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Introduction

Numerous nucleic acid ligands, aso termed decoys or aptamer, have been devel oped during
the past 20 years that can bind to and inhibit the activity of many proteins. The concept that
nucleic acid ligands could modulate the activity of proteins emerged from basic science
studies of viruses and early work in the field of gene therapy. In the 1980s, research on HIV
and adenovirus discovered that these viruses encode a number of small structured RNAs that
bind to viral or cellular proteins with high affinity and specificity. For example the human
immunodeficiency virus has evolved a short, structured RNA ligand the HIV TAR element
that bindsto the viral protein tat as well asthe cellular protein cyclin T1 to control viral gene
expression and replication. Similarly adenovirus has evolved a short structured RNA
aptamer, termed VA-RNA, to inhibit interferon induced PKR activity and thus block one of
the mammalian cell’ s antiviral strategies (O'Malley ef 4., 1986; Burgert et &, 2002). The
observation that viruses utilize RNA ligands for their ends suggested to those working in the
field of gene therapy in the late 1980s that RNA ligands might also be useful for therapeutic
ends.

Thefirst study performed to determine if an RNA aptamer could be utilized to inhibit the
activity of a pathogenic protein was published in 1990. This groundbreaking work
demonstrated that the TAR aptamer evolved by HIV to recruit viral and cellular proteinsto
viral transcripts could be turned against the virus to inhibit HIV replication (Sullenger et &.,
1990). CD4+ T-Ceélls containing the TAR aptamer were shown to be highly resistant to viral
replication and cytotoxicity (Sullenger ef &., 1990). Thus these studies demonstrated for the
first time that RNA ligands could be utilized as therapeutic agentsto directly bind and
inhibit the activity of clinically relevant proteins. This approach to HIV gene therapy is till
being explored today by Rossi and colleagues (Li et &., 2005; Anderson et &l., 2007).

In the same year as the discovery that RNA ligands represent a new class of therapeutic
agent, Tuerk and Gold (Tuerk and Gold, 1990) and Ellington and Szostak (Ellington and
Szostak, 1990) demonstrated that large libraries of RNAs could be screened in vitro for
RNA ligands that bind T4 DNA polymerase and a variety of organic dye respectively. This
in vitro selection process, was termed SELEX (systematic evolution of ligands by
exponential enrichment) by Tuerk and Gold (Tuerk and Gold, 1990) and the resulting RNA
ligands were given the name aptamers by Ellington and Szostak (Ellington and Szostak,
1990). This approach has been widely used during the past two decades to generate RNA
ligands to many proteins (Reviewed in Nimjee et &., 2005).

The focus on thisreview is on aptamers relevant for the treatment of cancer, particularly
aptamers targeting proteins that could be relevant to tumor immunotherapy. Tumor cells
vary from healthy cells quantitatively and qualitatively in their protein repertoire. These
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cellsdiffer qualitatively dueto their inherent genetic instability, which is brought about by
defectsin cell cycle or factors involved in replication of genetic information. This lack of
control leads to the expression of avariety of defective cell products and protein mutations
in their amino acid sequence. One such example is the receptor tyrosine kinase (RTK) RET.
A point mutation (C634Y) has been shown to produce a constitutively active form of the
receptor and has been implicated in the development multiple endocrine neoplasia (MEN)
type 2A and 2B syndromes and familial medullary thyroid carcinoma (Pestourie ef &.,
2006). Aptamers to these targets have been developed through SELEX targeting purified
protein constructs as well as cells expressing the protein target (Cerchia ef &, 2005;
Pestourie et a., 2006). Though these aptamers were shown to bind and inhibit the function
of RET C634Y, and revert morphological changesin the morphology of fibroblast
(NIH3T3) transfected with the mutant receptor, the compound’ s /n vivofunction remains to
be determined.

