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Immunostimulatory DNA and
applications to allergic disease
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The vertebrate immune system reacts to certain sequences of
DNA with a strong T1-inducing innate response. These
sequences, termed immunostimulatory DNA sequences, are
not fully defined but generally consist of a central nonmeth-
ylated CG dinucleotide, flanked by less highly conserved
sequences (hence the alternate name CpG motifs). These
sequences seem to berarein vertebrates but relatively com-
mon in many lower organisms, including bacteria and viruses.
It islikely that these sequences represent a danger signal to the
immune system; a power ful Ty1 response isinduced against
colocalized foreign antigen. This can be used to modify an
allergic response away from a pathogenic T 2-dominated
immune profile toward a nonpathogenic and even protective
Tyl profile. (3 Allergy Clin Immunol 1999;104:902-10.)
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It has recently been appreciated that DNA carries
information about its originating organism in addition to
its genetic blueprints. Rodent and primate immune sys-
tems react strongly to certain sequences (immunosti mu-
latory DNA sequences [I1SS]) that are very rare in verte-
brates but are present in many lower, potentialy
pathogenic organisms. DNA containing these sequences
is apparently perceived as likely to be associated with a
dangerous invader and is thus a powerful adjuvant for
activation of the innate arm of the immune response,
detailed below. Briefly, professional antigen-presenting
cells (APCs) such as macrophages and dendritic cells
produce IL-12, IL-18, TNF-a, and IFN-a/f3, while alter-
ing their surface molecule profile, and, in the case of
macrophages, becoming cytotoxic. B cells also alter their
surface markers for enhanced antigen presentation while
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Abbreviations used
APC: Antigen-presenting cell
BCG: Bacillus Camette Guerin mycobacterium
CTL: Cytotoxic T lymphocyte
dsRNA: Double-stranded RNA
ISS: Immunostimulatory DNA sequences
JINK: ¢-Jun NH2-terminal kinase
MAPK: Mitogen-activated protein kinase
NF-kB: Nuclear factor-kB
NK: Natural killer
ODN: Oligodeoxynucleotide
ps:. Phosphorothioate
ROS: Reactive oxygen species

proliferating and producing I1L-6 and IL-12. Natura killer
(NK) cells become cytotoxic and produce early 1FN-y.
This concerted response then biases the adaptive arm of
the immune system toward a T 1 response against any
locally encountered foreign proteins. Many researchers
are attempting to harness the potency of Tyl immune
activation, the favorable safety profile, and the ease of use
of 1SS-containing DNA (oligodeoxynucleotides [ODNS]
and plasmid) to treat or prevent disease.

IMMUNOSTIMULATORY NUCLEOTIDES:
HISTORICAL PERSPECTIVES

Freund’s famous adjuvant consisting of mycobacterial
extract in oil immersion was initially characterized 60
years ago! yet remains one of the most potent modalities
for generation of a Tl response. CFA contains many
immunologically active substances, but it is likely that
some of its activity is the result of mycobacterial geno-
mic DNA .2

In the 1960s it was shown that natural double-strand-
ed RNA (dsRNA) and its more stable analog poly-
inosinic, poly-cytidilic ribonucleic acid could stimulate
the antiviral response by production of IFN-a and IFN-
B.34 The IFN-induced, dsRNA-activated protein kinase
is responsible for this phenomenon, which probably
evolved as a mechanism for sensing the dsRNA produced
during the life cycle of some viruses.>6

Yet it wasn't until the 1980s that the first reports of the
immunostimulatory properties of DNA appeared. Toku-
naga and his group in Japan found that it was the
mycobacterial genomic DNA activation of NK cells that
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TABLE |. Potent immunostimulatory DNA sequences

Van Uden and Raz 903

Sequence Notes References

Stimulatory activity shown reproducibly by several groups:
AACGTT One of the first sequences discovered; we and others use this sequence frequently; 13-18

stimulates human cells
AACGTTCG More active than AACGTT in our hands; this is sequence we use most often 2,15
AGCGCT One of first sequences discovered 13-15,19
GACGTC One of first sequences discovered; active as a 6-mer ODN; stimulates human cells 13, 15, 16, 20
GACGTT Active as 6-mer ODN; stimulates human cells, modified flanking sequences can give 20-23
good response with low TNF-a; this sequence has been used in many studies

