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Activation of the immune system by bacterial CpG-DNA
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SUMMARY

The past decade has seen a remarkable process of refocusing in immunology. Cells of the
innate immune system, especially macrophages and dendritic cells, have been at the centre of
this process. These cells had been regarded by some scientists as non-specific, sometimes
perhaps even confined to the menial job of serving T cells by scavenging antigen and
presenting it to the sophisticated adaptive immune system. Only over the last few years has it
become unequivocally clear that cells of the innate immunity hold, by variation of context
and mode of antigen presentation, the power of shaping an adaptive immune response.
The innate immune response, in turn, is to a significant degree the result of stimulation by
so-called pathogen-associated molecular patterns (PAMPs). One compound with high
stimulatory potential for the innate immune system is bacterial DNA. Here we will review
recent evidence that bacterial DNA should be ranked with other PAMPs such as lipo-
polysaccharide (LPS) and lipoteichoic acid. We will further review our present knowledge of
DNA recognition and DNA-dependent signal transduction in cells of the immune system.

REVIEW ARTICLE

THE CONCEPT OF PATHOGEN-ASSOCIATED
MOLECULAR PATTERNS (PAMPs)

It has been known for quite some time that cells of the
immune system respond to components of bacterial cells.
The potential of lipopolysaccharide (LPS), for instance, to
stimulate macrophages and to evoke an immune response
in vivo — even to the level of a ‘septic shock’ — was recognized
long ago and has been thoroughly investigated. In fact,
a number of such microbial stimulatory agents have been
described over the years, including peptidoglycans, lipo-
teichoic acid, flagellin, bacterial lipoproteins and yeast
zymosan. These microbe-derived complex molecules share a
principle: although not specific for a given microbe, they
define classes of microbes. For example, LPS —a component
of Gram-negative bacteria — appears to hold approximately
the same potential for activation regardless of whether it
is LPS from Escherichia coli or from Salmonella typhi.
Although they are thus not very ‘specific’, they provide the
immune system with the one distinction that is most critical,
the distinction between self and non-self. The name
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‘PAMPs’ was aptly suggested for these molecules.! But

how does DNA fit this pattern, a molecule which after all
is common to all living organisms? The genetic code, i.e.
the sequence of bases which determines the amino acid
composition of the derived protein, is more or less the
same in bacteria and in humans; bacteria will produce
the same protein from a given coding DNA sequence as
will a mammalian cell. However, there are structural
differences and some sequence peculiarities which make
a distinction possible (see below).

BACTERIAL DNA AS AN IMMUNE CELL
STIMULUS

The story of the immunostimulatory potential of bacterial
DNA begins with an observation made by a Japanese
group and their efforts to understand the effect of how
‘vaccination’ with bacille Calmette-Guérin (BCG) (the low-
virulence strain of Mycobacterium bovis), reduced tumour
growth. Initially, the mechanism of action could be traced
to the stimulation of the immune system afforded by
BCG.? In their consecutive work, this group mapped
a major stimulatory entity to mycobacterial DNA and
subsequently extended these observations to a more general
description of bacterial DNA as an immune stimulatory
agent.’ Notably, this stimulatory capacity could be trans-
ferred to single-stranded oligodeoxyribonucleotides (ODN)
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containing specific sequences.* The structural requirements
for immunostimulation by these ODN were defined to
be a central cytosine-guanosine (CG) core, which had to
be unmethylated in order to stimulate immune cells
and flanked by somewhat less critical base sequences.*’
Incidentally, these observations helped to explain why
the mammalian immune system can discriminate between
bacterial and host DNA: mammalian genomic DNA not
only contains — relatively speaking — very few CG-
dinucleotide motifs, but they are commonly methylated.
However, genomic DNA, not only from bacteria but
also from yeast and insects, also conforms to these
structural requirements for recognition and stimulation
and, accordingly, stimulates mammalian immune cells.®’

Starting from these findings, Krieg and co-workers
conducted extensive studies to define the DNA sequence
that holds the key to immune stimulation, for the purpose
of optimizing synthetic ODN. The result of this work was
the recognition of a sequence motif that affords optimal
stimulation.> This motif contains, as an indispensable
core, the dinucleotide CG. Inversion to GC or methylation
completely abrogates its stimulatory potential. Optimally
stimulatory ODN are =20 nucleotides in length and the
regions adjacent to the CG also affect the biological
potential. Notably, the optimal sequences differ signifi-
cantly between mouse and human: an ODN that has been
sequence optimized to stimulate mouse cells will, on human
cells, be inferior to ODN optimized for human cells, and
vice versa.® CpG-DNA that harbours immunostimulatory
capacity as a result of CpG motifs is collectively referred
to as CpG-DNA.

