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a  b  s  t  r  a  c  t

Synthetic  oligodeoxynucleotides  that  can down-regulate  cellular  elements  of the  immune  system  have
been developed  and  are  being  widely  studied  in  preclinical  models.  These  agents  vary  in sequence,
mechanism  of action,  and  cellular  target(s)  but share  the ability  to  suppress  a plethora  of  inflamma-
tory  responses.  This  work  reviews  the  types  of immunosuppressive  oligodeoxynucleotide  (Sup ODN)
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and  compares  their  therapeutic  activity  against  diseases  characterized  by  pathologic  levels  of immune
stimulation  ranging  from  autoimmunity  to septic  shock  to cancer  (see  graphical  abstract).  The  mecha-
nism(s)  underlying  the  efficacy  of  Sup  ODN  and the  influence  size,  sequence  and  nucleotide  backbone  on
function  are  considered.
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. Introduction

Nucleic acids are the “blueprint of life” and thus essential com-
onents of all living organisms. DNA and RNA also have multiple
nd complex effects on the immune system [1–3]. The nucleic
cids present in pathogenic microorganisms can trigger toll-like
eceptors on immune cells, stimulating them to mount a protec-
ive response [4–9]. Conversely, the telomeres that cap mammalian
NA contain repetitive TTAGGG motifs that inhibit immune reac-

ions [1]. The release of inhibitory DNA as host cells die may
erve to down-regulate pathologic inflammatory and autoimmune
esponses. This work reviews the use of synthetic oligonucleotides
ontaining immunosuppressive motifs (Sup ODN) for the treatment
f cancer, inflammation and autoimmune disorders.

.1. Historical overview

The ability of DNA to inhibit immune reactions was  first
bserved in studies of phosphorothioate modified ODN. ODNs
particularly those expressing poly-G motifs) suppressed IFN pro-
uction by activated murine splenocytes. However neither the
recise sequence nor mechanism of action underlying that sup-
ressive activity was carefully investigated. Indeed, 30-mers of
idely varying sequence were reported to mediate various degrees

f immune suppression [10–12].
In 1998, Krieg et al. reported that DNA from certain ade-

ovirus serotypes contained in “immunoinhibitory” motifs that
ould down-regulate TLR-induced immune activation [13]. Other
uppressive motifs were subsequently described, some of which
locked other forms of immune activation as well [1,14–18]. Much
f this activity was linked to the presence of extended G and C-rich
equence motifs [13,19]. In studies of mammalian DNA, Gursel et al.
ound that immune suppression was largely mediated by the repet-
tive TTAGGG motifs present in mammalian telomeres [1]. G-rich
nd microsatellite regions were later found to further contribute
o the suppressive activity of mammalian DNA [20]. Of interest,
he genomes of immunomodulatory commensal bacteria are now
nown to contain suppressive DNA motifs [16].

Oligodeoxynucleotides that mimic  the immunosuppressive
ctivity of mammalian DNA (referred to hereafter as “Sup ODN”)
ere synthesized and tested by many groups. As described below,

hese vary in sequence and mechanism of action. Several groups
ought to categorize these different types of Sup ODN. Trieu et al.
roposed grouping them into four classes based on their sequence
nd probable mode of action [21] whereas Lenert categorized them
ased on their ability to form secondary structures (including G
etrads and palindromes) [22]. This review describes the sequence,

echanism of action and therapeutic potential of multiple classes

f Sup ODN that are categorized based on the breadth of their

nhibitory activity. Broadly acting Sup ODNs act on multiple cell
ypes and suppress the immune activation elicited by many dif-
erent stimulants. By comparison, TLR-specific Sup ODN primarily
 . . .  . . .  . . .  . .  .  . . . .  . . .  . .  . . .  . . . . .  . . . . .  .  . .  .  . . . .  .  . .  . . .  .  .  .  . .  . . . . .  . . . . .  .  .  .  .  . .  .  .  .  .  .  . 223

antagonize TLR9 and/or TLR7 induced responses and their activity
is limited to cells expressing those receptors.

2. Broadly acting Sup ODN

2.1. Mechanisms of action

A151 is the archetypal example and best studied of the broadly
acting Sup ODN. A151 is composed of four TTAGGG motifs designed
to mimic  the repetitive elements present at high frequency in
mammalian telomeres. Telomeric DNA inhibits the activation and
differentiation of macrophages, dendritic cells, B cells and multiple
subsets of T cells [1,16,18,23–27].