Limited reports of stimulatory activity:
AACGAT Moderate B-cell activation 19
AACGCT 18, 19
ACGCGT Active as a 6-mer ODN 20
AGCGTT 24
ATCGAT Active as a 6-mer ODN 14, 20
CACGTG Active as a 6-mer ODN 17,20
CACGTT 25
CTCGAC 19
CTCGCA From acute retrovirus genome 26
CTCGTA From acute retrovirus genome 26
GACGAT 25
GACGCT 25
GACGTA 25
GACGTG 25
GGCGTT 25
GTCGAC Active as a 6-mer ODN 20
GTCGAT 17,27
GTCGCT May stimulate human cells 21, 24,27
GTCGTC May stimulate human cells 21
GTCGTT 17,24
TACGTA Active as a 6-mer ODN 20
TACGTT 25
TCGCGA Active as a 6-mer ODN 14,20
TGACGTT Version of GACGTT that is claimed to be optimal mouse B-cell stimulatory sequence 24

Conflicting reports of stimulatory ability:
CGCGCG Has been shown to be stimulatory,14 has been shown to be inhibitory28 14,28
GACGGT Demonstrated activity,16.24 demonstrated lack of activity2> 16, 24,25
GCGCGC Has been shown to be stimulatory,14 has been shown to be inhibitory28 14,28
GGCGCC Report likely activity,2% but not as 6-mer ODNs20 20, 29
GGCGGT Demonstrated moderate activity,24 demonstrated lack of activity2s 24, 25
GTCGGT Demonstrated low stimulatory ability,1” demonstrated high stimulatory ability19.24 17,19, 24
TGCGCA Report likely activity2® but not as 6-mer ODNs20 20, 29

Thistable is a compilation of the central core sequences of ODNs that have been shown to be immunostimulatory. However, except where noted that the 6-mer
ODN is stimulatory, the actual ODN used was longer than this core sequence. There is some indirect evidence, but no direct evidence, that these core
sequences constitute the fundamental stimulatory units (see text for details). It is also important to note that most of these studies referenced used different
assays for immune stimulation under different treatment conditions. The most common assays include induction of proliferation (B cells), cytokines (APCs
and NK cells), or cytolytic activity (mostly NK cells, some macrophages) on incubation of murine splenoctyes with short (12-30-mer) phosphorothioate (ps)-
modified ODNs. The work to define the exact motifs required for immune stimulation is still in progress; this table is not meant to be afinal and authoritative
listing, only a general guide to what has been shown to date. There are other sequences that have been demonstrated to have lesser but significant immunostim-

ulatory ability; only the most potent sequences are shown.

was responsible for the potent antitumor activity of an
extract of Mycobacterium bovis Bacillus Calmette-
Guerin mycobacterium (BCG).7-12

DEFINING IMMUNOSTIMULATORY
SEQUENCES

Even after intensive attempts to precisely define the
DNA seguence structure required for immune stimula-
tion, this most fundamental aspect of ISSisonly partialy

understood (TableI). After their initial characterization of
the immune stimulatory properties of mycobacterial
DNA, Tokunaga and colleagues found that 6 of 13 syn-
thetic 45-mer ODNs taken from the known sequence of
the mycobacterial genome had some activity. Further dis-
section with overlapping and shorter ODNSs led these
researchers to the conclusion that a few palindromic
hexamers containing CpG dinucleotides were the active
units,13,14,20,29,30

Later studies by Krieg et al19 revealed atentative con-
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sensus sequence of single-stranded 5”-purine-purine-C-
G-pyrimidine-pyrimidine-3” to have optimal B cell stim-
ulatory ability. This consensus also seems to hold for
production of IL-6, IL-12, and IFN-y by mouse spleno-
cytes!® and for NK activation in mouse and human
cells.1” However, this consensus is only a loose rule:
there are many seguences that are stimulatory that do not
follow the motif and many sequences that would be
included within the consensus that are not particularly
stimulatory. One aspect of ISS that does appear to be
generally required is the inclusion of CpG, preferably
near the center of an ODN.1419 Nevertheless, some
sequences without CpG have some stimulatory ability,2!
which is why we prefer the functionally defined name
ISS to the structurally defined name CpG motif.

