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Abstract

The number and diversity of new nucleic acid based therapeutics in clinical
trial illustrates the remarkable flexibility of this approach to therapy. The use of
synthetic oligomers has the advantage of control of dose and duration of action
over gene therapy and Cas9/CRISPR approaches that are developed in parallel.
Further, synthetic compounds may contain a variety of modifications to fine tune
their therapeutic purpose and define their mechanism of action. The expansion
in diversity of nucleic acid therapeutics may also reflect the approaches to
barriers observed in previous clinical trials. The objective of this review is to
provide new insight into the clinical adverse event data reported for nucleic acid
based therapeutics in advanced development, with the goal of establishing a
comprehensive framework for evaluating the current implications, and future
direction, of therapeutic antisense technologies. A pattern of adverse events,
some sufficiently severe to require discontinuation of treatment, include Flu-Like
Symptoms (FLS), Injection Site Reactions (ISR), kidney abnormalities, elevated
liver enzymes, and thrombocytopenia are frequently observed with oligomer
chemistries that have negatively charged phosphate linkages and naturally
occurring sugars. Anti-Drug Antibodies (ADA) have been reported in high
percentages following chronic treatment with oligomer chemistries designed to
enhance duration of tissue residence time. However, these common adverse
events are not observed with Phosphorodiamidate Morpholino Oliogmers (PMO)
containing morpholino sugars and no negative charge in the phosphate linkage.
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critical that we clarify the extent to which these emerging therapeutics
result in chronic or inappropriate activation of these nucleic-acid
Sensors.

Abbreviations

ADA: Anti-Drug Antibodies; PTT: Partial Thromboplastin
Times; BCL2: B-Cell Leukemia-Lymphoma Gene 2; DAMPS: DNA
Damage-Associated Molecular Patterns; DNA: Deoxyribonucleic
Acid; FDA: Food and Drug Agency of the United States; FLS: Flu-
Like Symptoms; G4: highly structured guanosine quartets; GRO:
Guanosine Rich Oligomer; hsCRP: high sensitivity C-Reactive
Protein; ISR: Injection Site Reactions; MTD: Maximum Tolerated
Dose; NDA: New Drug Application; PMO: Phosphorodiamidate

Information available to guide optimal therapeutic oligomer
chemistry has transitioned from what chemical structures can be
made to properties in biological systems and then on to efficacy
in animal models. Recently, advanced therapeutic development
of oligonucleotides has provided a wealth of information from
well controlled clinical trials. Human data are the most pertinent

Morpholino Oliogmers; Poly I:C: Polyriboinosinic- Polyribocytidylic
Acids; PSO: Phosphorothioate Oligonucleotides; PSO-2-OMe:
Phosphorothioate 2’0-methyl RNA; PSO-2-MOE: Phosphorothioate
2’0O-methoxyethyl RNA; RNA: Ribonucleic Acid; ROS: Reactive
Oxygen Species; TLR: Toll-Like Receptor; TNFa: Tumor Necrosis
Factor Alpha; ULN: Upper Limit of Normal

Introduction

Oligonucleotide drug development must be viewed through a
lens, which recognizes that humans are well equipped to recognize
both foreign and endogenous DNA/RNA in the circulation. This
protective recognition arises either as part of an innate, microbial
DNA immune response or in response to cellular danger signaled by
DNA Damage-Associated Molecular Patterns (DAMPs) [1,2]. Now
that synthetic analogues of DNA and RNA are being developed as
therapeutics for both acute and chronic treatment regimens, it is

information as, in some cases, the preclinical efficacy reports are
discordant with human eflicacy observations such as the case with
TKM-100802 which was highly effective in nonhuman primates
[3] but its use in patients from the recent Ebola outbreak were not
effective [4] and off-target effects including activation of inflammatory
cytokines were notable outcomes [5]. In addition, detailed summaries
are only recently publicly available for Ampligen, mipomersen,
drisapersen, and eteplirsen which provide comprehensive evaluation
of efficacy and safety from multiple human studies (Figure 1).