A151 blocks the immune stimulation induced by bacterial DNA,
an effect initially attributed to competition for binding between
A151 and CpG ODN to TLR9. Subsequent research showed that
the broad immunosuppressive activity of A151 was primarily
attributable to its effect on STAT phosphorylation. STAT proteins are
transcription factors that influence the maturation of many types
of immune cell (reviewed in Ref. [28]). Evidence that A151 inter-
fers with the phosphorylation of STAT1 and STAT4 was obtained in
studies of TLR4-stimulated macrophages [23]. Inhibition of STAT3
phosphorylation was then observed in studies of naive CD4 T cell
differentiation. A151 binds to STATs 1, 3 and 4 to inhibit down-
stream signaling, thereby inhibiting the production of IFNg and
IL-12 which interferes with the generation of proinflammatory Th1
lymphocytes. This skews the cytokine milieu and supports the gen-
eration of Th2 responses in vivo [24].

The effect of A151 on STAT phosphorylation pre-dated the dis-
covery of Th17 and regulatory T cells (Treg) whose influence on
the development of autoimmune and inflammatory diseases is
now appreciated. A151 supports the generation of Th17 cells by
blocking the generation of SOCS3, a negative regulator of phospho-
STAT3 [15]. A151 also promotes the generation of Tregs. This
arises from a direct effect of A151 in blocking STAT1 phospho-
rylation which enables naive CD4+CD25− T cells to differentiate
into CD4+CD25+FoxP3+ iTregs and an indirect effect whereby A151
interferes with the generation of LpDC that would otherwise reduce
Treg generation [16,27]. Studies of human B cells indicates that
A151 can suppress B cell activation, Ab production and the gen-
eration of plasma/memory cells [18]. This activity is attributed to
the ability of A151 to suppress AICDA (activation induced cytidine
deaminase) which is known to regulate class switch and somatic
mutation in B cells [29] (Fig. 1).

An additional target of A151 was recently described. AIM2 and
IFNg-inducible protein-16 (IFI16) are DNA-binding proteins that
recognize cytosolic bacterial and viral dsDNA. Activation of these
proteins recruits caspase-1 to mediate the cleave of pro-IL-1B and

pro-IL-18 into their functional forms [30–32]. A151 directly binds
to AIM2 which prevents the recruitment of ASC and the subsequent
assembly of the inflammasome complex [26]. Thus, the ability
of A151 to broadly suppress the differentiation and activation of
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Fig. 1. Suppressive ODN A151 has diverse effects on cellular elements of the immune system.
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reatment with A151 supports the generation of Th17 and iTregulatory cells with 

n  subsequent responses. It inhibits the continued activation of dendritic cells, ma
educed production of proinflammatory cytokines. B cell maturation, class switchin

ultiple cell types derives from its ability to act on multiple signal-
ng pathways (Fig. 1).

.2. Therapeutic activity

.2.1. A151 for the treatment of autoimmune and infectious
iseases

The first therapeutic uses of Sup ODN were for the prevention
nd/or treatment of autoimmune diseases. As these studies were
erformed over a decade ago and have already been reviewed [33],
nly a brief overview of salient findings is provided below.

) Lupus. The effect of delivering A151 to lupus-prone NZB/W
mice was examined in this spontaneous disease model both
before and after immune complex mediated kidney damage had
developed. Early treatment slowed the onset and reduced the
magnitude of autoimmune-mediated renal inflammation lead-
ing to significantly prolonged survival [34]. Starting treatment
after mice were already sick slowed but did not prevent disease
progression.

) Arthritis. Intra-articular delivery of A151 significantly reduced
the incidence and severity of arthritis in an animal model of
collagen-induced arthritis. This treatment also decreased serum
titers of pathogenic IgG autoAb [14].

) Autoimmune uveitis. Three different models of autoimmune
uveitis were examined: acute, recurrent, and persistent. In each
case, treatment with A151 significantly reduced the magnitude
of ocular inflammation and subsequent tissue damage [3,35,36].

) Atopic dermatitis. A recent report by Wang et al. broke new
ground in the therapeutic use of Sup ODN by showing they can
be delivered orally to treat skin disease. A151 was  encapsulation
in acid stable nanoparticles to protect them from degradation

in the stomach. After oral delivery the nanoparticles reached
the small intestine where they were selectively taken up by
macrophages in the Peyers patches. Repeated delivery resulted
in systemic changes in cytokine production (reducing levels of IL
nosuppresive activity. It down-regulates activated Th1 cells resulting in a Th2 bias
ages and other APCs resulting in decreased expression of activation markers and

 Ig production are also suppressed.