Thereis afurther layer of complexity in the structural
requirements for ISS activity—epigenetics. It has been
shown that 1SS lose their stimulatory ability with C-5
methylation of the cytosine at the CpG core.17.19.31,32
This is particularly interesting because vertebrates
methylate about 70% of their CpG DNA (which is
aready reduced about 5-fold in frequency) and nearly all
of their CpG sequences that are not in active promoter or
enhancer regions.33:34 Methylation within promoters and
enhancers shuts down transcriptiona activity and is used
in long-term gene regulation, X-chromosome inactiva-
tion, and suppression of invading and endogenous virus-
es and transposons.35:36 Additionally, methylation is
believed to be responsible for the drastic reduction in fre-
guency of CpG in the vertebrate genome. MeCpG is a
hotspot for mutation to TpG during replication, and in
fact organisms with low CpG tend to have more TpG and
its complement CpA than expected.33 Thus it makes
sense that there are clusters of unmethylated CpGs (CpG
islands) found near the promoters of genes (where CpGs
are not methylated) because the rest of the genome has
undergone methylation and mutation over evolutionary
time. This is in contrast to lower organisms, where the
frequency of CpG dinucleotides varieswidely but in gen-
erd is near the expected occurrence of 1:16, and the C-5
positions on the cytosines are not as heavily methylat-
ed.37 Not al CpGs are ISS, and we have found that the
frequencies of active ISS are even further reduced in
mammalian genomes and are altered in pathogen
genomes (Van Uden and Raz, manuscript in preparation)
beyond dinucleotide CpG freguencies.

Although ISS are generally considered by researchers
in this field to be modular 6-mer units, it has been diffi-
cult to determine the minimum stimulatory motif length.
One study showed that a minimum length of 18 bases
was required but that a length of 22 bases gave greater
activity.38 Another study demonstrated good activity with
a 15-mer ODN.7 Still another study used cationic lipid
transfection to show a stimulatory effect with a 6-mer
ODN.20 Phosphorothioate (ps) ODNSs are nuclease resis-
tant and were shown to have activity when as short as 8
bases.19 It is possible that the minimum motif is around
6 bases but that exonucleases within target cells destroy
short ODNs before they can have significant activity.
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Another possibility consistent with some of our new
work is that the CpG core is the primary active unit and
that a variety of flanking sequences are permissive for
activity. This would cause each ISS to appear to have a
different minimum length because crucial flanking bases
would be variably distant from the core (Van Uden and
Raz, manuscript in preparation).

Nuclease resistant ps ODNs can be as much as 200-
fold more potent than natural phosphodiester ODNs
while apparently maintaining the original sequence
specificity and spectrum of stimulation.1® The ps modifi-
cation replaces 1 of the 2 nonbridging oxygens of the
internucleotide phosphate with a sulfur and thus prevents
nuclease activity and greatly extends the half-life.39.40
The ps ODNs have been used extensively for antisense,
are commercialy available, have been approved for use
in humans, and are therefore gaining in popularity.

Almost all this work has been done in mice, but it is
clear that human cells and primates also respond to ISS,
sometimes with different sequence specificities. More
work in this area is required and is underway, but one
study has addressed some differences between sequences
that stimulate mouse splenocytes and those that stimulate
human peripheral B cells.2!

Recently an entirely new functionality of ISS has been
discovered. Repeating sequences containing Gs and Cs
have been found that specifically neutralize ISS activity,
which have been named CpG-N motifs.28 We have found
another class of sequences that not only inhibit the T1-
biasing activity of 1SS but also promote a T2 response
(Van Uden and Raz, submitted for publication). There-
fore there seems to be an important balance between the
number and types of sequences in any given DNA that
determines its ability to stimulate the immune system.
This concept is likely to be important in understanding
the net stimulatory properties of plasmids and genomes.