Aside from the differences in quality, the quantity of protein expressed can also differ vastly
in cancerous cells: expression can be upregulated or de novoinduced. Together with
qualitatively different proteins, these overexpressed proteins are referred to as tumor
markers. These proteins can be used to detect the presence of canceroustissue, directly
affect tumor progression through manipulation of tumor marker function, or deliver
therapeutic agents to the tumor. Therefore, many aptamers have been developed that target
tumor markers. These include aptamers targeting MUC-1 (CD227) (Ferreira et &., 2006),
prostate specific membrane antigen (PSMA) (Lupold &f &/, 2002), human epidermal growth
factor receptor-3 (HER3) (Chen et &., 2003), and tenascin— (Hicke ef &., 2001; Daniels ef
al., 2003), liver carcinoma cells (Shangguan ef &., 2008b), and protein tyrosine kinase 7
(PTK7) (Shangguan ef &., 2008a) (Table 1). Most of these aptamers have or will be used for
the detection of cancerous cells (PSMA, MUC-1, tenascin—c, PTK7, liver carcinoma) (Chu
et al., 2006b; Ferreira er a/., 2006; Hicke et a., 2006; Borbas et &/., 2007; Smith ef &, 2007,
Shangguan ef &/., 2008a; Shangguan et &., 2008b), or as more recently as targeting moiety
for the tumor specific delivery of other therapeutic agents including radioisotopes (PSMA)
(Farokhzad er al., 2006; Borbas et 4., 2007), toxins (PSMA) (Chu et &/., 2006a), or S RNA
(PSMA) (Chu et &., 2006¢c; McNamara et &'., 2006).

To evaluate the potential usefulness of other receptor-targeting aptamers (such as MUC-1)
for the delivery of intracellularly acting therapeutics (such as SRNAS), each receptor will
have to be individually validated, as there are vast differencesin mechanism for receptor
internalization. Internalization may be a function of receptor turnover or could also be
activation dependent. This can potentially result in large differences in receptor-mediated
uptake efficiency, that will affect the amount of intracellular therapeutic delivered. An
additional layer of complexity is added, as the therapeutically necessary amount of
intracellularly acting compound to be delivered may differ widely. Only one of the tumor
marker specific aptamers above mentioned has been demonstrated to have antagonistic
activity (HER3) (Chen et a., 2003). This aptamer inhibits the growth of breast carcinoma
cell line MCF 7. Unfortunately, its therapeutic potential islimited by its susceptibility to
nuclease degradation asit is composed of natural RNA.

Aptamers for the modulation of immune responses

Cancer immunotherapy is based on the observation that tumor cells vary from healthy cells
guantitatively and qualitatively in their protein (and potential antigen) repertoire. Cells of the
immune system can in principle recognize unique tumor markers as antigen and they are
therefore often referred to as tumor-associated antigen. In an ideal scenario, the generated
response would be sufficient to destroy the tumor and indeed thisis sometimes the case in
the very early stages of tumor onset. Unfortunately, the strength of this type of responseis
usually weak and worse yet, tumors develop mechanisms over time that lead to evasion of
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immune recognition. These mechanisms include the expression of inhibitory ligandsto
induce down-regulation of immune function through negative co-stimulation (Dong et &.,
2002; Chen, 2004).

The modulation and particularly the enhancement of tumor immune responsesis of great
therapeutic interest in the context of tumor immunotherapy. One approach has the potential
to block undesired immune down-regulation to enhance therapeutic efficacy; another isto
engage stimulatory signals. Antibodies, immunological receptors, cytokines, and
chemokines have been targeted primarily through the development of antibodies or soluble
version of receptor ligands or recombinant cytokines. Thus far, only few aptamers has been
developed targeting immune modulatory proteins. Most of these were developed to inhibit
immune responses and intended for application for the treatment of autoimmune diseases
rather than the treatment of cancer by enhancing anti-tumor immune responses.