Oligomer Chemistries Evaluated in Human
Clinical Trials

Phosphodiester Deoxyribonucleotides (DNA)

Unmodified DNA is too unstable to be a useful oligonucleotide
therapeutic with the exception of highly structured Guanosine
quartets (G4). A completely unmodified deoxyribose oligomer with
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Figure 1: Oligomer Chemistry Structures.

Table 1: Oligomer related adverse events noted in clinical trials.

Chemistry Compound Dose (mg/kg) Route-Regimen Common Adverse Events

Fatigue 28.6%
Platelets 14.3%
Creatinine 65.7%
AST 62.9%
Flu-like symptoms 86%
Thrombocytopenia 3.1%
Phosphodiester RNA Ampligen ~5.7 i.v. 30 minute infusion twice weekly Creatinine 1.9%
SGPT 1.2%
Infusion reactions 31%
Flu-like symptoms
i.v. 2 hour infusion Thrombocytopenia 48%
Days 1 and 8 g21 days Neutropenia 23%
AST 11.5%
Fatigue 30%
Genesense Thrombocytopenia 17.5%
Phosphorothioate DNA (Oblimersen) 3 i.v. 5 day continuous infusion Creatinine 5%
ALT 5%
Infusion reactions 100%
Fatigue
Thrombocytopenia 7%
Renal abnormalities 60.9%
Liver enzymes (AST) 2.5%
Injection site reactions 78.7%
Anti-drug antibodies (ADA) 29%
Flu-like symptoms 30%
Renal abnormalities 9%
Liver enzymes (ALT) 18.4%
Injection Site Reactions 87.4%
Anti-drug antibodies (ADA) 71%
Neoplasms 3.2%
Flu-like symptoms 0%
Renal abnormalities 0%
Liver enzymes 0%
Injection site reactions 0%
Flu-like symptoms 0%
Renal abnormalities 0%
Liver enzymes 0%
Injection site reactions 0%

Phosphodiester DNA AS1411 40 i.v. infusion- Days 1-4

Phosphorothioate N3'-P5’ Imetelstat 9.4

Phosphorothioate 2’-O-methyl-RNA Drisapersen 6 Subcutaneous injection

Kynamro

Phosphorothioate 2'-MOE-RNA )
(Mipomersen)

3 Subcutaneous injection weekly

Phosphorodiamidate Morpholino Oligomers Eteplirsen 30 i.v. infusion weekly

PMOplus AVI-7288 12.5 i.v. infusion daily

random sequence is degraded in 3-7 minutes in serum while T30175,  unmodified Guanosine Rich Oligomer (GRO) 26-mer (5-TTT GGT
a G4 DNA, is not fully degraded in five hours [6] and AS1411, a  GGT GGT GGT TGT GGT GGT GGT GG-3’) that forms a stable G4
second G4 DNA oligomer, was not completely degraded in cell culture  structure. Mice bearing A549, non-small cell lung cancer cells were
media in five days [7]. GRO29A (also AGRO100 and AS1411) isan  administered 5, 10 and 40 mg/kg intravenous doses of AS1411 for five
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Table 2: Oligomer maximum tolerated dose summary.