DNA IMMUNOSTIMULATION: NK CELL
ACTIVATION

Activation of NK tumoricidal activity was the first
effect of 1SS that was described,® and it has subsequent-
ly been shown that | SS-activated NK cells are more than
90% of the early IFN-y—producing cells (later CD4* cells
contribute the majority of IFN-y).41 Purified NK cellsare
not directly activated by ISS; the IL-12, TNF-a, and
IFN-a/f produced by APCs are required (however, lack
of B and T cells in mice with severe combined immu-
nodeficiency syndrome does not reduce NK activation)
(Fig 1).13.17.42 Although most of the NK characterization
has been done with mouse cells, human blood NK cells
are also responsive to 1SS.17

DNA IMMUNOSTIMULATION:
MACROPHAGE AND DENDRITIC CELL
ACTIVATION

ISS directly activate macrophages and macrophage-
like cell lines!7:314243 put indirect activation by IFN-y
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FIG 1. Intercellular mechanisms of ISS activation. This diagram summarizes known intercellular mechanisms
of ISS activation of innate and antigen-specific arms of immune response, as detailed in text. Note that direct
effects of ISS are apparently limited to stimulation of professional APCs and B cells within the innate arm and
that it is the products of these stimulations that then drive the characteristic T1 development in the antigen-
specific arm. Mg, monocyte/macrophage; DC, dendritic cell; Ag, antigen; Tc, naive CD8* CTL precursor; Th,

naive CD4* T,1 or T,42 precursor.

appears to account for the majority of quantitative acti-
vation of macrophages in mixed cell cultures and in
vivo.11.13 | SS-activated macrophages become cytotoxic
and produce the T, 1-biasing cytokines TNF-a, IL-12, IL-
18, and IFN-a/B.215314243 These cytokines stimulate
IFN-y production by NK cells in the innate phase of the
response to ISS and by Tyl cells in the adaptive phase.
IFN-y, in turn, potently activates macrophages further,
forming a positive feedback loop (Fig 1). The reactivity of
macrophages was defined in mouse systems, but human
macrophages are similarly activated by 1SS.15> More
recently it has been appreciated that the antigen proces-
sing and presentation apparatus of macrophages is aso
amplified on ISS stimulation. Bone marrow—derived
macrophages treated with ISS-ODN up-regulate their
expression of class | MHC, CDA40, intercellular adhesion
molecule-1, and CD16/32 (1gG receptor for bound anti-
gen internalization and antibody-dependent cellular cyto-
toxicity) and consequently function more effectively as
APCs 44

Dendritic cells are similarly activated by ISS. They
produce IL-12, IL-6, and TNF-a in response to ISS, and
they increase their class II| MHC and B7-2 levels.4546
| SS-treated dendritic cells also function better asAPCsin
allogeneic mixed lymphocyte reactions and with super-
antigen stimulation?> and may be particularly important
in 1SS-stimulated responses in vivo because of their pro-

posed role in priming of immune responses.4” Thus the 2
most important classes of professional APCs are potent-
ly stimulated by ISS.

DNA IMMUNOSTIMULATION: B-CELL
ACTIVATION

B cells dso are directly stimulated by ISS. The pro-
found mitogenic effect of ISS on B cells was first
described in 199148 and more than 95% of purified pri-
mary B cellsin vitro will enter the cell cycle.1® In addi-
tion, purified B cells stimulated with 1SS will produce
polyclonal IgM antibodies independent of T-cell help or
antigen exposure.19.21,49 |SS also rescues B cells from
surface IgM cross-linking—induced apoptosis.25:27.5051 B
cells produce high levels of IL-6 and IL-12 in direct
response to ISS (Fig 1).18.2449 B-cell proliferation is
independent of IL-6 production (as determined with
blocking antibodies and with knockout mice) (Martin-
Orozco and Raz, unpublished observation), but neutral-
ization of IL-6 reduces IgM production by 90%,18.24
suggesting autocrine stimulation (Fig 1). The relative
importance of B cell versus macrophage and dendritic
cell production of 1L-12 in establishment of the T1
response is unclear.151842