4 and IL 33) and reduced the differentiation of allergen-activated
Th2 cells thereby attenuating the development of chemically
induced atopic dermatitis [17].

2.2.2. A151 for the treatment of toxic shock
Toxic shock arises from the cytokine storm triggered by over-

whelming bacterial sepsis. This effect can be replicated by the
delivery of high dose LPS to normal mice. Treatment with A151
at the same time as LPS challenged significantly reduced cytokine
storm and improved survival [23]. The longer therapy was delayed,
the less effective it became.

2.2.3. A151 for the treatment of organ specific inflammation
Studies of A151 document the ability of this class of ODN to ame-

liorate organ-specific inflammation. Pulmonary inflammation was
evaluated in a murine model of silicosis. Similar to coal dust and
asbestos, inhalation of silica particles causes progressive fibrosis,
reduced blood oxygenation, and increased susceptibility to cancer
[37]. Silicosis is elicited in mice by instilling silica particles into
the lungs which causes an inflammatory infiltrate, increased pro-
duction of pro-inflammatory cytokines and chemokines (including
IL-6, IL-1, TNFa, IL-12 and keratinocyte chemoattractant (KC)), and
alveolar hemorrhage (reviewed in Ref. [38]). Treating mice with
A151 shortly before silica instillation significantly reduced cellular
infiltration of the lungs and local production of pro-inflammatory
cytokines [25]. Of clinical relevance, A151 prevented silica-induced
weight loss and significantly improved survival. Thus, A151 both
reduced local inflammation and ameliorated systemic symptoms.
However treatment was  ineffective if delayed until chronic silicosis
had developed.

Inflammation of the GI tract has been shown to contribute to
the development of autoimmune disease and cancer (reviewed in

Ref. [39]). The effect of Sup ODN treatment in two  different murine
models of gut inflammation was  examined. The first involved infec-
tion with the Toxoplasma gondii parasite and the second topical
exposure to the chemical irritant dextran sulfate (DSS). In both
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ystems, repeated oral delivery of A151 down-regulated the pro-
uction of pro-inflammatory cytokines (IFNg, TNFa, IL-6 and IL-22)
nd maintained the integrity of the gut epithelium [16]. This was
inked to the ability of A151 to down-regulate LpDC activation,
hereby maintaining IL-10 production and sustaining Treg activ-
ty [16]. Independent studies showed that A151 directly supported
he generation of Tregs [27]. Together these findings indicate that
151 supports gut homeostasis by maintaining Treg function that
ould otherwise be dysregulated in inflammatory bowel disease

reviewed in Ref. [40]).

.2.4. A151 for the treatment of fungal infection
Although healthy individuals rarely suffer from major fun-

al infections, some fungal strains are pathogenic particularly in
mmunosuppressed hosts [41]. Recent evidence suggests Th17
mmunity plays an important role in clearing fungal infections [35].
n vitro studies showed that A151 promoted the generation of Th17
ells by inhibiting SOCS3 which is a negative regulator of Th17
ifferentiation [15]. Using Candida albicans as a model pathogen,
he ability of A151 to generate Th17 cells capable of protecting
gainst fungi was examined in mice. Results showed that systemic
reatment with A151 increased Th17 immunity and that this was
ssociated with reduced weight loss and a lower infectious bur-
en in C. albicans challenged animals when compared to untreated
ontrols [15].

.2.5. A151 for the treatment of atherosclerosis
Atherosclerosis is characterized by the deposition of plaque

composed of macrophages, fat, cholesterol and calcium) in the
rteries. Advanced atherosclerosis increases the risk of myocardial
nfarction, peripheral vascular disease and stroke. Inflammation is
n important component of the atherosclerotic process. Activated

 cells produce factors that stimulate macrophages to internal-
ze lipoproteins and become artery-occluding foam cells. ApoeE
O mice are widely used to model this atherosclerotic process

42]. These animals rapidly develop extensive plaques associated
ith markers of atherosclerotic inflammation including MCP-1 and
CAM-1.

The effect of treating ApoE mice with A151 was evaluated.
erum levels of MCP-1 and VCAM fell by 30–50% (p < .05 for both
actors) while the size of the atherosclerotic lesions was  reduced
y half [43]. Levels of the Th1 cytokines IFNg and TNFa were sig-
ificantly reduced, an effect that correlated with reduced size of
he atherosclerotic lesions. Mechanistically, Sup ODN treatment
educed the phosphorylation of STAT1 and STAT4 thereby reducing
he T-bet expression needed to support Th1 cell differentiation. As

 result, the frequency of IFNg production Th1 cells declined while
he ratio of Th2:Th1 cells rose.

