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Implications for Clinical Immunology

Arthur M. Krieg

Veterans Affairs Medical Center, lowa City, Interdisciplinary Graduate Program in Immunology
and Department of Internal Medicine, University of lowa, and CpG ImmunoPharmaceuticals, Inc.,
lowa City, lowa, USA

Abstract The immune system appears to have evolved a mechanism to detect prokary-
otic nucleic acids based on their content of unmethylated CpG dinucleotides in
particular base contexts. This response promotes the activation of antigen-specific
B cells and the secretion of T helper-1-like cytokines. Preliminary animal studies
indicate the potential therapeutic utility of CpG DNA as a vaccine adjuvant, and
for the immunotherapy of cancer and allergic diseases. On the other hand, CpG
DNA can also serve as a trigger for the sepsis syndrome and may have a patho-
genic role in certain inflammatory immune-mediated diseases.

1. Background tion by bacterial DNA, but not vertebrate DNA,
was thought to result from a higher frequency of

A wide variety of nucleic acids have been re-ihese palindromes rather than from other structural
ported to have immune effects. For examplegjfferences between bacterial and vertebrate DNAs
poly(1,C) has been known for decades as an inducey,ch as methylation of CpG dinucleotid®sBac-
of macrophage and natural killer (NK) cell activa- terial DNA was also reported to induce B cell acti-
tion and interferon (IFN) productid#® Aside  yation and immunoglobulin secretion, although
from immune activation by this RNA polymer, a yertebrate DNA did ndél!
DNA polymer consisting of guanosine and cyto-  Around the same time, certain investigators us-
sine, poly(dG,dC), causes B cell proliferation anding antisense oligonucleotides began to observe
immunoglobulin secretion as well as activatingunexpected sequence-specific immune stimulatory
NK cells and inducing secretion of interfergn- effectsl2-15] These oligonucleotides all caused B
(IFNy).l81 Mycobacterial DNA has also been re- cell proliferation with or without immunoglobulin
ported to activate NK cells and induce IFN secresecretion, but there was no apparent significant ho-
tion 8l Vertebrate DNA was found to lack these im-mology between the different immune stimulatory
mune stimulatory effects. oligonucleotide sequences. We independently ob-

In further studies, certain specific synthetic oligo-served immune stimulatory effects of certain syn-
nucleotide sequences were found to mimic the imthetic oligonucleotides, some of which contained
mune stimulatory effects of mycobacterial DA,  palindromes, but most of which did not. In order to
The immune stimulatory effects of these oligonu-identify the feature or features responsible for im-
cleotides were attributed to certain hexamer palinmune stimulation by these oligonucleotides, we
drome sequences. The differential immune activasynthesised a large pool of point mutations of the
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immune stimulatory oligonucleotides and analysedikely that CpG suppression in viruses has arisen as
the varying effects. This eventually led to the iden-an adaptation to replication in a eucaryotic host.
tification of a CpG dinucleotide in particular base

contexts as being the sole motif responsible forim- 2. Mechanisms of Action and Immune

mune stimulatiodt®! Synthetic oligonucleotides Effects of CpG DNA

ranging in length from 8 to 30 or more bases could

cause immune stimulation if there was only asingle One possible mechanism of action for CpG
CpG dinucleotide as long, as this was not precedeBNA could involve the binding to a cell surface
by a C or followed by a G. Most importantly, the receptor Whlch.then trgnsduces a stlmulatory Sig-
CpG dinucleotide had to unmethylated: if the chal. Indeed, evidence in support of this model has

was replaced by a 5-methyl cytosine, then the oliP€en published recentfp! However, our own ex-

gonucleotide lost its immune stimulatory activ- PEMIMeNts using a different experimental model

ity. [16] system and mouse cells instead of human cells have
This definition of the CpG motif tied together led to the opposite conclusiél It has long been

the previously observed immune stimulatory ef_recogmsed that there are DNA-binding proteins on

fects of bacterial DNA and the various ‘antisense’g;eusciu ;#tgi(;iui?d itnrl?)t ;NeAnﬁolsr:)t;r;agzﬁ 2%
oligonucleotides, which contained one or more P y P