The immunostimulatory effect of CpG-ODN is
obviously a result of the stimulation of certain immune
cells. Closer investigation showed that cells responsive to
the CpG-DNA are largely cells of the innate immune
system, in particular dendritic cells (DC) and macrophages,
but also B lymphocytes.® A stimulatory effect towards
T lymphocytes (in the sense of a costimulation when applied
together with a T-cell receptor signal) has also been
described.”!® This T-cell stimulation, however, follows
different criteria; most notably it does not depend on the
presence of the typical DNA motif but correlates with the
presence of guanosines in the sequence. T-cell stimulation
by DNA is therefore probably an effect quite distinct from
the response of innate immune cells and B cells. The cells
responsive to CpG-DNA are thus the same cells that have
been known to react to exposure to other PAMPs such
as LPS. Furthermore, the responses evoked by CpG-DNA
and by LPS from a DC are very similar: the cell responds to
both stimuli with the secretion of cytokines such as tumour
necrosis factor (TNF), interleukin (IL)-1, IL-6 and 1L-12, as
well as with the expression of ‘maturation’ surface markers,
for instance the molecules B7-1, B7-2 and CD40.° For
murine B cells, CpG-ODN provides potent mitogenic
signals.’

Under in vivo conditions CpG-DNA proved to be
an excellent adjuvant. Co-injection of CpG-ODN with a
protein antigen greatly enhances the B- and T-cell response
to this antigen. Significantly, this response is strongly biased

towards the generation of a T helper 1 (Thl)-dependent
immunity with all its ramifications, for example a preference
for immunoglobulin (Ig)G2 immunoglobulin subclasses."'
An impressive example is the conversion of the immune
response to Leishmania: BALB/c mice are normally unable
to control an infection caused by inoculation of Leishmania
into their footpad, a phenomenon stringently linked to
the development of a T helper 2 (Th2) anti-Leishmania res-
ponse. If CpG-DNA is applied around the time of infection,
the mice mount a Thl response to the parasite and are
perfectly capable of containing the infection.'? The original
finding that bacterial DNA can be used in tumour
vaccination protocols'® has been extended to sophisticated
approaches fusing CpG-DNA directly to a tumour
antigen.'* Using this conjugate for vaccination, remarkably
potent immune responses were elicited.

Starting from this knowledge about the biology of
CpG-DNA at the level of cells and animals, substantial
progress has been made towards understanding the cellular
response at the molecular level. We will now focus on these
subcellular events in cells from the innate immune system.

MOLECULAR ASPECTS OF DNA SIGNALLING

How can CpG-DNA be recognized by an immune cell and
exert its effects? Initially, two concepts were considered.
One proposal was that the DNA would somehow been
taken up and, in the nucleus of the cell, hybridize to genomic
DNA, perhaps regulatory sequences, and thereby regulate
the transcription of specific genes. No evidence has until
now been reported that could have supported this idea.
The second concept was — and there is by now almost
compelling support for this notion — that a cellular receptor
exists which specifically binds CpG-DNA and initiates
signal transduction. It should be pointed out in this context
that all considerations are hampered by the fact that we
do not know how bacterial DNA — if it is indeed a factor
stimulating immune cells in vivo — is released from the
bacterial cell, and to which cellular compartment it gains
access.

The observation of two cellular events pointed to the
direction: in mouse macrophages the activity of the
transcription factors nuclear factor (NF)-xB and AP-1
was up-regulated upon exposure to CpG-ODN.'>"'7 In
addition, progress in two areas of research provided the
conceptual and technical context: the unravelling of the
molecular workings of a part of the pathway leading
to NF-kB-activation; and the discovery of the family of
toll-like receptors (TLR). We will therefore discuss signal
transduction and implications of the early signalling events
caused by stimulation of immune cells with CpG-DNA,
which ultimately results in activation of the transcription
factors NF-xB and AP-1.