Chemistry Sequence 5-3’ MTD (mg/kg) Reference
F/Eg\?g;\ Polvl:polyC12U 1.25 Tabernero et al., 2013
i yipoy 5.7 Ampligen briefing doc. 2012
Ampligen
gg?n_gg; d(TCT CCC AGC GTG CGC CAT) 3 Genesense Briefing Doc 2006
ISIS 3521 d(GTT CTC GCT GGT GAG TTT CA) 6 Villalona-Calero et al., 2004
1SIS 5132 d(TCC CGC CTG TGA CAT GCATT) 5 Tolcher et al., 2002
GT1-2040 d(GGC TAA ATC GCT CCA CCA AG) 5 Leighl et al., 2009
MG98 d(TCT ATT TGA GTC TGC CAT TT) 4.9 Plummer et al., 2009
TSSI(;?:;QA: GTG CTC ATG GTG CAC GGT CT 6 McHutchison et al., 2006
AEG35156 GC TGAGTC TCC ATATTG CC 3 Schimmer et al., 2009
: UCA AGG AAG AUG GCA UUU CU 6 Goemans et al., 2011
Drisapersen
:DSSIS;ZBI\B/I%I(E) TGTCATAT TCC TGG ATCCTT 14 Hong et al., 2011
0GX-427 GGG ACG CGG CGC TCG GTC AT 9.1 Kamada et al., 2007
Mipomersen GCCUC AGT CTG C"TT C™ GCACC 2.8 Mipomersen briefing doc 2012
ISIS 104838 GC"TGATTTAGAGAGAGGTC™C"C! 6 Sewell et al., 2002
PSO-N3-PS TAG GGT TAG ACA A 9.4 Thompson et al., 2013
Imetelstat
A\flﬁ?ZG ACGTTGAGGGGCATCGTCGC >1.5 Iversen et al., 2003
AVI-4557 CTGGGATGAGAGCCATCACT >7.5 Iversen et al., in preparation
. CTTACAGGCTCCAATAGTGGTCAGT >50 Mendell et al., 2013
Eteplirsen
K\'\/Alc;?llg; CGG T*TA GAA GAC *TCA*TCT TT >12 In preparation
AVI-7537 GCC*ATG GT*T TT*T TC'T C*AG G >12,5 Heald et al., 2014
AVI-7288 GAATATTAAC*AI*AC*TGAC *A*AGTC >12.5 Heald et al., 2015

consecutive days and reduced tumor growth was observed at 10 and
40 mg/kg. No significant preclinical toxicity was observed with single
IV doses of 100 mg/kg in rats and in dogs after 4 days of continuous
infusion of 10 mg/kg/day [8]. GRO29A was discovered in 1997,
nucleolin was identified as the target in 1998, in vivo efficacy studies
were reported in 1999, hit to lead optimization leading to AS1411 in
2000, preclinical toxicology studies were completed by the end 0f 2002,
phase I trials were conducted in 2003 and 2005, and phase II studies
began in 2007 and 2008 [9]. A phase II study in 35 patients with renal
cell carcinoma that had failed at least 1 tyrosine kinase inhibitor were
administered AS1411 at 40 mg/kg/day by continuous intravenous
infusion on days 1-4 of a 28 day cycle for two cycles [10]. AS1411
revealed limited activity in that 1/35 patients (2.9%) were observed
with a durable response. Adverse events are summarized in (Table 1)
included fatigue (22.9% grade 1, 5.7% grade 2) and anemia (8.6 grade
2,2.9% grade 3). Abnormal laboratory findings included lymphocytes
(65% grades 1-4), platelets (14.3% grade 1-2 only), creatinine (65.7%
grade 1-2), AST (62.9% grade 1-2), gamma GT (40% grades 1-3), and
ALT (20% grade 1-2). Advanced development of AS1411 for cancer is
likely to be replaced by enhanced delivery strategies [11], conjugation
with doxorubicin [12] or evaluation in HIV-1 patients [13].

Phosphodiester Ribonucleotides (RNA)
Polyriboinosinic-polyribocytidylic acids (Poly I. C)
recognized for their therapeutic potential to induce interferon in
1967 [14]. Optimization of this double-stranded RNA structure
for interferon induction involved insertion of a mispairing uridine
[15] in Poly (I): Poly (C12U) now called Ampligen. Thirteen healthy
volunteers between 20 and 46 years old were administered 200 mg
(80mL) and 600 mg (400 mL) by slow intravenous infusion. No
immunological parameters were different from placebo at the 200 mg
dose and only neopterin was different (p = 0.06) at the 600 mg dose
[16]. High neopterin levels are associated with production of reactive

were

oxygen species (ROS) and an active inflammatory response [17]. The
AEs included fatigue (38% 5/13), flu-like symptoms (38% 5/13), and
infusion reactions (30.8% 4/13). An Ampligen NDA was submitted to
the FDA in 2007 and accepted for review in 2008 but in November of
2009 the Complete Response Letter did not approve the application.
An NDA for studies with 400 mg dose administered twice weekly by
30 minute intravenous infusion was then submitted to the FDA in
June of 2012 addressing concerns from the earlier review. The list of
adverse eventsare summarized in (Table 1) included infusion reactions
(31%), liver function abnormalities (primarily SGPT 3x ULN; 1.2%),
leukopenia (1.9%), flu-like symptoms (86%), thrombocytopenia
(3.1%), elevated creatinine (1.9%) and development of autoimmune
disease (0.27%).