) ) . ) ment where it is acidified and degrad®®4 Sev-
CpG motifs. CpG dinucleotides are relatively com- . .
. . eral cell surface proteins that bind DNA have been
mon in bacterial DNA and are unmethylated, but

are methylated in vertebrate DNA as well as bein described, but their role in mediating DNA uptake

‘ , Yemains uncertail#5-26lInternalisation of the DNA
suppressed’. They only occur about one-quarter a

iat ti tosis.
frequently as would be predicted on the basis oﬁqazebaerlmz(ljlligﬁ :)y ggs;)rpel\;? fgdboeci?:ble of
random base utilisatioh”! Furthermore, CpG di- y yp bp P

leotides i tebrat " internalising DNA. Among cells of the immune
hucieotides n vertebrale genomes are mos Con.'s'ystem, uptake is inducible and generally appears

mo.nly preceded by a C and/pr foIIowe_d by a G'to be highest among monocyte-derived cells and B
which would make them non—-immune stimulatory. cells27.281 B cells and monocytic cells that have

Thus, the presence of these ‘CpG motifs’in pro-

: - internalised CpG DNA rapidly show signs of acti-
karyotic DNA could enable it to be detected as for'vation, including generation of reactive oxygen

eign by the host immune system. The detection ofecies, activation of the mitogen-activated pro-
such prokaryotic DNA in host tissues could indi- {gjn kinase (MAPK) signalling pathways, activa-
cate infection, and thus be used as a signal to trigggfon of transcriptional regulatory proteins such as
an appropriate immune response. Indeed, similapyclear factokB (NFkB), and induction of tran-
pattern recognition molecules are sensitive to mi'scription of multiple proto-oncogene and cytokine
crobial products such as lipopolysaccharides anghrNAs[16:29-35] The earliest activation events
mannans and are a mainstay of the innate immungych as the reactive oxygen burstxBRctivation
defences. and MAPK activation (which occur within a few
Interestingly, it appears that many viruses mayminutes of exposure to CpG DNA) all appear to be
have evolved to avoid triggering the CpG host demediated through a specific chloroquine-sensitive
fence mechanism. Virtually all small DNA viruses pathway, as these are completely blocked by low
and retroviruses have a very high degree of CpGoncentrations of chloroquine and related com-
suppression, with only 6 to 20% of the CpGs pre-pounds, but B cell or monocyte activation by other
dicted based on random base utilisati§i®) This  activators such as endotoxin or CD40 are not inhib-
degree of CpG suppression was not simply the reited 3236l
sult of a small genome, since there is no CpG sup- The cytokines induced by CpG DNA are most
pression in bacterial phage. Instead, it appearsotable for the predominant secretion of the T
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Fig. 1. Overview of the cell types that respond to CpG DNA. CpG DNA, which can be derived either from prokaryotic genomic DNA,
plasmids, or synthetic oligodeoxynucleotides, directly activates both B cells and monocytes, including monocyte-derived cells such
as macrophages and dendritic cells. It does not appear to directly activate highly purified natural killer (NK) cells; however, it greatly
enhances the activation of NK cells in response to low doses of interleukin-12 (IL-12).1 T cells do not appear to be directly activated
by CpG DNA, although a recent study reported that it could costimulate T cells that were activated through the antigen receptor.[?]
Although many cytokines are produced in the response to CpG DNA, that response is dominated by the T helper-1-like effects of
interferon-y (IFNy) and IL-12. B7-1 = CD80; B7-2 = CD86; CpG = CpG DNA; IL = interleukin; IFN = interferon; MHC = major
histocompatibility complex; TNF = tumour necrosis factor.

helper-1-like (Th1-like) cytokines, IL-12 and IiyN 3. Therapeutic Applications of