The first immunological molecules for which aptamers were isolated were antibodies (Table
2). Early work by Tsai, et a. targeted polyclonal antibodies raised in rabbits against a
peptide portion of the bacteriophage T7 gene 10 protein (g10) (Tsai ef &., 1992). Though the
antibodies naturally interacted with g10, the isolated RNA antibodies were able to compete
for antibody binding. Similarly, the approach was also extended to sera obtained from
patients with the autoimmune disease systemic lupus erythematosus (SLE) (Tsai and Keene,
1993). This study isolated aptamers that contained a motif found in the U1 small nuclear
RNA and was able to compete for autoantibody binding to U1 contained in the patient
serum. These experiments were among the first to demonstrate the capacity of SELEX to
isolate RNAs to non-nucleotide binding proteins and the first targeting immunological
molecules. Additional studies published by Doudna, et a. (Doudna et &., 1995) aswell as
Lee, et. al. (Lee and Sullenger, 1996) isolated aptamers to monoclonal antibodies, including
an antibody specific to the human insulin receptor, which binds to a major immunogenetic
epitope. The generated aptamers block the interaction of the antibody with the insulin
receptor and ameliorate the generated autoimmune response. SELEX against a monaoclonal
myasthenic antibody also generated a decoy, capable of blocking the interaction between the
antibody antigen, the human acetylcholine receptor, and the antibody (Lee and Sullenger,
1997; Hwang and L ee, 2002). This example concludes the list of aptamers targeting the
antigen binding sites of antibodies. An aptamer developed against human IgE, however, was
intended to block the interaction of the antibody to its receptor, Fce Receptor |, rather than
its antigen. The aptamer blocks the pathologic interaction of overexpressed IgE with the
receptor /n vitro, asisthe case in alergic diseases such as alergies and asthma (Wiegand et
al., 1996). Furthermore, this aptamer has been used as detection probes in atomic force
microscopy (AFM) detection studies of IgE (Lin ef &., 2006) as well asin microarrays (Cho
et a., 2006).

Cytokines and chemokines are proteins that affect the growth, proliferation and function of
immune effector cells of the innate and adaptive immune system. They play avital rolein
the regulation of the magnitude and duration of immune responses. This class of proteins
can function either in an agonistic or antagonistic manner.

IFNYy isamember of the interferon family of cytokines. Thisimmune stimulatory cytokine
is secreted by activated lymphocytes, dendritic cells, and NK cells. Its function includes the
enhancement of immune cell activity leading to increased anti-tumor responses. The
presence of IFN-y can therefore be beneficial for the trestment of tumors (Ikeda et &'., 2002).
However, it has also been involved in the development of autoimmune diseases (Kubik ef
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al., 1997). An aptamer developed to human IFN-y blocks binding of the cytokineto its
receptor and could potentially be used for the treatment of inflammatory diseases (Kubik ef
a., 1997) (Table 3).

Oncostatin M is amember of the interleukin 6 cytokine family. Just as IFNvy, this cytokine
also has proinflammatory function and can therefore enhance tumor immune responses but
also aggravate autoimmune disease. The developed aptamer agonist has demonstrated the
ability to block oncostatin-M receptor binding and downstream signaling event /n vitro
(Rhodes et 4., 2000).

Transforming growth factor 1 and 2 (TGFp1 & TGFp2) can induce cell growth or
apoptosis and their inhibition has been shown to be useful for cancer therapy. Antagonistic
aptamers to both targets have been developed (McCauley et 4., 2006; Kang et al., 2008),
though their effect on in vivo tumor growth remains to be determined.

Chemokines are agents that can induce cellular chemotaxis and thereby act as
proinflammatory agents (Table 3). MCP-1 is an example of such a chemoattractant. An
aptamer agonist can block chemokine function and could reduce autoimmune responsesin a
therapeutic setting. Another aptamer targeting a chemokine CXCL-10 (Rhodes et &/., 2001)
was developed to elucidate the biological function CXCL-10 (Marro ef &., 2005). The
antagonistic aptamer can block CXCL 10 induced signaling, which may or may not be useful
in the treatment of cancer since studies have shown that CXCL-10 can take on juxtaposing
roles in cancer development asit can promote as well as diminish tumor growth.