The concern that Ampligen might contribute to autoimmune
disease characterized by immune responses to RNA has been
uniquely addressed. Ampligen does not induce TNFaq, a key cytokine
observed in autoimmune responses, in contrast to poly IC and related
RNA compounds [18] which appears to be due to a specific lack of
interaction with cytoplasmic MDA5 [19]. Ampligen binding TRL-3
leads to signal transduction through TRIF and not MyD88 as do other
RNA sensors which lead to production of TNFa [20]. Remarkable
differences between species in the maximum tolerated doses of
Ampligen (rintatolimod) have been observed with rabbits MTD
of 1.25 mg/kg, dog and rat MTD of 12.5 mg/kg, and cynomologus
monkey MTD of 100 mg/kg [21]. The MTD for an unrelated RNA
oligomer therapeutic was 1.25 indicated in (Table 2) (Figure 2) [22].

N3’-P5’ thio-phosphoramidate oligonucleotides (pn DNA)

The N3’>P5 oligomer chemistry was initially reported as
telomerase inhibitors capable of inducing premature cell senescence
in HMES50-5E cells at 500 nM [23] and then refined as allosteric
inhibitors of hTR (GRN137159) with an IC50 of 0.5 nM [24]. A
development candidate, GRN163 (5-TAGGGTTAGACAA-3’), with
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Figure 2: Maximum Tolerated Dose. Data from multiple oligomers with
similar chemistries but unrelated sequences are provided as individual points.
Bars represent the mean of the chemistry group and the error bars indicate
the standard deviation for each oligomer chemistry group.

IC50 of 0.045 nM was identified that not only inhibited telomerase
but induced tumor cell apoptosis [25]. Addition of a palmate lipid
to the 5’-end of GRN163 (GRN163L) led to 7-fold greater potency in
several cell lines [26]. In vivo activity in an A549 lung cancer mouse
model was demonstrated with 5 to 15 mg/kg GRN163L administered
intraperitoneally every 3 days for 3 weeks [27]. A phase I clinical
trial revealed partial responses in osteosarcoma and Ewing sarcoma
accompanied by dose limiting thrombocytopenia and neutropenia at
doses of 7.7 to 9.4 mg/kg administered intravenously [28]. Further
observations in a phase II study in patients with non-small-cell-
lung cancer at 9.4 mg/kg by intravenous infusion on days 1 and 8
of a 21-day cycle revealed thrombocytopenia and neutropenia but
no significant improvement in progression free survival or overall
survival [29].

Phosphorothioate Deoxyribonucleotides (PSO)

BCL2 (B-cell leukemia-lymphoma gene 2) is linked to neoplasia
by enhancing cell survival through inhibition of apoptosis. An 18
base phosphorothioate deoxyribonucleotide, G3139, targeting Bcl-2
was initially reported to induce apoptosis in a human leukemia cell
line [30]. In vivo efficacy was demonstrated in human melanoma
mouse model [31] and in a mouse lymphoma xenograft model
using a 2-week infusion to produce complete tumor regression in 83
percent of the mice [32]. An NDA for Genesense plus dacarbazine
in patients with advanced metastatic melanoma was submitted to
the FDA in 2003 and reviewed in 2004 [33]. The ODAC did not
recommend approval based on limitation of the 7-month patient
follow-up leading to resubmission in 2005 with 24-month follow-
up. A 5 to 7-day continuous infusion of 3-7 mg/kg/day in 40 patients
in a phase I study and 26 patients at the MTD of 3 mg/kg/day in a
phase II study led to fever (32.5%), fatigue (30%), hypotension (20%)
and anemia, thrombocytopenia, and night sweats (17.5%). Catheter
related events were observed in the pivotal studies which included 18
patients with pain, bruising, redness, 11 patients developed infections
at the catheter site, and 2 patients were reported with thrombolytic
events at the catheter. Other findings included elevated ALT (5%)
and creatinine (5%). MTD for unrelated oligomers made of similar
chemistry ranged from 3 to 6 mg/kg (Table 2) [34-37].