INITIATION OF EARLY SIGNALLING EVENTS BY
CpG-DNA IN IMMUNE CELLS

The transcription factors of the NF-kB family (made up
by the members RelA/P65, p50, p52, c-Rel and RelB) lie
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in a quiescent state, complexed by inhibitory molecules
(so-called IkB proteins), in the cytosol of virtually all
vertebrate cells (reviewed in ref. 18). Upon activation, the
IkB proteins release the transcription factors which then
translocate to the nucleus and contribute to the initiation of
transcription of a number of genes. The signal for release
from IxB are (IxkB-) phosphorylation events conveyed by
the IxB-kinase complex (IKK), composed of the proteins
IKKo, TKKP and TKKy." The two proteins IKKa and
IKKp both have catalytic activity, while the task of IKKy
is probably to provide a scaffold for the other IKKs;>
although IKKo and IKKf are normally co-expressed with
a stoichiometry of 1, gene-targeting studies indicate that
their functions are not the same. How the IKK complex is
activated is not clear at present; upstream kinases such as
NF-kB-inducing kinase (NIK) and mitogen-activated
protein (MAP) kinase kinase kinase 1 (MEKK-1) might
be involved.?'** Stacey et al. were the first to demonstrate
that CpG-DNA was able to induce NF-kB activation in
mouse macrophages. Both bacterial (plasmid) DNA and
synthetic CpG-ODN led to increased NF-«B binding
and transcriptional activity.!> It was consecutively shown
that CpG-ODN also activated NF-kB in cells from a murine
B-cell line.”?

The typical phosphorylation pattern of IkBo suggested
that the IKK complex was involved in the activation of
NF-xB by CpG-DNA. The activation of this complex was
indeed directly demonstrated in mouse macrophages;**
furthermore, in IKKp-deficient macrophages the NF-kB
translocation upon CpG-DNA stimulation is completely
absent.”” Therefore, our present view is that NF-kB is
activated by CpG-DNA in all principally CpG-DNA-
responsive cells investigated so far. NF-xB activation thus
appears to be an integral component in signal transduc-
tion during activation of immune cells by CpG-DNA. This
will probably have direct consequences for immune-cell
function, because a number of effector genes are NF-kB
regulated during the immune response. The p40 subunit of
IL-12, for instance, critically depends on NF-«B activity for
its expression.2® Taking into account the fact that NF-xB
activation has been shown in Drosophila to determine the
outcome of immune responses,27 it seems that an ancient
system is still in place and contributing to the activation of
immune cells.

The activation of the transcription factor AP-1 in
immune cell activation is another well-known scenario.
AP-1 is again a family of several proteins and their activa-
tion is achieved by a cascade of kinase activation events.?
CpG-DNA was first demonstrated to cause the phospho-
rylation (and activation) of the AP-1 proteins c-jun and
ATF2; then the upstream activating kinases, the group of
mitogen-activated protein kinases (MAPK) were found to
become activated during CpG-DNA signalling; activation
of kinases such as jun-N-terminal kinase 1/2, p38 kinase and
an upstream kinase, MAPK kinase 4, occurs within minutes
of CpG-ODN stimulation and probably contributes to the
effector functions elicited by this stimulus.'®!”

An example that not all cells of the innate immune
system respond uniformly to CpG-DNA stimulation was
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found when the activity of the extracellular signal-regulated
kinase (ERK)/MAPK pathway was studied.® In macro-
phages, CpG-DNA rapidly and strongly activates ERK1/2.
In DC, however, this activation is marginal at best. The
significance of this difference lies in the demonstration that
ERK activation in this context decides on the activity of the
1L-12 p40 promoter and the secretion of this cytokine: ERK
activation suppresses IL-12 p40 production but at the
same time enhances the secretion of TNF. The response to
CpG-ODN thus depends probably not only on the presence
of cellular receptors but can be further regulated by the
differential activation of individual signalling pathways.