(fig. 1)[933371The IL-12 is predominantly derived  CpG Motifs

from monocytic cells such as macrophages and

dendritic cells, which also produce other pro- If immune activation by CpG DNA is indeed a
inflammatory cytokines such as type 1 interferons defence mechanism against infection, then it seems
IL-6, and tumour necrosis factar{TNFa). In ad-  logical to hypothesise that exposure to CpG DNA
dition, these cells are induced to upregulate theivould promote resistance against infection. In or-
surface expression of class Il MHC molecules andjer to test this hypothesis, we primed mice with
of costimulatory molecules. Thus, CpG DNA cre- |ow doses of CpG DNA and then challenged them
ates a Thl-like cytokine environment and enhancegy injection with a lethal dose dfisteria mono-

th_e function of antigen-presen_ting cells. TOQEthercytogenesMice primed with CpG DNA showed a
with CpG DNA, the IL-12 activates NK cells 10 g5 matically enhanced resistance to infection,

_secrete IF and to hav.e enhanced lytic activ- which persisted for at least 2 weeks after a single
ity.138:391 The IFNy secretion promotes the B cell dose of DNAX1]

response to CpG DNA, including both IL-6 secre- " - .0 oo i antigen-nonspecific
tion and IgM secretion. Of note is the fact that al-. 9 g P

though CpG DNA can be an extremely powerful'nnate immune defences, several lines of evidence
mitogen that drives more than 95% of B cells imosuggested that CpG DNA might promote the gen-

the cell cycle, at lower concentrations the DNA €ration of an antigen-specific immune response.
stimulates strongly with signals mediated throughFirstly, CpG DNA activation of B cells synergises
the B cell antigen receptor (BCRS! Thus, B cells with activation through the antigen receptor. Sec-
that have bound specific antigen will be preferen-ondly, CpG DNA makes B cells resistant to activa-
tially activated by CpG DNA. Like monocytic tion-induced apoptosis, which may help to pro-
cells, B cells also upregulate their expression ofmote a more sustained immune respd#fsé.*2]
costimulatory molecules and class Il MHC uponThirdly, the cells and other antigen-presenting
activation with CpG DNA6:40] cells are induced to upregulate the expression of
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class Il MHC and other costimulatory molecules, 4. Pathogenic Effects of CpG DNA
as mentioned above.

Indeed, several groups have now reported that EXcessive or inappropriate immune activation
CpG DNA functions as a superb adjuvant for in-contributes to the pathogenesis of many diseases.
ducing antibody- and cell-mediated immune re-AS a powerful immune activator, CpG DNA may
sponses to a variety of protein antigens whethelitiate inappropriate immune responses in certain
exposure occurs via intramuscular, subcutaneousc,“”'cal conditions. An obvious example of this is
intradermal or mucosal administratigfo.43-46]  the sepsis syndrome, where immune activation
Recent studies indicate that CpG DNA is also arfauses substantial morbidity and mortality. We
effective adjuvant for neonatal immunisation N@ve demonstrated that CpG DNA-primed im-
(Davis, personal communication) and for immun-Mune responses cause mortality in mice upon sub-

isation to polysaccharide antigens (Waldschmidt ef€dueNt challenge with a nonlethal dose of endo-

L0 Tpie )
al., unpublished observation). In addition, Cthoxm.[ I This increased mortality was dependent
motifs have been reported to be required for effec-

upon the induction of IFjisecretion by CpG DNA,
tive DNA vaccinatiori4748l As would be expected compatible with the role of IPjin other models
from the cytokines induced by CpG DNA theseof this sepsis syndrome. CpG DNA can also cause

immune responses are strongly Thl-like with apre-morta“ty In mice that have been primed with D-

dominance of IgG2A antibodies and strong induc_galactosamine, which renders them highly suscep-

) , tible to the toxic effects of TN
tion of cytotoxic T lymphocyte (CTL) responses. Aside from such svstemic exposures to CoG
It is worthy of note that CpG DNA is actually a y X P

. . . DNA, the lungs would be exposed to this immune
stronger Thl-like vaccine than complete Freund’s_.. . . . .