The surface molecule expression profile of B cells is
aso drastically altered by ISS activation. Class | MHC,
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class|l MHC, B7-1, B7-2, CD40, CD16/32, intercellular
adhesion molecule-1, IFN-yR, and IL-2R are all up-reg-
ulated in vivo or in vitro, whereas CD23 (the low-affini-
ty IgE receptor) is down-regulated.44

Although ISS can effectively activate B cells as part of
the innate response (in an antigen-independent fashion),
ISS also acts as a powerful costimulatory signal for B
cells, which receive signals through their B-cell reactivi-
ty. Proliferation, 1L-6 production, and IgM secretion are
al synergistically increased with low-level surface B-cell
reactivity cross-linking combined with ISS-ODN treat-
ment (Fig 1).1924 |n addition, | SS appearsto allow coop-
eration between the cellular and humoral responses. Nor-
mally IFN-y inhibitsthe IgM produced by L PS activation
of B cells, but with ISS IFN-y increases the IgM and IL-
6 produced.4® Human B cells aso respond to ISS; 95%
of human peripheral B cells stimulated with |SS-ODN
increase their expression of B7-2 and IL-2R.21

DNA IMMUNOSTIMULATION: T-CELL
ACTIVATION AND Ty1 BIASING

T cells are also activated by ISS, athough not in a
direct way. Simple stimulation of purified T cells with
ISS-ODN does not result in activation. Treatment of
splenocytes with a-CD3-activating antibody combined
with ISS-ODN leads to slightly increased levels of CD69
and B7-2 on T cells, but this effect is mediated by 1FN-
0/B.52 Similar treatments with ISS-ODN and a-CD3 led
to increased levels of IFN-y and to reduced levels of the
Ty2 cytokines IL-3, IL-4, IL-5, and GM-CSF53(Van
Uden and Raz, submitted for publication). Blocking
studies have revealed that IFN-a/3, IL-12, and IFN-y
from APCs and NK cells contribute to the above alter-
ation in the cytokine profile of T cells.53

T cells are not required for the innate response to
ISS,17.21,31,42.4348 hyt both CD4*+ and CD8* T cédlls are
vital for the characteristic T, 1 response to genetic vacci-
nation.>*55 The T, 1 response to genetic vaccination and to
| SS-ODN/antigen codelivery includes generation of CD8*
cytotoxic T lymphocyte (CTL), Tyl cells, 1gG2a > 1gG1,
and IFN-y > IL-4, IL-5, and IL-10 (Fig 1).2:152354,56-60
Generation of this strong Tyl response can prevent the
generation of, or even suppress acontinuing, T2 response
to the same antigen (see below). We have shown that this
crucia profile of adaptive immune response activation in
gene vaccination is at least largely the result of the pres-
ence of 1SSin the backbone of &l plasmids, which are bac-
terially derived.15 Therefore the plasmid can be thought of
as 2 distinct immunologic components: the antigen
expression cassette and the various | SS located throughout
that act as Ty 1-promoting adjuvants.61

One prominent exception to the T1 ruleisthe T{O/T2
bias usualy seen with intradermal particle-mediated trans-
fer of plasmid DNA (the gene gun).6263 This systemis sig-
nificantly different in that only about 1% of the amount of
adjuvant DNA is administered relative to syringe injection
and because a significant quantity of potentialy immuno-
logically active gold particles are also present.264
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Recent reports of the first generation of gene vaccina-
tion trials in monkeys and humans have met with only
partial success.t5-68 One of the major limitations to suc-
cessful gene vaccination is the very low level of antigen
expression, but we and others have reported that coad-
ministration of 1SS-ODN with protein results in strong
CTL, antibody, and T1 cytokine production.223.69 An
even more potent way to increase the response to the
antigen is to chemically conjugate it to the ISS-ODN
adjuvant to facilitate entry into the same APCs (Raz,
manuscript in preparation).