SIGNAL TRANSDUCTION IN THE TOLL-LIKE
RECEPTOR PATHWAY

For a long time it was — on a molecular level — nothing less
than a mystery as to how cells from the innate immune
system became activated: although microbial components
which stimulated these cells were known, our knowledge of
signal reception and transduction was scant. The discovery
that the protein Toll of the fruitfly Drosophila, which affords
protection against fungal infection, has a number of struc-
tural relatives in mammals, and that these TLRs confer
responsiveness to PAMPs, filled a substantial gap in our
understanding of how the innate immune system is
activated. Ten TLRs are described in the human and mouse
genomes and they appear to be specific for the various
PAMPs: TLR4 is instrumental for the recognition of
LPS; TLR2 recognizes bacterial lipoproteins; and TLRS
affords responsiveness to flagellin.>*3! It is perhaps a bit
of a blemish in the book of PAMPs and TLRs that —
although TLRs probably act as direct receptors of
PAMPs — direct binding has yet to be demonstrated. The
subsequent signalling events, as we know with hindsight,
are very similar to the ones elicited by the IL-1 receptor.
The signalling pathway is therefore sometimes called the
IL-1R/TLR pathway. All TLR share the same structural
composition. They contain repeats of a motif known as
leucin-rich repeats at their N-terminus, a region with homo-
logy to known transmembrane regions and a C-terminal
signalling domain.*® This signalling domain is similar to
the one found in the IL-1 receptor and is known as the
TIR (TLR/IL-1R) domain.

The trigger for signal transduction is probably a
dimerization event. Just like the IL-1R forms a heterodimer
with its accessory protein, TLRs probably signal through
complex formation, perhaps with other components or
even with other TLR species (for example TLR2 with
TLR6; see ref. 33). Important for the signalling is the
‘adapter’ protein myeloid differentiation factor (MyD) 88.
This molecule is recruited to the receptor and signals
through its N-terminal ‘death domain’ (a domain homol-
ogous to signalling domains found in other molecules
such as TNF receptor I and CD95).3*

Two more molecules are known to be critically involved
in the immediate signal transduction of the TIR domain:
the IL-1R-associated kinase (IRAK) and the TNF
receptor-associated factor 6 (TRAF6). Although IRAK
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(or, rather, the IRAKSs, as three closely related proteins are
known) plays a role somewhere in this triggering of signal
events, its molecular function is plainly unknown. TRAF6,
originally isolated as a component of the CD40 receptor
complex,®® falls probably under the somewhat murky
definition of an ‘adapter’ protein. Forced dimerization/
oligomerization of TRAF6 evokes signalling events that are
also caused by the signalling from the respective receptors
(for example activation of IKK and stress kinases),
suggesting that oligomerization mediates its natural
function.®® TRAF6 might act by any of the functions
of protein phosphorylation, aggregation of IKK*"* or
modification of other factors (ubiquitination might play a
role; see ref. 39); the list of conceivable modes of action is
certainly even longer.

SIGNAL TRANSDUCTION UPON RECOGNITION
OF CpG-DNA

What is now the evidence that CpG-DNA plays in the same
league as LPS? Work carried out in the course of the last
3 years in fact provides a picture which satisfies us that
this stimulus is indeed recognized by a similar receptor and
elicits similar effector functions as other PAMPs. Stimula-
tion of mouse macrophages or DC with CpG-ODN sets off
the complete spectrum of kinase activation seen during
signalling of the TLR/IL-1R pathway: the kinases IKK,
c-Jun N-terminal protein kinase (JNK), ERK1/2 and p38
are activated within minutes. Massive secretion of cytokines
such as TNF, IL-12 p40 and IL-6, ensues, and the whole
scenario is very similar to the one following contact with
LPS. A closer look at the signalling components illustrates
further parallels. Dominant negative variants of either
MyD88 or TRAF6 block cell activation by CpG-ODN,
and mice engineered to lack MyD88 are essentially
unresponsive to CpG-DNA signalling.>**® The data thus
provide compelling support for the notion that CpG-
DNA indeed uses the TLR/IL-1IR pathway to signal
activation of cells from the innate immune system.

That indeed a TLR is involved became clear when
S. Akira and colleagues generated mice deficient for the
TLRY gene.*' Cells from these mice are essentially non-
responsive to CpG-DNA, a fact which makes TLRY a
strong candidate for the role of the cellular receptor for
CpG-DNA. In vivo, TLR9-deficient mice fail to mount the
normal cytokine response (consisting of production of
TNF, IL-12 p40 and IL-6) and another line of evidence
provides support for this notion. Transfection of fibro-
blasts (which normally do not react to CpG-DNA) with
expression constructs coding for TLRY renders them
responsive: just like cells from the innate immune system
they activate NF-kB when stimulated with CpG-DNA.*
This suggests that indeed it is the single molecule, TLRY,
which is required for the recognition of CpG-DNA;
furthermore, even the species specificity is determined by
TLRY. Mouse TLRY confers specific reactivity towards
the ‘mouse DNA motif” as does human TLRY for the
‘human motif’. And, as the last piece in the puzzle so
far, subsets of immune cells expressing TLR9 respond to