.2.6. A151 for the treatment of stroke
The ability of Sup ODN to prevent ischemic stroke was examined

sing stroke-prone hypertensive (SHR-SP) rats. Stroke is a major
ause of chronic debilitation and the second most common cause
f death worldwide. While strokes are caused by a reduction in
lood supply to the brain, the resulting tissue damage triggers an

nflammatory response that further increases lesion size [44–46].
Zhao et al. examined the effect of treatment with A151 on

trokes generated by surgically occluding the middle cerebral
rtery of SHR-SP rats [47]. Results indicate that A151 had broad
nti-inflammatory properties, associated with decreased produc-
ion of caspase-1, IL-1ß, iNOS and NLRP3 by activated macrophages.
up ODN treatment limited the magnitude of ischemia-induced

rain damage in a time and dose dependent fashion. A151 was most
ffective when administered 1 day prior to infarct induction. The
ighest dose tested (3 mg)  was more effective than 1 mg.  Under
ptimal conditions, Sup ODN reduced the extent of brain damage
search 105 (2016) 216–225 219

by >25% [47]. These observations are relevant to patients scheduled
to undergo cardiac or carotid surgery whose high risk of stroke may
be reduced by treatment with Sup ODN prior to surgery.

2.2.7. A151 for the prevention of inflammation-induced cancer
Chronic inflammation contributes to the development and pro-

gression of many types of cancer (reviewed in Ref. [48]). The
possibility that Sup ODN might interfere with the inflammation
that supports tumorigenesis was  therefore explored. The first study
in the field focused on a common murine model of skin cancer
in which TPA was  used to drive inflammation after transforma-
tion was  initiated by DMBA. Mice treated with DMBA/TPA typically
develop skin papillomas that transform into squamous cell carci-
nomas (SCC) over time [49].

Ikeuchi et al. examined the effect of administering A151 at
the same time as TPA. Results showed that Sup ODN therapy
reduced papilloma formation by 95% and that this effect was dose-
dependent. Histological analyses revealed that A151 limited the
development of edema, leukocyte infiltration and the production of
various markers of inflammation (including CCL2, CXCL2, COX2 and
ornithine decarboxylase) [50]. Discontinuing or delaying the initi-
ation of Sup ODN therapy slowed but did not prevent papillomas
from arising [50].

A large body of data suggests that pulmonary inflammation
increases the risk of cigarette smoke induced lung cancer (reviewed
in Ref. [51]). To evaluate whether A151 could alter susceptibility to
lung cancer by reducing inflammation, a murine model was devel-
oped in which NNK (a highly carcinogenic component of cigarette
smoke) was delivered to mice with silica-induced pulmonary
inflammation. The combination of NKK plus silica increased the
fraction of mice that developed lung tumors (incidence) and the
number of tumors per mouse (multiplicity) [52]. Treating these
mice with A151 starting at the time of silica administration
reduced pulmonary inflammation as evidenced by a significant
decrease in macrophage and neutrophil infiltration, lower levels
of pro-inflammatory cytokines (including IL-1B and TNFa) and less
fibrosis [52]. Treatment with A151 also reduced to background
the incidence and multiplicity of lung tumors in NNK-treated sil-
icotic mice. Additional studies showed that A151 improved the
anti-proliferative effects of several chemotherapeutic drugs [53].
These results strongly suggest that Sup ODN  may  help prevent
inflammation-driven cancers from developing.

3. TLR specific Sup ODN

3.1. Mechanism of action

A variety of Sup ODN function by selectively blocking the effects
of TLR9 and/or TLR7 agonists. Various types of TLR-specific Sup
ODN act on different stages of the TLR signaling cascade: some
compete for uptake, others inhibit receptor binding and/or block
downstream signaling. The following represents an overview of the
effects of these types of Sup ODN.