Another chemokine, CCL 1 affects the migration of monocytes and lymphocytes and has
therefore potential to enhance autoimmunity as well as tumor immune responses. The
antagonistic aptamer developed could be used as atool to elucidate the chemokine's
function in disease progression and determine the therapeutic potential of this target (Marro
et a., 2006).

Adhesion molecules

Adhesion molecules are an integral part of tumorigenesisin that they allow for cellular
migration through cell-to-cell contact. This can facilitate the spread of cancers. Metastasis
development occurs if tumor cells adhere to distal tissues via adhesion molecules. Such
molecules include the vascular cell adhesion molecule-1 (VCAM-1) (Chauveau et &., 2007),
L-Selectin (Hicke ef &., 1996), P-Selectin (Jenison et &l., 1998), aswell asthelectin Sialyl
Lewis X (Jeong et &, 2001). Treatment with antagonists to these adhesion molecules could
therefore inhibit the development of metastasis. Aptamers specific to these targets have been
developed. The ability to block cellular adhesion in vitro has been demonstrated for the P-
selectin (Jenison et &., 1998) and Sialyl Lewis X aptamers (Jeong et &., 2001), whereas the
function of the L-Selectin aptamer has been validated /n vivo (Hicke et al., 1996) (Table 4).
The aptamer was capabl e of blocking human PBM C adhesion in axenogeneic murine
model. For cancer treatment, adhesion molecules are a double-edged sword: Though
adhesion molecules are involved in the spread of cancers through the formation of
metastasis, they also enhance extravasation of monocytes and macrophages into the tumor
milieu to inhibit tumor growth. This dual role is reflected in the fact that the expression of
selectinsin patients has been correlated with tumor-progression, even though local tumor
growth in selectin-deficient mice is enhanced (Borsig ef &., 2001; Borsig et &., 2002;
Borsig, 2004).
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Costimulatory receptors

Antigen stimulation is not the only component in T cell activation. T cells also express other
types of receptors, called costimulatory molecules that provide important secondary signals
to determine the outcome of antigen encounter. The importance of costimulatory signaling is
outlined in the “two-signal hypothesis’. According to the two-signal hypothesis, optimal T
cell activation requires not only the presence of antigen but also an additional signal in form
of costimulation (Sharpe and Freeman, 2002). As the name implies, this hypothesis states
that two signals are needed to activate T cell responses. Signal one involves the interaction
of the T cell receptor with a specific antigen presented via the major histocompatability
complex (MHC). The antigen dependent stimulation alone isinsufficient for activation, so
that the T cell becomes unresponsive or tolerant in the absence of a costimulatory signal.
However, in the presence of asignal through the costimulatory molecules on the surface of
the APC, T cells are activated.

Though this hypothesis emphasizes the importance of costimulation, itisrealy an
oversimplification of the T cell activation process since the strength of the primary signal
produced by antigen varies. Indeed, a“strong” (optimal) first signal through the interaction
of T cell receptor and MHC presented antigen is often sufficient to activate T cells. The
secondary signal becomes more important in the presence of “weaker” primary signals
(suboptimal) and is conveyed through receptors expressed on the surface of T cells.

In addition to positive costimulation, T lymphocytes and antigen presenting cells also
interact through coinhibitory interactions and are capable of downregulating the T cell
response. Positive signals are important for T lymphocyte activation, while negative signals
lead to inhibition of activated T lymphocytes. The presence of these two types of
costimulation regul ates the degree and duration of the immune response. Most costimulatory
receptors and ligands are members of the B7/CD28 superfamily and the tumor necrosis
factor receptor (TNFR) family.