MOLECULAR MECHANISMS

The molecular pathway from sensation of 1SS-contain-
ing DNA to production of the characteristic cytokines and
cell surface moleculesis still largely undiscovered territo-
ry and an area of active investigation. Probably the most
important of these areasisidentification of the mechanism
directly responsible for sensing ISSin or on a cell. There
is likely a sequence-specific DNA binding protein(s) that
is an ISS receptor, but there are still no published reports
of such aprotein. There is some evidence that | SS need to
be internalized for activity. 1SS are generally more potent
and can be shorter when they are directly transfected into
cells.20.70 Also, 1SS-ODNSs covalently bound to a solid
support do not stimulate mouse B cells.19

The intracéellular signaling events after ISS activation
have been partialy investigated. Several common path-
ways have been shown to not be involved: tyrosine phos-
phorylation, inositol triphosphate generation, calcium
ion (Ca**) flux, protein kinase C activation, protein
kinase A activation, and nitric oxide production.1924 The
first positive finding was that reactive oxygen species
(ROS) are generated within 20 minutes of stimulation
with ISS, before IL-6 messenger RNA, which appears at
30 minutes.24 Blockade of ROS activation with antioxi-
dants completely blocks B-cell activation by 1SS.24
Nuclear factor-kB (NF-kB) has also been shown to be
activated, and it is apparently necessary for ISS stimula-
tion, athough the NF-kB inhibitors used are not entirely
specific.3L.50 The time course of NF-kB activationissim-
ilar to that of cytokine messenger RNA induction, which
is inconsistent with its proposed central role in ISS sig-
nal transduction. ROS activate NF-kB, and both are
involved in agreat variety of immunologic signaling cas-
cades and are thus not specific to ISS.

The mitogen-activated protein kinase (MAPK) and
stress kinase pathways are also activated by 1SS. Specif-
ically, c-Jun NH2-terminal kinase (JNK), JNK kinase 1,
p38, activating transcription factor-2 (ATF-2), c-Jun,
MAPK -activated protein kinase-2, and activator protein-
1 (AP-1) have been implicated in ISS signaling.”%.72 The
p38 pathway appears to be crucia because its blockade
resultsin lack of cytokine production and of downstream
signaling component activation.?1.72

Curiously, blockade of endosome acidification/matu-
ration by chloroquine, monensin, or bafilomycin A
inhibits the earliest aspects of the ISS response, includ-
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ing the known signaling pathways.”1.72 This could repre-
sent the 1SS escaping the endosome, or perhaps some
kind of potentiation or sensing of ISS.

A host of apoptosis-related genes are differentially
regulated when ISS is used to block apoptosisin B cells.
| SS appears to up-regulate myn, bel-2, bel-x , and egr-1,
whereas c-myc was up-regulated in one study and down-
regulated in another.27.73

There is not yet a clear picture of how these disparate
signaling clues form the greater picture of 1SS activation
of immune genes, but it is apparent that there are multi-
ple interacting pathways.

CLINICAL APPLICATION: ALLERGIC DISEASE

There are many different potential areas wherethe ISS
Twl-inducing profile of adjuvanticity would be useful,
such as in infectious disease vaccines, in cancer thera-
peutic vaccines, and in infectious disease immunothera-
py. However, this review will focus on the implications
for treatment of allergic disease.

Asthmaand other allergic diseases are largely mediat-
ed by profound T2 responses against environmental
antigens. It has been proposed that strong T,1 responses
can suppress and even down-regulate T2 reactionsin an
antigen-specific manner, thus ameliorating the disease.”
The only currently available option for antigen-specific
treatment is standard allergen immunotherapy, which
involves injecting sensitized individuals with extremely
small but increasing doses of allergen over the course
of years, thus diverting the immune response. This
immunotherapy only works for a select set of allergic
diseases and carries a small but significant risk of side
effects, including anaphylaxis.”> We and others have
shown that the T 1-inducing properties of ISS can be
used to prevent or treat alergic disease in rodent mod-
ls,15,53-56,76-79