Phosphorothioate 2'-O-methyl-RNA (PSO-2-OMe)
Gene deletions in the X-linked dystrophin gene that disrupt the

translation reading frame result in Duchenne Muscular Dystrophy.
An NDA for Drisapersen (a 20 base 2’-O-methyl phosphorothiaote),
was very recently submitted to the FDA for the induction of exon
skipping of exon 51 of the dystrophin pre-mRNA. Preclinical efficacy
of the 2’-O-methyl phosphorothioate RNA provided encouraging
results in the mdx mouse model [38] (Heemskrek et al., 2010). A
phase I/II study involved weekly abdominal subcutaneous injections
of drisapersen (0.5, 2.0, 4.0, and 6.0 mg/kg dose levels) for 5 weeks
in 12 patients revealed injection site reactions (75%), proteinuria
(100%), but no thrombocytopenia or elevated liver enzymes [39]. A
clinical safety database from 9 clinical trials from 326 patients with
DMD, 312 patients that received at least 1 dose, and 302 patients
that were treated in repeat dose studies of 6 mg/kg administered
subcutaneously was summarized in the FDA briefing document
[40]. Adverse events included thrombocytopenia (7%), renal
abnormalities (60.9%), and injection site reactions (78.7%). Renal
abnormalities included proteinuria, urine protein/creatinine ratio,
and membranous glomerulonephritis associated with complement
Clq accumulation. Less common AEs involved elevations in liver
enzymes including gamma-GT (2.5%), AST (2.5%), and alopecia.
Permanent discontinuation of treatment was observed in 4.5% of the
repeat dose treated patients. Anti-Drisapersen Antibodies (ADA) was
observed in 32 of 109 patients evaluated (29.4%) during 48 weeks of
treatment. Five patients with severe thrombocytopenia were tested
for anti-platelet antibodies, four were positive (80%) in > 1 time
point. The MTD for oligomers with similar chemistry but unrelated
sequences range from 3-6 mg/kg. (Table 2) [41,42].

Phosphorothioate 2'-methoxyethyl-RNA (PSO-MOE)

Mipomersen is a 20 base phosphorothioate 2’-methoxyethyl RNA
5-10-5 gapmer motif targeting expression of apoB-100 to lower LDL-C
in individuals with Homozygous Familial Hypercholesterolemia
(HoFH). Mipomersen was approved by the FDA but failed to gain
approval in Europe (EMEA) because of the high discontinuation rate.
Pooled phase III trials found 55% (77/141) discontinued treatment
primarily due to adverse events [43]. Safety evaluations identified:
(i) Injection Site Reactions (ISR) was reported in 87.4% (228/261)
of mipomersen-treated individuals and in pooled phase 3 trials, 28%
(13/47) discontinued because of ISR. (ii) Flu-Like Symptoms (FLS)
were observed within 2 days of treatment and were reported by 30%
of mipomersen-treated individuals with 15% discontinued because
of FLS. (iii) Inflammatory and immunological issues which include
high sensitivity C-Reactive Protein (hsCRP), complement activation
(Bb and Cb5a), inflammatory markers (IL-1p, IL-6, IL-13, IFN-q,
IFN-B, MCP-1, and MIP-la. Anti-Mipomersen Antibodies (ADA)
was observed in 71% (102/142) mipomersen-treated individuals
evaluated. The appearance of antibodies increased from 4% at 13
weeks to 33% by week 50 and ultimately reached 71% thus a slow
time to development of ADA. (iv) Renal issues including proteinuria
was observed in 9% (23/256) mipomersen treated individuals. (v)
Hepatic enzymes were increased including AST 15.6% (22/141)
and ALT 18.4% (26/141) in mipomersen-treated individuals, peak
elevation was observed after 26 weeks of treatment. (vi) Neoplasms
were observed in preclinical carcinogenicity studies in mice in
which significant increases in hepatocellular adenoma at 60 mg/
kg/week and in rats in which malignant fibrous histiocytoma and
malignant fibrosarcoma at 10 mg/kg/week. There were neoplasms in
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3.2% (24/749) mipomersen-treated individuals versus 0.9% (2/221)
neoplasms in the placebo individuals. The MTD for oligomers with
similar chemistry but unrelated sequences range from 6-14 mg/kg
(Table 2) [44-46].