a CpG-DNA stimulus while TLR9-negative cells (as far
as investigated) do not.*> All these pieces of information
appear to indicate one fact, i.e. that TLR9 binds bacterial
CpG-DNA and consecutively functions to activate cellular
response mechanisms. The demonstration of direct bind-
ing of CpG-DNA to TLRY may be regarded as the last
missing link.

Facing this bulk of coherent information, it came as a
surprise when a recent report implicated a molecule from
a completely different line of cellular function in CpG-DNA
signalling. By investigating mice deficient for a protein
named DNA-PKcs (the catalytic subunit of the DNA-
dependent protein kinase) Raz and co-workers implied that
this molecule has a crucial function in CpG-DNA signal-
ling.*® The well-described function of DNA-PK lies with
lymphocyte maturation; together with the subunits Ku70
and Ku80, DNA-PK is required for the process of genomic
rearrangement during T- and B-cell development.*? In
this situation, DNA-PK is involved in the rejoining of
the broken ends during V(D)J recombination; the genetic
defect in DNA-PK leads to a form of severe combined
immunodeficiency (SCID) in which neither mature T nor
B cells are found. While DNA-PK during lymphocyte devel-
opment deals with double-stranded genomic DNA, it can
also bind short single-stranded oligonucleotides (although
probably only at higher concentrations);** a preference
for CpG motifs has not been demonstrated. Intriguingly,
cells from mice deficient for DNA-PKcs almost
completely failed to activate IKK and NF-xB when
challenged with CpG-DNA, and they secreted almost no
IL-6 and IL-12 in response to this stimulus; however,
the reactivity towards LPS appears to be unaltered.>> In
addition, recombinant DNA-PKcs was capable of directly
phosphorylating IKKp in vitro. It was thus suggested that
DNA-PKcs is the true cellular receptor for CpG-DNA.?
The DNA would then have to be transported into the
cytosol of the cell — which is conceivable — where it binds to
and activates DNA-PKcs. Tantalizing as this idea is, the
position of DNA-PKcs as a cellular receptor is not as firmly
fixed as it is for TLR9: while all cellular reactions are absent
in TLR9-deficient mice, only NF-kB-dependent reactions
have been investigated in DNA-PKcs-deficient cells. Cells
from SCID mice (carrying the mentioned inactivating
mutation in the DNA-PK gene) further appear to respond
to challenge with CpG-DNA, at least with certain effector
functions.* It will also have to be clarified why not all cells
which express DNA-PKcs, for example T cells, respond to
CpG-DNA and what the role of MyDS8 in the activation of
DNA-PKcs could be (MyD88-deficient cells do not respond
to CpG-DNA; notably, they do not activate NF-kB).
Furthermore, it must be investigated whether DNA-PK
molecules from different species do indeed confer different
DNA-motif preferences.

From this evidence, one could certainly derive a concept
of immune cell stimulation which would be similar for both
LPS and DNA signalling. Both clearly use members of the
TLR family for signalling, and intracellular ‘receptor’
proteins have been described for both. The probably
cytosolic proteins Nodl and Nod2 have been shown to
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confer LPS responsiveness to a cell (as does TLR4) in a
manner similar to the one postulated for CpG-DNA and
DNA-PKcs.*® The thought should therefore not be rejected
that a mammalian cell has not only pathogen receptors on
exterior surfaces, i.e. TLRs, but also intracellular receptors,
which could be used to sense pathogens that have in
some way gained access to the cytosol; some important
bacterial pathogens such as Listeria pursue this strategy.
Undoubtedly, we will have to await further studies to
derive a complete picture.