It has been shown that genetic vaccination encoding
a model antigen, 3-gal, leads to a Tyl response. This
response dominates over subsequent or previous T2
sensitizations with B-gal in aum. IgE in particular is
almost completely inhibited when plasmid is given
before (3-gal/aum, and IgE is drastically reduced when
plasmid is given after B-gal/alum.56 In a prophylaxis
model, another group has shown that vaccination with a
plasmid encoding the dust mite allergen Der p 5 inhibits
the induction of alergy at a later time as measured with
IgE production, airway hyperreactivity, and histamine
release. Interestingly, this protection could be adoptively
transferred by CD8* T cells.55.80 |t has been shown that
this Ty1-promoting and T2-inhibiting effect of genetic
vaccination can be largely accounted for by the presence
of 1SS in the plasmid backbone of genetic vaccines.15.32

In addition to these antigen-specific effects of ISSasa
Thl-promoting (and therefore T 2-inhibiting) adjuvant,
ISS also have direct Ty2-inhibiting effects. We have
demonstrated that only one injection (or mucosal admin-
istration) of ISS-ODN given before allergen challenge to
alergically sensitized mice inhibits lung and blood
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eosinophilia better than does 7 daily injections of dex-
amethasone. L evels of antigen-specific IL-3 and IL-5and
airway hyperreactivity were also reduced, whereas |FN-
y levels were increased.53 This phenomenon of immedi-
ate inhibition of the alergic response by ISS-ODN has
recently been confirmed with a different allergen, rag-
weed. This investigation further showed that the longer-
term Tyl diversion of the alergen-specific response is
stable for at least 6 weeks.” This observation has recent-
ly been extended to other alergic diseases. ISS-ODN
administration has been shown to block the development
of both the early and late phases of murine allergic
conjunctivitis, even when it is given after alergen sensi-
tization (Magone and Raz, submitted for publication).
Although the above studies use ISS primarily as a phar-
macologic inhibitor of established T2 immunity, the
ability of ISS-ODN to act asa Ty 2-inhibiting adjuvant in
a mouse model of asthma with use of shistosome eggs
has also been shown. When the T 2-inducing eggs were
given with ISS-ODN, lung eosinophilia, airway hyperre-
activity, and lavage IL-4 were reduced and lavage IFN-y
and IL-12 were increased.”?

Thus the use of 1SS both as prophylaxis and treatment
of alergic disease is promising. 1SS have shown utility
both as short-term antigen-nonspecific inhibitors of aller-
gic inflammation and as adjuvants for long-term immune
deviation. Studies in monkey models of alergic disease
have also been very promising (Raz, unpublished data)
and human clinical trials are not far away.

POTENTIAL SIDE EFFECTS

Advantages of ISS for use as adjuvants include their
powerful activation of multiple immune cell types and of
Ty1 responses. However, the immune system is delicate-
ly balanced between immunity and tolerance, between
Twl and T2, and between inflammation and unrespon-
siveness. There is always the possibility of unwanted
effects of the powerful immune stimulation that ISS
delivers.

LPSissimilar to ISSin that it is a conserved bacterial
product that is recognized by the immune system as a
danger signal and it stimulates the production of many of
the same cytokines. A systemic overload of LPS, howev-
er, can lead to lethal septic shock by production of exces-
sive IL-1 and TNF-a. Additionally, high levels of IL-6
are predictive of a poor outcome in septic shock.81 ISS
also induces the production of TNF-a and IL-6, so it is
possible that it could lead to shock in environmentally or
genetically sensitized individuals. It has been shown that
mice given ISS followed by sublethal doses of LPS die
of shock at an increased frequency (control at 0% to
ISS-treated at 75%) in an IFN-y—dependent manner.41
In a separate study it was found that mice presensitized
with p-galactosamine then given ISS also undergo
lethal shock; this model demonstrated that TNF-a but
not T, B, or NK cells are required.43 Interestingly, these
researchers found that some immunostimulatory sequences
retain their ability to stimulate I1L-12 production without
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producing TNF-a and are safe in their shock model.22
Although these reports demonstrate the possibility of
shock in extreme cases of sensitization or concurrent
LPS exposure, there has never been a reported case of
ISS alone causing shock in any kind of healthy animal at
any dose.