Efficacy was observed in the primary endpoint, decreases in
LDL-C from baseline, of 21.4% (p<0.001) in the 34 patient ISIS
301012-CS5, 48.4% (p<0.001) in the 39 patient MIPO3500108, 33.2%
(p<0.001) in the 83 patient ISIS 301012-CS7, and 32.4% (p<0.001) in
the 105 patient ISIS 301012-CS12.

Phosphorodiamidate Morpholino Oligomers (PMO)

PMO chemistry and early clinical activity has been reviewed
[47,48]. Initial clinical studies suggested PMOs were well tolerated
[49]. Eteplirsen is currently under development by Sarepta
Theraeputics for the treatment of DMD with genetic mutations
correctable by skipping exon 51. Preclinical evaluation of eteplirsen
at maximum feasible doses of 320 mg/kg once weekly for 12 weeks
by either i.v. or s.c. administration in cynomolgus monkeys resulted
in no drug-related effects [50,51]. In a phase II study in young boys
with DMD and mutations correctable by skipping exon 51 etepliresen
were given by weekly i.v. infusions of placebo, 30 or 50 mg/kg/wk
eteplirsen for 24 weeks, and placebo group could switch to 30 or
50 mg/kg/wk etepliersen for 24 weeks of open-label treatment [52].
Muscle biopsies revealed 23% positive dystrophin fibers in the 30
mg/kg/wk group compared to zero in the placebo group at 24 weeks
(p<0.002). Further, a 67.3 meter benefit was observed in ambulation-
evaluable treated patients compared to placebo patients (p<0.001).
No severe adverse events were encountered, and no injection site
reactions were observed.

AVI-7288 and AVI-7537 are under development at Sarepta for
the treatment of Marburg and Ebola virus infections. The program
involved integration of a limited number of modifications to the
phosphorodiamidate backbone to create the PMO plus oligomer
chemistry [53]. AVI-7288 targets the translation initiation site for the
virally encoded NP protein, and daily i.v. administration of 15 mg/kg
has produced 100% survival in a Marburg Musoke lethal challenge
model in cynomolgus monkeys. Dose-escalation studies in healthy
volunteers have been conducted for four PMOplus agents [54] and
repeat dose studies have recently been reported for AVI-7288 [55].

Conclusion

The purpose in comparing therapeutic oligonucleotides composed
of different chemistries is to identify chemical elements that may
be responsible for adverse events in human clinical trials. Adverse
events in common to multiple oligomer chemistries include Flu-
Like Symptoms (FLS), thrombocytopenia, Injection Site Reactions
(ISR), kidney abnormalities, and liver enzyme elevations. These
adverse events are easily identified in clinical settings which provides
for prudent therapeutic management including discontinuation
of treatment. However, the time delay in Anti-Drug Antibodies
(ADA) presents a greater challenge in interpretation of the medical
significance of ADA and the as yet unidentified accompanying T-cell
responses.