3.2. H154 sequence: 5′-CCTCAAGCTTGAGGGG-3′

H154 is a specific inhibitor of the immune activation induced
via TLR9. H154 interferes with downstream signaling rather than
by inhibiting the binding or uptake of CpG DNA  [8]. This results in
a significant reduction in cytokine and Ab production by cells acti-
vated via TLR9 [8,54]. Reflecting its specificity for TLR9, H154 cannot

downregulate immune responses triggered by other immune stim-
ulants such as LPS or ConA [8]. Thus, while effective for treating
inflammatory conditions triggered via TLR9 the therapeutic utility
of H154 is more limited than that of A151 [55–57].
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.3. Inhibitory (INH) ODNs (e.g., TCCTGGCGGGGAAGT)

INH ODNs selectively interfere with TLR9-mediated immune
ctivation by competing with CpG ODN for binding to the C-
erminal region of TLR9 [58,59]. Most INH ODNs have sequences
imilar to CpG ODN with the critical difference that the receptor
ctivation residues are absent [60–62]. The interaction of INH ODN
ith TLR9 fails to induce the conformational changes necessary for

ctivation of the downstream signaling cascade via MyD88 with
he result that NF-kB and AP1 activation never occurs [59,63–65].
ells that express TLR9, including B cells, dendritic cells and murine
onocytes, are all inhibited by INH ODN. INH ODNs are also

eported to down-regulate TLR7-mediated immune activation to
ome extent, although that effect may  not be sequence specific
66–68].

There is limited evidence that INH ODN might increase host
usceptibility to bacterial infection. The gram negative bacterium
almonella typhimurium replicates within macrophages and is a
ommon cause of food-borne illnesses [69]. Independent of any
ffect on TLR9 signaling, INH ODN increase bacterial load in
acrophages due to partial inhibition of TLR1/2 signaling, a side-

ffect that might alter the host-microbe response [70].

.4. ‘G’ ODN

‘G’ ODN contain a string a five guanines with a representa-
ive sequence being CTCCTATTGGGGGTTTCCTAT. ‘G’ ODN bind to
he C-terminal region of TLR9 thereby preventing CpG-receptor
nteraction [59]. As a result, this class of ODN dampens TLR9 medi-
ted activation of APC and the production of pro-inflammatory
ytokines including IFNa, TNFa and IL-12 [71].

.4.1. Modified ODNs
Modified ODNs are generated by reversing stimulatory CpG

otifs to GpC or GpG. While their mechanism of action
as not been clarified, their sequence similarity to CpG ODN
trongly suggests that competition for uptake, binding and/or
eceptor activation underllies their activity. Sequences such
s 5′-TGACTGTGAAGGTTAGAGATGA-3′ antagonize CpG-mediated
mmunity by limiting the activation of APC and production of pro-
nflammatory cytokines [72]. In various in vivo models, GpG ODNs
upport Th2 rather than Th1 responses, an effect accompanied by
ecreased production in pro-inflammatory cytokines [73,74].

An atypical example of this class of ODN is GpC-1826. GpC-1826
tilizes the TLR7/TRIF signaling pathway to increase indoleamine
,3-dioxygenase (IDO) expression thereby producing tolerogenic
DCs [75,76]. A modified version of this ODN supported the gen-
ration of Treg indirectly by promoting tolerogenic pDC [77].
pC-1826 antagonizes immune response mediated by TLR7 ago-
ists while its effect on responses elicited via TLR9 is unknown.

A different mechanism of action was described for GpC-1668
nd GpG-1668. These mediate immune suppression by binding
o high-mobility group box proteins (HMGBs) [78]. HGMBs are
ssential for the recognition of nucleic acids that trigger receptor
ediated immune responses [78]. By competing with stimulatory

ucleic acids for intracellular HMGB, these Sup ODN inhibit dsDNA,
sDNA and dsRNA-mediated immune activation.

.5. Sup ODNs whose mechanisms of action has not been
stablished
Several groups described novel ODNs with inhibitory activity
ut failed to examine the mechanism through which they blocked

mmune responses. Immunoregulatory DNA sequences (IRS) and
icrosatellite sequences are examples of such ODNs.
search 105 (2016) 216–225

IRS 869 (TGCTCCTGGAGGGGTTGT) is a G-rich TLR9 antago-
nist that prevents TLR9-mediated endotoxic shock by blocking the
release of pro-inflammatory cytokines [79]. Given the similarity in
sequence between IRS 869 and INH ODNs, it is likely that this effect
is mediated by competition for binding with CpG DNA to TLR9. IRS
661 blocks TLR7 signaling while IRS 954 down-regulates responses
elicited by both TLR7 and TLR9 agonists [73]. While inhibition by IRS
ODN was observed in multiple cell types of mouse and human ori-
gin, no information was  provided on whether their activity involved
competition at the uptake/receptor-binding level or modulation of
downstream signaling.

Other groups evaluated 24-mer ODNs consisting of multiple TC,
AAAG or CCT repeats and reported that several impaired IFN pro-
duction by human PBMC [20,80]. Similar sequences are present in
a subset of human microsatellite regions, leading the investigators
to name them microsatellite (MS) ODN.