Another possibility is that 1SS could cause excessive
local inflammation, as seen with other powerful T1 adju-
vants such as CFA. We and others have never observed
grossinflammation in response to 1SS in ODN or plasmid
form in any experimenta animals or humans.5” There can
be immune-mediated destruction of antigen-expressing
tissue in gene vaccination, but this effect is antigen-specif-
ic, not ageneralized inflammatory process.82 In contrast, it
has been reported that delivery of 1SS-containing bacterial
DNA or ODNSs to the lung can cause increases in the lev-
els of neutrophils and other immune cellswhile increasing
lavage fluid levels of TNF-a, IL-6, and macrophage
inflammatory protein-2.83 Fluid from the lungs of patients
with cystic fibrosis was able to reproduce this effect in
mouse lungs, implying that the copious amounts of bacte-
rial DNA found in these patients' lungs could be responsi-
ble for some of the immune-mediated damage seen clini-
cally.83 However, this study never shows any clinicaly
significant inflammation in their mouse mode!, only cor-
relates of inflammation that could also be interpreted as
important for proper adjuvanticity. In addition, this same
group aso found that systemically administered |ISS can
actualy reduce LPS-induced airway inflammation in an
IL-12—dependent manner.84

When ISS-containing ODNSs (ISS-ODNSs) are injected
into mice, the most obvious effect is a massive but tran-
sient splenomegaly within the first 2 weeks, primarily
caused by extramedullary hematopoiesis in the spleen.85
This is not likely to be relevant to humans because
extramedullary hematopoiesis is not usually observed
past the neonatal period and because this phenomenon
has not been observed in humans and nonhuman pri-
mates treated with | SS-containing antisense ODNs.86

Many autoimmune diseases are T,y1 in nature, and the
danger exists of precipitating disease in genetically or
environmentally predisposed individuals. In one model of
experimental allergic encephalomyelitis, T cellsprimedin
vivo with myelin basic protein in CFA (which contains
bacterial DNA), and then restimulated with antigen and
ISS in vitro will exit quiescence and transfer disease to
recipient mice in an |L-12—dependent fashion.8” Another
group of researchers has shown that bacterial DNA can
generate anti-DNA antibodies in a model of systemic
lupus erythematosus. To make the DNA antigenic, bacte-
rial DNA is complexed with methylated bovine serum
albumin in CFA and injected into mice. Norma healthy
mice make anti-DNA antibodies and even develop low
levels of proliferative glomerulonephritis and protein-
uria.88:89 When the mixture is given to preautoimmune
NZB/NZW F1 mice, they develop antibodies that cross-
react with mammalian DNA, but surprisingly they are
actually protected from their spontaneous autoimmune
disease. 9091 There till are no examples of 1SS directly
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causing any type of autoimmune disease in anima mod-
els.

SUMMARY AND PERSPECTIVES

Immunostimulatory DNA sequences in plasmid DNA
or in ODNs potently and rapidly activate the innate
immune system, triggering NK cells, macrophages, den-
dritic cells, and B cells. These cells produce antigen-non-
specific cytotoxicity, polyclonal IgM antibodies, and an
environment that is both antiviral and conducive to gen-
eration of an antigen-specific Tyl response. The result-
ing adaptive immune response consists of CD4+ Tyl
cells, CD8* CTL cells, and high-affinity T1-type anti-
body (IgG2ain mice). This profileis especialy well suit-
ed to attack intracellular pathogens and also to inhibit
Ty2-mediated diseases such as allergy.

There are also cases in which the stimulatory proper-
ties of DNA should be minimized, such as in gene re-
placement therapy. The recent discovery of sequences
that can inhibit the function of ISS, or even act as T,,2
adjuvants, opens up an exciting new arena for the modu-
lation of the immunologic activity of DNA.

Most of the work on ISS has been in mice, but it is
clear that human cells also respond. It may be important
for those who wish to take ISS to the clinic to optimize
sequences for potency and consistency in humans; it is
aready clear that the best sequences in mice are not nec-
essarily the best in people.

ISS are also exciting from the basic science point of
view. This system is assumed to have evolved to sense
dangerous pathogens, but there are to date no reports of
any experiments to determine the actual importance of
ISS in host-pathogen interactions or what countermea-
sures successful pathogens may have evolved to avoid or
take advantage of this system.
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