Actions on coagulation and platelets

Clinical  observations of individuals treated  with
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Figure 3: Oligomer Induced Coagulopathy. Human blood coagulation times
were measured in the presence (400 ug/mL) or absence (0 ug/mL) of three
oligomers, 2 PMOs and 1 PSO. Panel A indicates partial thrombin time in
seconds and panel B indicates partial thrombin time in seconds.

phosphorothioates reveal a prolongation in clotting time and
thrombocytopenia. Nucleotide-based aptamer anticoagulants are
well known independent of phosphorothioate chemistry [56-59].
Sequence-specific phosphorothioate anticoagulants have been
described [60] and at least two 2’-O-methoxyethyl oligomers are in
clinical trial. However, sequence non-specific effects indicate that as
little as two phosphorothioate linkages are sufficient to significantly
Prolong Partial Thromboplastin times (aPTT) [61]. The G-quartet
appears to be a potent inhibitor of aPTT relative to monomeric
phosphorothioate structures [62]. Phosphorothioates containing
2’-modifications retain anticoagulant properties but are perhaps less
potent than unmodified sugars [63-65]. The biochemical mechanism
for inhibition of coagulation involves binding to thrombin thus
preventing fibrinogen binding and inhibition of the tenase complex
prior to Factor Va involvement [66,67]. The anticoagulant properties
of phosphorothioates may exclude their therapeutic use for
hemorrhagic viral infections and was a key dose-limiting toxicity
for Imetelstat [28]. Neither PMO nor PSO-MOE chemistries are
associated with prolongation in clotting time, thrombocytopenia, or
complement activation directing attention to the role of the heavily
modified sugars in evading these adverse events (Figure 1). PMO
do not interfere with PT or aPTT (Figure 3) suggesting limited
interaction with thrombin or the tenase complex.

Immune stimulation

The CpG motif is highly effective in production of hybridization-
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Figure 4: Reactive Oxygen Induced by Oligomers. Oligomers were added to V79 cells in culture at a concentration of 5 uM. Panel A is the measure of lipid
peroxidation determined by flow cytometry presenting the mean fluorescence intensity for the population of cells examined. Panel B is the measure of 8-oxo-
guanosine adducts per million V79 cells by ELISA with an antibody to 8-oxo-G. Panel C is the measure of colonies per million cells grown in the presence of
6-thioguanine, a measure of mutations in Hypoxanthine Phosphoribosyl Transferase (hprt) following exposure of V79 cells to 5 uM oligonucleotide indicated.

independent immune responses but virtually all phosphorothioate
oligonucleotides are active [68,69]. The immune stimulation is
the result of direct cellular activation leading to hyperplasia in the
spleen and lymph nodes accompanied by production of IL-6, IL-
12, and interferon y [70]. Oligomer induced immune responses are
complex as a C-rich oligomer, MT01- ACCCCCTCT, can prevent
CpG immune stimulation [71]. The nucleic acid induced immune
response in humans involves but is not limited to fatigue, chills, and
flu-like symptoms as has been observed for AS1411, poly (I:C12U),
oblimersen, imetelstat, drisapersen, and mipomersen but not
eteplirsen (Table 1) (Figure 2). A marker of the cellular activation in
macrophages is neopterin, a guanine metabolite observed following
administration of poly (I:C12U). High neopterin levels are associated
with production of Reactive Oxygen Species (ROS) and an active
inflammatory response [16]. The cellular response generating ROS
was also observed for phosphorothioate oligonucleotides [72, 73].
ROS can form 8-0x0-G adducts in DNA, RNA and it is also possible
in a therapeutic oligonucleotide [74]. The consequences of 8-oxo0-G
range from a potent activation of a DNA damage sensing pathway
with subsequent immune response [75] to mutagenesis [76]. The
enhanced stability and longer tissue residence time for drisapersen
and mipomersen may predispose oligonucleotides with these
chemistries to production of ADA. Investigations with PMO reveal
minimal production of ROS, no resulting production of 8-oxo-G,
and no immune stimulation (Figure 4). Further, unlike the negatively
charged oligomer chemistries, eteplirsen has not produced IJR and
FLS. These observations would appear to establish a link between
therapeutic oligonucleotide induction of ROS and the frequent
observations of injection site reactions and flu-like symptoms. A more
speculative link would include production of anti-DNA antibodies
and neoplasia.
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