However no evidence that human microsatellites are immuno-
suppressive has been provided. MS08, a prototypic MS  ODN, blocks
the uptake of CpG ODNs and thus suppresses TLR9 mediated
immune activation. However MS08 also down-regulates TLR inde-
pendent immune responses although no underlying mechanism
was identified [20]. Other MS  ODNs vary in their ability to influ-
ence CpG-induced inflammation and discrepancies exist between
the in vitro vs in vivo activity of this class of ODN, raising uncertainty
over their potential therapeutic utility [20,80,81].

3.6. Therapeutic activity

3.6.1. Autoimmune disease
1) In a murine model of reactive arthritis (an inflammatory condi-

tion triggered by bacterial infection), Zeuner et al. showed that
injecting H154 into an affected joint significantly reduced both
inflammation and swelling. Since arthritis can affect multiple
joints, H154 ODN was  also administered i.p. and found to reduce
systemic inflammatory arthritis [56,57].

2) In the NZB × NZW F1 mouse model of lupus, GpG ODN treat-
ment promoted Th2 biased immune responses that delayed
the onset of proteinuria [74]. Treatment with IRS 661 and
954 reduced serum anti-nuclear Ab levels, the deposition of
immune complexes in the kidneys and delayed disease pro-
gression [67,79,82–87]. In lupus prone MRL  lpr/lpr mice, INH
ODNs suppressed autoreactive B cell and DC  responses leading
to reduced autoantibody production [22,66]. In a murine model
of lupus induced by chronic graft versus host disease, He et al.
reported that MS  ODNs and Sat05f reduced anti ssDNA antibody
levels and delayed disease progression [88].

3) In the EAE model of multiple sclerosis, adding GpC ODN  to a
toleragenic DNA vaccine reduced disease severity by inducing
autoreactive B and T cell responses to shift to a protective IgG1
isotype and Th2 type cytokine pattern [72,73]. In those studies,
Sup ODN competed with CpG sequences in the vaccine to inhibit
Th1 responses.

4) Experimental autoimmune neuritis provides a model of Guillain
Barre Syndrome characterized by demyelination and inflamma-
tion of the peripheral nervous system. It is induced by injecting
P2 peptide in complete Freund’s adjuvant into the hind footpads
of Lewis rats. When animals with EIN were treated with H154,
markers of inflammation and disease severity were significantly
reduced [89].

3.6.2. Organ-specific inflammation
In a murine model of acute lung inflammation, MS19
significantly inhibited weight loss and hemorrhage, reduced intra-
alveolar edema and lessened the accumulation of neutrophils in
the lungs [81,88,90]. H154 inhibited the pulmonary inflammation
induced by the delivery of immunostimulatory bacterial products
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Table  1
Overview of suppressive oligonucleotides.

Name: A151

Sequence: TTAGGGTTAGGGTTAGGGTTAGGG

Mechanism of action
Binds to and prevents the phosphorylation of STATs 1, 3 and 4 [24]
Inhibits SOCS 3 [15,27]
Inhibits activation of the AIM2 inflammasome [26]

In vitro effects: suppresses the production of pro-inflammatory cytokines/chemokines. Down-regulates expression of co-stimulatory molecules
Acts  on T cells, B cells, pDC and macrophages from multiple species [1,18,24]
Supports the generation of Th17 cells and Tregs [15,16,27]
Reduces the generation of alarmins [26]

In vivo activity reported in murine models of
Endotoxic shock [23]
Collagen induced arthritis [34]
SLE [14]
Pulmonary inflammation [16,25]
Uveitis/iritis [3,35,36]
Inflammation driven oncogenesis [50,52]
Allergy [18]
Atopic dermatitis [50]
Atheroscleosis [43]
Stroke [47]

Name: H154

Sequence: CCTCAAGCTTGAGGGG

Mechanism of action
Inhibits immune signalling viaTLR9 [8,54]

In vitro effects
Inhibits CpG induced production of pro-inflammatory cytokines/chemokines. Active on mouse spleen cells and macrophages, human PBMC and B cells [8,54,60,68,103]

In vivo activity reported in murine models of
Reactive arthritis [56,57]
Myocardial dysfunction [93]
Pulmonary inflammation [54]

–

Name: INH ODN

Representative sequence: TCCTGGCGGGGAAGT

Mechanism of action
Competes for binding to TLR9 and blocks the downstream signalling pathway [59,63–65]

