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DAAD19-01-1-0379 Final Progress Report (3/7/01-5/31/05)
David G. Gorenstein, PI, UTMB

Statement of the Problem Arenavirus hemorrhagic fevers are fulminant human diseases of potential bioterrorism
concern. Hemorrhagic fever viruses (category A bioweapon agents) have reportedly been weaponized by the fanner
Soviet Union and the United States. Apart from supportive therapy, the only drug for treating arenavirus infections is
ribavirin and it is only partially effective. Obviously, there continues to be an urgent need to expand the current
therapeutic annamentarium. The pathogenic mechanism of arenaviruses is believed to involve dysregulation of cytokines
and failure of innate immune mechanisms. Transcription factors of the NF-KB and AP-l families are intimately involved
in the regulation of a variety of immune and inflammatory responses. With DARPA funding we have developed new
thioaptamer-based therapeutics to modulate pathogen-induced inflammatory responses. In particular we have identified
key transcription factors (e.g., NF-KB and AP-l) challenged with selected biothreat (BT) agents. We have developed
several decoy phosphorodithioate oligodeoxynucleotides (5r ODN) representing binding sites for specific transcription
factors that can compete for protein binding to the authentic binding elements in cellular DNA. 51-ODN are excellent
candidates for aptamer or decoy strategies for modifying cell signaling and transcription. Additional advantages of
thioaptamers include high affinity and specificity for protein targets, indefinite shelf life, low cost of production, and high
reproducibility in quality control. We hypothesized and demonstrated that appropriate modulation of transcription factor
activity within target cells of an arenavirus as well as flavivirus infected host using decoy 51-ODNs ameliorate disease
manifestations. Several first-generation thioaptamer leads have been identified and shown in preliminary animal
therapeutic dosing to increase survival in animal models of infection with the flavivirus West Nile and the arenavirus
Pichinde. We have also developed novel combinatorial methods to optimize these lead thioaptamers and develop second­
generation phosphorothioate (S-ODN) and phosphorodithioate (S1-00N) oligonucleotide "thioaptamers" targeted towards
transcription factors, AP-l and NF-KB. Specific initial arenaviral targets include Pichinde, Lassa and Junin viruses (the
latter on both the N1H and CDC class A lists).

Our goal over the next several years (post-DARPA) is to complete an INn for an optimal therapeutic
thioaptamer(s) for Lassa and Junin arenaviruses.

Summary of Results

Figure I. Schematic repreSt:ntation for immune responses post
infection. Target A represents immune response clearing virus
with patient survival. Target B represents cytopathogenic
immune response resulting in shock.
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Viral induced changes of cellular transcription factors such as
RBP-h: and NF-KB that we first described (Fennewald et 01.,
2002; references in bold, supported by DARPA) as well as
changes in CREB, AP-l and interferon (lFN) response factors
(unpublished results) are likely to contribute to pathogenesis and
the failure of IFN to control the virus. Available data thus
suggest that suppression of pro-inflammatory responses early in
infection allows for unchecked viral replication, and leads to
secondary upregulation of pro-inflammatory cytokines late in
infection. Therefore, manipulation of cytokine responses could
be beneficial at two levels; early boosting of protective
inflammatory responses (target A) and/or late suppression of
pathogenic systemic inflammatory response (target B, Figure I).

Our collaborative OARPA team has been working to develop
thioaptamer countenneasures against BT agents including arenaviruses and flaviviruses.

ODN Agentf: thioaptamers RNA and DNA oligonucleotides (OONs) can act as «aptamers," (i.e., as direct in vivo
inhibitors selected from combinatorial libraries) for a number of proteins and transcription factors such as human NF-KB
(King et a!., 2002; Bassett et a!., 2002). Among a large variety of modifications, S-ODN and 52-ODN render the agents
more nuclease resistant. The first antisense therapeutic drug uses a modified S-ODN (elBA Vision, A Novartis
Company). The S2-00Ns also show significant promise, however, the effect of substitution of more nuclease-resistant
thiophosphates cannot be predicted, since the sulfur substitution can lead to significantly decreased (or increased) binding
to a specifio protein (King et al., 2002) as well as structural perturbations (Volk et at, 2002) and thus it is not possible to
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predict the effect of backbone substitution on a combinatorially selected thioaptamer. Thus, if at all possible, selection
should be carried out simultaneously for phosphate ester backbone substitution as well as the base sequence.

