml without or with 50 U of IFN-g per ml or 25 mg of
unmethylated or methylated E. coli, T. cruzi, T. brucei, or B. bovis DNA per ml, IFN-g and 10 mg of polymyxin B sulfate per ml. Following RNA
isolation and DNase treatment, RNA was analyzed by RT-PCR. Panels A to C and panels D to F represent two independent experiments. PCR
products were semiquantified by nonsaturating densitometry and normalized to actin, and each sample was evaluated relative to the medium
control. (B) IL-12 p40 analysis of samples in panel A; (C) iNOS analysis of samples in panel A; (E) IL-12 p40 analysis of samples in panel D; (F)
iNOS analysis of samples in panel D. A third experiment gave a similar pattern of results.
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IFN-g (20). NO killed T. cruzi parasites in vitro (50) but did not
play a role in IFN-g-mediated resistance in mice to T. brucei
infection (21). Thus, during an acute infection, the production
of inflammatory mediators such as IL-12, TNF-a, and NO in
response to DNA and GPI-associated lipid molecules released
from dying parasites could serve to amplify an immune re-
sponse that would promote host survival. The relative contri-
butions of parasite-derived DNA and GPI molecules to mac-
rophage activation during infection cannot be evaluated, but
since bacterial lipid-associated molecules and CpG DNA ap-
pear to activate macrophages via distinct mechanisms involving
different toll-like receptors (16, 19, 45), parasite GPI moieties
and DNA may work in concert to stimulate innate immune
responses.

It has been argued that if pathogens are under selective

pressure to dampen their ability to stimulate a host inflamma-
tory reaction, a reduced frequency of CpG motifs might occur
in pathogens that establish persistent infection (42). T. cruzi, T.
brucei, and B. bovis all establish chronic infections and all
exhibit CG dinucleotide frequencies lower than that predicted
by random association, which is 1/16 (6.25%). Furthermore,
the mitogenic activities of the different protozoal DNA and E.
coli DNA correlated with their CG dinucleotide frequency,
and stimulation ranked in the order E. coli $ T. cruzi . T.
brucei . B. bovis. A reduced frequency of CpG motifs and
immunostimulatory activity of protozoal DNA, relative to E.
coli DNA, is consistent with a selective pressure to minimize
deleterious host inflammatory reactions and enhance parasite
survival.

It is also possible that the release of parasite DNA might
contribute to increased clinical disease through polyclonal B-
cell activation and overproduction of inflammatory mediators.
For example, polyclonal B-cell activation is remarkable during
acute T. cruzi infection (10), and IFN-g production during
chronic human T. cruzi infection has been implicated in cardiac
disease (2). Similarly, overproduction of TNF-a and NO is
believed to exacerbate cerebral babesiosis (51). In mice, bac-
terial DNA sensitizes the animals for septic shock induced by
TNF-a (40) and CpG oligonucleotides cause splenomegaly
and polyclonal B-cell activation (34, 39).

In summary, DNA from parasitic protozoa has immuno-
modulatory effects on both B lymphocytes and macrophages of
cattle that are similar to the widely studied effects of bacterial
DNA and defined CpG oligonucleotides on murine B lympho-
cytes, macrophages, and dendritic cells. While the effects of
protozoal DNA on the outcome of natural infection are un-
known, our results are consistent with the potential for DNA to
contribute to the stimulatory effects of parasite extracts on
innate immune responses (5). Protozoal DNA could act inde-
pendently or synergistically with parasite-derived lipid or pro-
tein molecules that also activate the production of proinflam-
matory cytokines and NO (13, 35, 37, 45). Furthermore, the
strong activation of bovine macrophages by E. coli DNA sup-
ports the potential use of E. coli DNA as an adjuvant or of
plasmid DNA as a vector in the design of vaccines against
hemoprotozoan parasites of cattle.
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