In vitro effects
Inhibits CpG induced cytokine and NO production
Protects against apoptosis and cell-cycle entry [58,67,68,79,86,87,100,103]

In vivo activity reported in murine models of
SLE [66,104]

Name: Modified CpG ODN

Representative sequences
TGACTGTGAAGGTTAGAGATGA
TCCATGAGCTTCCTGATGCT

Mechanism of action
Inhibits TLR9-induced phosphorylation of I6B- [72]
Induces IDO through non-canonical NF-kB signaling [77]
Binds to HMGB1 [77]

In vitro effects
Inhibits CpG induced cytokine production and B cell proliferation
Acts on mouse spleen cells, DC and macrophages [72,78]
Generates tolerogenic DC [77]

In vivo activity reported in murine models of
Experimental autoimmune encephalomyelitis [72,105]
SLE [104]
Endotoxic shock [78]

Name: S ODN

Representative sequence: GGGGGGGGGGGGGGGGGGGG
Mechanism of action

In vitro effects
Blocks Th1 cytokine production induced by various TLR agonists [10,106,107]
Blocks TLR induced NO production [11,12]
Active on monocytes and dendritic cells
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Table 1 (Continued)

Name: A151

No in vivo activity reported

Name: IRS ODN

Representative sequence: TGCTCCTGGAGGGGTTGT

Mechanism of action
Inhibits TLR9 and TLR7 mediated immune activation [73]

In vitro effects
Inhibits TLR9 mediated cytokine production
Acts on mouse spleen cells, human B cells and pDC [82]

In vivo activity reported in murine models of
SLE [79,82,85]
Skin inflammation [83]
Endotoxic shock [79]

Name: “G” ODN

Representative sequence: CTCCTATTGGGGGTTTCCTAT

Mechanism of action
Competes for binding to TLR9 [59]

In vitro effects
Blocks CpG induced production of pro-inflammatory cytokines
Acts on DC and macrophages [71]

In vivo activity reported in murine models of
SLE [108]
Endotoxic shock [71]

Name: Microsatellite ODN

Representative sequences
AAAGAAAGAAAGAAAGAAAGAAAG
CCTCCTCCTCCTCCTCCTCCTCCT

Mechanism of action
Inhibits TLR7 and TLR9 mediated immune activation
Competes for CpG uptake [20]

In vitro effects
Inhibits TLR mediated activation of human PBMC and macrophage
Blocks up-regulation of co-stimulatory signals [20,80]

In vivo activity reported in murine models of
GVHD [80,88,90]
Lung inflammation [81]
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such as CpG DNA) into the lungs of mice was evaluated [91]. CpG
nstillation triggered a local response characterized by neutrophil
ccumulation and increased TNFa, IL-6, MIP-2, and KC production.
o-delivery of Sup ODN H154 significantly lessened the magnitude
f these inflammatory changes [54].

In a murine model of myocardial dysfunction elicited by acti-
ation of TLR9, Boehm et al. found that ODN H154 significantly
meliorated cardiac inflammation, preserved cardiac function, and
mproved survival [92,93].

.6.3. Toxic shock
MS ODNs and Sat05f inhibited TLR7 and TLR9 mediated innate

mmune responses thereby protecting mice from D GalN/CpG ODN
nduced lethal shock [81].

‘G’ ODN protected mice from cytokine-mediated lethal shock
nduced by bacterial DNA [71]. GpG 1668 protected against

PS-induced toxin shock by reducing the production of pro-
nflammatory cytokines. While this effect was attributed to HMGB
argeting, it should be noted that GpG-1668 was unable to down-
egulate LPS-induced immune responses in vitro.
4. General observations concerning Sup ODN activity

4.1. Influence of structure and size on ODN function

While distinct classes of Sup ODN differ in length, sequence
and functional activity, most contain a string of poly-Gs
[1,8,62,64,71,79]. Suppressive activity typically requires a mini-
mum  of 3 G’s, with several studies suggesting that longer runs of
poly-G increase potency further [58,60,62,79]. Conversely, reduc-
ing the number of G’s typically reduces or ablates suppressive
activity [1,26,94].