DELIVERY OF STIMULATORY DNA

No matter how closely the stimulatory potential of
CpG-ODN has been studied, very little is known about
how bacterial DNA is made available for stimulation of
immune cells. DNA is normally well shielded inside the
bacterium, covered by cell membranes and a cell wall. It is
much more readily explicable that outer membrane com-
ponents such as LPS can reach receptors on immune cells,
but how is this to work for DNA? One possibility is that the
DNA which would probably constantly be released from
some cells during exponential growth is sufficient for such
stimulation. A second possibility is that bacterial DNA
stimulates phagocytes from within the phagosome, where
it would probably be released during the process of
digestion. There is, indeed, evidence that CpG-DNA signals
from a phagosome/lysosomal environment. A number of
studies demonstrated that the process referred to as endo-
somal maturation is required for CpG-DNA to gain access
to the ‘signalling compartment’ of the immune cell.'®>#
Chemical inhibitors of endosomal maturation, such as
chloroquin or bafilomycin A, can potently block cell
activation by CpG-DNA (while they have almost no effect
on LPS signalling). Although we do not know precisely
what this blockade means, it is compatible with the idea that
CpG-DNA is first taken up by endocytosis and somehow
processed by the cell before signalling starts from an
undefined cellular compartment. The sequence of TLR9
contains a domain that can be predicted to insert into cel-
lular membranes. This does not, however, necessarily mean
that TLRY is expressed on the surface of the cell. Green
fluorescent protein (GFP)-tagged MyD88 upon CpG-DNA
stimulation assumes a ‘vesicular’ pattern (P. Ahmad-Nejad
et al., unpublished), in line with the view that TLRY signals
from a compartment which contains phagosomes. We
believe that at this stage the evidence is stronger that
TLRY resides normally in a membrane-bound vesicle inside
the cell, probably with the presumed ligand-binding end
inside the vesicle and the signalling-end sticking out into
the cytosol. Such a vesicle could fuse with phagosomes
containing disintegrating pathogens (or just DNA) upon
which signalling would ensue. The model we derive from the
observations described is depicted in Fig. 1. According to
this model, CpG-DNA (whether free or cell-wall bound) has
to be taken up by the cell and processed by largely unknown
means in order to come into contact with TLR9. MyDS§S8,
IRAK and TRAF6 are then recruited to form a signalling
complex where complex formation of TRAFG6 is probably
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Figure 1. Model of cellular signalling by CpG-DNA. CpG-DNA
(either as a free molecule or encapsulated in whole bacteria) is
taken up by an immune cell, for instance a dendritic cell (DC).
After processing through a chloroquine-sensitive pathway, signal-
ling starts by engagement of toll-like receptor 9 (TLR9). The
proteins myeloid differentiation factor 88 (MyD88), interleukin-1
receptor-associated kinase (IRAK) and tumour necrosis factor
receptor-associated factor 6 (TRAF6) activate cellular kinases
such as IxkB-kinase (IKK) and mitogen-activated protein kinase
(MAPK), and signal transduction on these well-known pathways
leads to gene induction and evokes effector functions such as
cytokine secretion. An alternative or parallel pathway (see the text
for details) has been suggested to involve the activation of
DNA-PKcs by direct, cytoplasmic binding of CpG-DNA, leading
to IKK activation and nuclear factor (NF)-«B induction.

the decisive event to start signalling proceedings; the
individual molecular pathways branch downstream of
TRAF6 and set up a complex pattern of molecular
interaction leading to the induction of probably numerous
genes and the appearance of cellular effector functions
(Fig. 1).

During all these contemplations we have to bear in mind
that the physiological — or pathophysiological — role of
bacterial DNA during an infection has not been established.
The existence of cellular receptors that appear to be specific
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for CpG-DNA, and therefore probably pathogen-derived
DNA, obviously suggests that it does play a role, but its
importance is not known. What is beyond any doubt is the
stimulatory capacity of CpG-DNA and its far-reaching
potential in the form of synthetic oligonucleotides. In this
respect, CpG-DNA is clearly the most promising of the
known PAMPs. It is very easily synthesized in vitro and, by
virtue of its high solubility in water, unproblematic in its
handling; it could also turn out to be better tolerated than,
for instance, LPS. The potent (and well-investigated)
immunostimulatory effect of CpG-DNA makes it a pro-
mising candidate as an adjuvant, not only in vaccine
protocols but also in immunotherapy of cancer. A number
of preclinical and clinical trials are underway, and over the
next few years CpG-DNA may well result in an improve-
ment of the record of therapeutical immunomodulation.
The role of bacterial DNA in the immune response to
an infection may not be well established. The operating
principle extracted from its stimulatory capacity puts an
application of basic immunology on solid foundations.
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