One such member of the tumor necrosis factor receptor (TNFR) member is the receptor
activator of NFxB (RANK). Receptor signaling leads to osteoclast differentiation and is
implicated in the development of bone malignancies as well as enhancement of the
progression of rheumatoid arthritis (RA). An antagonistic agents therefore has the potential
to treat both diseases. Unfortunately, developed aptamers antagonist bound to other TNF
receptor family members that contained a common structural motif (Mori et &., 2004) - not
the binding ligand site of the receptor and therefore does not act as receptor antagonist.

The B7/CD28 superfamily of proteinsin named for its most prominent members B71/2 and
CD28. The interaction between two receptors, CTLA-4 and CD28, and their shared ligands
B7.1and B7.2 is particularly well characterized. The ligands are expressed on dendritic
cells, B cells and monocytes. Though B7.1 and B7.2 are capable of binding both CTLA-4
and CD28, with opposite consequences. CTLA-4 resultsin inhibition, whereas CD28 isa
costimulatory receptor. Our laboratory in collaboration with the laboratory of Dr. Eli Gilboa
has demonstrated that an antagonistic aptamer targeting the inhibitory receptor CTLA-4 is
capable of enhancing the efficacy of DC based tumor immunotherapy in a murine mouse
model (Santulli-Marotto et &., 2003). The potency of this aptamer antagonist was enhanced
by arraying the aptamer on a complementary DNA scaffold to increaseits valency. This
allows interaction with multiple CTLA-4 receptors simultaneously. The multimerized
aptamer was indeed shown to block CTLA-4 function in vitro aswell asin vivo in atumor
immunotherapy model.

CD4 isamember of the immunoglobulin superfamily and a cell surface receptor expressed
on avariety of immunological cells, most notably a subset of T cellsreferred to as T helper
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cells. This costimulatory receptor acts to enhance the primary immune response conveyed

by the T cell receptor. In 1998, two aptamers were described that were specific to the human
and rat homolog that bind the receptor with high affinity (Kraus et &., 1998). The ligand
targeting the rat receptor was shown to inhibit CD4 function in vitro, whereas the ligand
specific to the human receptor is used as a targeting moiety to fluorescently label CD4+ cells
(Davis et a., 1998) and deliver cargo (including SSIRNA) to cells expressing the receptor
(Guo et 4., 2005).

The biological role of the transforming growth factor § receptor I11 (TGFpRIII) remains
somewhat poorly understood. It has been demonstrated, however, that downregulation of
receptor levels correlates with breast cancer progression. Moreover, restoration of
expression of TGFBRIII reduced tumor invasiveness and formation of metastasis. An
aptamer developed to this target actually inhibits the interaction of TGFBRIII with itsligand
TGFB2 and would most likely not be useful for the treatment of cancer (Ohuchi et &, 2006).
However, it may be useful in elucidating the role of TGFBRIII in cancer development.

Lastly, we would like to discuss an aptamer agonist developed to the costimulatory receptor
4-1BB (McNamara et &., 2008). This project aimed at devel oping a receptor agonist rather
than an antagonist. Previously, bivalent antibodies and multivalent version of natural ligands
and small molecules have been shown to induce tumor necrosis factor receptor function.
Dimerization of the generated 4-1BB aptamer by base-pairing of a single stranded extended
region similarly lead to the creation of an agonistic compound that could enhance T cell
proliferation in vitro and lead to tumor rejection when administered in vivo.

Another class of immune-stimulatory receptors has been gaining attention recently: Toll-like
receptors (TLRS) recognize various microbial and viral products, leading to activation of
innate immune responses. Some of these receptors are capable of recognizing nucleic acid
ligands such as double - (TLR 3) or single stranded RNA (TLR8) and unmethylated DNA
(TLR9) (for review see (Takeda ef &., 2003)). Aptamers to a portion of the ectodomain of
TLR3 were developed (Watanabe ef &/., 2006). Though the aptamers could bind to a purified
construct, they were not capable of affecting the function of HEK 293 cells transfected with
TLR3.