Poly-G sites enable the formation of higher order quadruplex
structures via inter-chain Hoogsteen hydrogen bonding (reviewed
in Ref. [95]). This binding is disrupted by insertion of a 7-
deazaguanine (7-DG) nucleotide which prevents hydrogen bond
formation but does not affect Watson–Crick pairing [96]. In stud-
ies of INH ODN, monomeric structures (generated by substituting
7-DG for one or more G’s) remained functional, indicating that
quadruplex formation was not required for their inhibitory activ-

ity [58,67,68,79,97]. In contrast, the ability to form G-tetrads
was required for A151 to its maintain broad immunosuppressive
activity since substituting a 7-DG for any G significantly reduced
inhibitory function [1].
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This difference in the role of quadruplex structures may  dis-
inguish between ODN that act in a TLR-specific versus broadly
uppressive manner. Whereas single stranded ODN might effec-
ively compete with single-stranded CpG ODN for binding to TLR9,
uadruplex structures may  be necessary to facilitate the interaction
f A151 with molecular targets including STATs and inflammasome
omponents. In this context, G-tetrads are known to make a critical
ontribution to the binding of ODN to STAT3, an important target
f A151 [98].

Length also influences the activity of Sup ODN. A single TTAGGG
-mer has no activity yet the same motif conjugated to a ran-
om 8-mer exhibits suppressive activity [1]. Similarly, a 5-mer
oly-G is suppressive only when incorporated into a longer ODN
71]. Studies of various classes of Sup ODN indicate that sequences
horter than 11 nucleotides have little suppressive activity while
hose longer than 24 nucleotides gain little additional function
8,62,72,77,78,90]. This pattern was also observed in studies of
TAGGG multimers: suppressive activity increased as more motifs
ere added but only to a point, with ODN containing 5 repeats

eing no more active than those with 4 TTAGGG repeats [1,90].

.2. Effect of nucleotide backbone on ODN activity

Native DNA is composed of nuclease-sensitive phosphodiester
PO) base pairs that are rapidly degraded in vivo. To improve thera-
eutic half life, the non-bridging oxygen can be replaced with sulfur
o yield phosphorothioate (PS) modified ODN. PS are superior to
O ODN in terms of both nuclease resistance and cellular uptake
reviewed in Ref. [99]). The potency of PS vs PO was examined
or several classes of Sup ODN. In vitro studies show that A151-
S and A151-PO are equally efficient in suppressing CpG induced
esponses whereas only A151-PS was much more effective in block-
ng dsDNA-induced inflammasome activation in vivo [1,26]. Other
tudies confirmed the superior potency of PS over PO versions of
he same Sup ODN in vivo [71,78,79,100]. It should be noted that
equence-independent inhibition of immune responses has been
eported for some PS ODNs [10,11,66,101].

.3. Influence of dose and site of administration of the activity of
up ODN

In vitro studies by many groups establish that Sup ODN
an inhibit the production of pro-inflammatory cytokines and
hemokines (including IL6, IL-12, IFNg, TNFa and MIP2a)
1,12,24,33]. These effects are summarized in Table 1. We  draw the
ollowing general conclusions from analysis of multiple autoim-

une and inflammatory disease models.

) Sup ODN are most effective when administered immediately
prior to or concomitant with the delivery of the inflammatory
stimulus [3,102]. This is consistent with evidence that Sup ODN
effectively block the activation of inflammatory immune cells
but are relatively ineffective at down-regulating cells that have
already been activated [8].

) The effect of Sup ODN is dose and location dependent. In stud-
ies where A151 was delivered systemically, the effective dose
in mice was typically 300 �g [3,34]. However much lower doses
were sufficient when A151 was delivered locally. For the treat-
ment of arthritis, as little as 10 ug injected into the knee was
sufficient whereas 30–50 �g prevented pulmonary inflamma-
tion [25,54].
.4. Comparative activity of different Sup ODN classes

Very few studies have compared the activity of different classes
f Sup ODN. Those comparisons that were conducted generally
search 105 (2016) 216–225 223

used in vitro assays to examine a single immune parameter and
cell type and thus are unlikely to reflect broad in vivo efficacy. For
example, experiments indicate that INH ODN 2114 and H154 are
equivalent in terms of stimulating cytokine production in vitro but
that H154 is a less potent suppressor of B cell activation and pro-
liferation [60,62,103]. Other studies focusing on B cell activation
suggest that INH ODN 2114 is superior to ‘G’ ODN but inferior to
IRS954 and IRS869 [103]. A151 and microsatellite ODN have sim-
ilar capacities to block PBMC proliferation and pro-inflammatory
cytokine production [20,80]. Another study revealed that INH
ODN 2114 and A151 inhibited CpG-driven NF-kB up-regulation in
macrophage to the same degree [21]. Lacking adequate in vivo com-
parisons, the extent and breadth of immune suppression mediated
by A151 marks it as a superior candidate for clinical development.
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