Pltospltoroditltioate analogues Gorenstein's and Caruthers' laboratories independently synthesized an important class of
sulfur-eontaining oligonucleotides, the dithiophosphate S2-0DNs. In fact, ours was the first patent awarded for this class
of agent (U.S. Patent 5,218,088, 1993; see also Gorenstein, et al., U.S. Patent, #6,423.493. 2002 and Patents Pending,
2002, 2003a,b,c,d) The dithioates contain an internucleotide phosphodiester group with sulfur substituted for both
non linking phosphoryl oxygens, so they are both isosteric and isopolar with the nonnal phosphodiester link, and are also
highly nuclease resistant.

Tltiopltospllate thioaptamers binding to proteins Importantly, it has been noted that sulfur substitutions of the phosphoryl
oxygens of oligonucleotides often leads to their enhanced binding to numerous proteins (Yang et at, 2002; King et al.
2002). Oligonucleotides with high monothio- or dithiophosphate backbone substitutions thus appear to be "stickier"
towards proteins than nonnal phosphate esters, an effect often attributed to "non-specific interactions." However, as we
have suggested, one explanation for the higher affinity of the thiosubstituted DNAs is the poor cation coordination of the
polyanionic backbone (Volk et al., 2002).

Even in specific protein-nucleic acid contacts, sulfurization of the internucleotide linkages can lead to enhanced binding
(King et al. 2002). However, the "thioate-effect" can also lead to decreased binding as well, and it is not possible to
predict whether there will be an increase or decrease in binding.) We can take advantage of this "stickiness" to enhance
the specificity and affinity ofthio- and dithiophosphate agents for a protein target. However, we need to optimize the total
number of thioated phosphates to decrease non-specific binding to non-target proteins, and enhance only the specific
favorable interactions with the target protein. With DARPA funding we have developed two technologies for selecting
these thioaptamers.
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Figure 2. CompeUUon assay for binding CK·1
specific for NF-ICB 42-mer aptamers. In standard
competitive binding assays, »p .lgkB promoter
element OON duplex ." Incubated with
recombinant ,5. ., 065 ". competitor
oligonucleotide (Left: phosphodiester CK-1; Right:
phosphorothloate CK-1). The reactions were then
run on a nondenaturing polyacrylamide gel, and the
amount of radioactivity bound to protein and shifted
in the gel was quant.aled by direct counting.

In our recent publications (King et aI., 2002; Yang et al., 2002a,b,
2003), and patent awards and applications (Gorenstein. et aI., U.S.
Patent, #6,423,493, 2002 #6,867,289, 2005. and Patents Pending,
2002, 2003a,b,c,d) we described the combinatorial selection of
phosphorothioate oligonucleotide aptamers from random or high­
sequence-diversity libraries, based on tight binding to the target (e.g. a
protein or nucleic acid) of interest. A hybrid monothiophosphate
backbone combinatorial library was created by PeR, using an
appropriate dNTP(aS) in the Taq polymerization step. We have
demonstrated that combinatorial thiophosphate duplex and single·
stranded (ss) libraries can be successfully screened for binding to a
number of different protein and nucleic acid targets, including NF-IL6,
NF-ICB, HIV reverse transcriptase, Venezuelan Equine Encephalitis
nucleocapsid (using an RNA thioaptamer), HepC IRES nucleic acid,
Flavivirus envelope protein domain 1lJ, TGF-13 and others, including a
protein involved in CpG-induced "innate immunity".

In Vitro Combinatorial Selection of TlliopllOspllate Aptamers A recent advance in combinatorial chemistry has been the
ability to construct and screen large random sequence nucleic acid libraries for affinity to proteins or other targets. The
aptamer nucleic acid libraries are usually selected by incubating the target (protein, nucleic acid or small molecule) with
the library and then separating the non-binding species from the bound. The bound fractions are then amplified using the
polymerase chain reaction (PeR) and subsequently reincubated with the target in a second round of screening. These
iterations are repeated until the library is enhanced for sequences with
high affinity for the target. However, agents selected from combinatorial
RNA and DNA libraries have previously always had nonnal phosphate
ester backbones, and so would generally be unsuitable as drugs or
diagnostics agents that are exposed to serum or cell supernatants because
of their nuclease susceptibility. The effect of substitution of nuclease­
resistant thiophosphates cannot be predicted, since the sulfur substitution
can lead to significantly decreased (or increased) binding to a specific
protein.
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