. 44 stimulator during pulmonary infections. To inves-
adjuvant#4

. . . tigate this possibility, sputum samples were ob-
CpG DNA can be used to induce antitumour im- g P Y, Sp P

ot tiqBRkor t i tained from patients with cystic fibrosis who had
mune responses 1o tumour antigensor to acti- o qopjc pulmonary infections. Bacterial DNA was

vate NK cells to attack tumours that are NK-sensi-joy0 10 using a specific polymerase chain reaction
tive (Ballas et al., unpublished observation). CpGampIification technique, and was found to com-
DNA is also a very strong inducer of antibody- ise approximately 0.1% of the DNA present in
dependent cellular cytotoxicity, and can be usecEulmonary secretiori8? Installation of synthetic
together with antitumour antibodies to drive Strongoligonucleotides containing CpG motifs or bacte-
curative antitumour immune responé®5Recent s DNA into the lungs of mice caused acute in-
experiments have demonstrated that the Thl-likgiammatory responses. These studies suggest a pos-
effect of CpG DNA can be used to reverse the Tsjple role for CpG DNA in mediating pulmonary
helper-2 (Th2) immune response to an allergeninflammation during chronic infections.
preventing disease in a mouse model of asththa.  cpG DNA is also an attractive candidate as a
The therapeutic potential of CpG DNA is en- trigger for induction of systemic lupus erythema-
hanced by its relative lack of toxicity (at least at lowtgsys. In this case, we might hypothesise that B
doses) and by its ease of synthesis. For examplgells specific for DNA would bind CpG DNA
nuclease-resistant phosphorothioate oligodeoxythrough the antigen receptor and also be activated
nucleotides containing CpG motifs can be syntheby its mitogenic effects. Several other lines of cir-
sised at a cost of approximately $US200/g (Agrawalcumstantial evidence also support the hypothesis
personal communication). Since an estimated efthat CpG DNA may act as a trigger for lupus (re-
fective dose for a human vaccine would be approxviewed by Kriedf3!). Although immunisation of
imately 50Qug, this is quite economical. Human mice with CpG DNA complexed to protein can in-
clinical trials using CpG DNA as a vaccine en- deed induce the production of anti-DNA antibodies
hancer are scheduled to begin near the end of 1998 normal and lupus-prone mice, it does not induce
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or accelerate autoimmune dise&4eStudies with
naked DNA have also demonstrated a failure to ,
induce or accelerate autoimmune disdzie.

Despite these negative results, the multifacto-
rial nature of autoimmune diseases must leave
open the possibility that, in certain genetically pre- 6.
disposed individuals, CpG DNA could act as a trig-
ger. Indeed, infections have long been recognised
as a trigger for a variety of immune-mediated in-
flammatory diseases. The significance of this for
the clinical development of therapeutic CpG DNA
is unclear. Presumably, during an individual’s life-
time he or she will be exposed to CpG DNA many
times as a result of infections. The added risk of an
additional exposure to CpG DNA might be ex- o
pected to be very small.

Indeed, there may actually be a risk from the

7.

failure to be exposed to CpG DNA. The incidence 1o0.

of asthma and other allergic diseases has been in-

creasing dramatically in industrialised countries. 11

This cannot be explained by exposure to pollution,
but has recently been linked to a reduced incidencs,
of childhood bacterial infectiorf:5"1 Current
childhood vaccines are given in alum, which pro-

motes a Th2-type immune response and may evens,

aggravate asthma. These data raise the possibility
that childhood exposure to CpG DNA may restore ;,
a Th1l immune influence and reduce the incidence
of asthma and other allergic diseases. Further stud-
ies will be required to investigate this possibility.

15.
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