Conclusion

Many RNA aptamers have been devel oped targeting proteins involved in immunological
processes. Most of these aptamers were intended for application in protein detection,
imaging or therapeutic dampening of immune responses as relevant for the treatment of
autoimmune disease, rather than for tumor immunotherapy through enhancement of tumor
immune responses. However, our lab has demonstrated the feasibility of generating
aptamers to receptors that have immune regulatory or costimulatory functionas
demonstrated by - (Santulli- Marotto ef &., 2003; McNamara ef &., 2008), which utilized
aptamers for the enhancement of tumor immune responses in murine tumor immunotherapy
models.

This review sought to demonstrate the possibility, potential and need for investigating
aptamers capable of stimulating immune responses and to generate interest in aptamers for
the treatment of cancer. Given the recent progress in the aptamer-immunotherapy field and
the recent observations about the interaction between siRNAs and the innate immune
system, we believe that understanding and being able to manipulate the interplay between
nucleic acid ligands and the immune system will be essential for therapeutic
oligonucleotides to fulfill their promise as molecular therapeutics.
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Table 1
Targeting tumor markers with aptamers

Target Reference Reactivity Chemistry Application

MUC-1 (Ferreira et al., 2006) Human ssDNA Binding/Ab competition (Ferreira ef 4.,
2006)
Imaging (Borbas ef &, 2007)

PSMA (Lupold et &., 2002) Human 2'F Pyrimidine RNA Antagonist (Lupold ef &., 2002)
SIRNA delivery (Chu et &., 2006c;
McNamara et a., 2006)
Toxin delivery (Chu et al., 2006a)
Imaging (Chu er &., 2006b; Smith ef 4.,
2007)
Nanoparticle targeting (Farokhzad ef 4.,
2004; Farokhzad et al., 2006; Gu et &/,
2008)

Tenascin-C (Hicke et 4., 2001) Human/Murine  2'F Pyrimidine RNA Imaging (Hicke et a., 2006)

Tenascin-C (Daniels et ., 2003) Human ssDNA

Human epidermal (Chen et &., 2003) Human RNA Antagonist

growth factor

receptor-3 (HER3)

Receptor tyrosine (Cerchia et &/, 2005; Human 2'F Pyrimidine

kinase (RET) Pestourie ef al., 2006) Antagonist RNA

mutant RETC634Y
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Table 2

Aptamers to Antibodies

Target Reference

IgE (Wiegand ef &/., 1996)

Actylcholine receptor antibody (Lee and Sullenger, 1997; Hwang

(mAB198) and Lee, 2002)

Insulin receptor antibody (MA20) (Doudna et 4., 1995)

Insulin receptor antibody (MA20) (Lee and Sullenger, 1996)

Polyclonal Antibody

Autoimmune patient serum

(Tsai etdl., 1992)
(Tsai and Keene, 1993)

Chemistry
2'NH2 Pyrimidine RNA

2'NH2 Pyrimidine RNA

RNA
2'NH2 Pyrimidine RNA
RNA
RNA

Application

Antagonist (Wiegand ef .,
1996)

Aptamer array (Cho et &.,
2006)

AFM microscopy (Lin et &.,
2006)

Antagonist

Antagonist
Antagonist
Antagonist
Antagonist
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Table 3
Aptamers targeting cvtokines & chemokines
Target Reference Reactivity Chemistry Application
Interferon y (IFNvy) (Kubik er al., 1997) Human 2" NH2/F Pyrimidine RNA  Antagonist
Transforming growth factor p-1 (Kang et &, 2008) Human Ss phosphorothioate DNA n.d.
(TGFB-1)
Transforming growth factor p-2 (Pagratis et al., 2002) Human 2’ FIOMe RNA Antagonist
(TGFB-2)
CXCL10 (Marro et a., 2005) Human/Murine 2’ Pyrimidine RNA Antagonist
Oncostatin M (OSM) 0 (Rhodes et 4., 2000; Rhodes efa.,,  Human 2’ F Pyrimidine RNA Antagonist
2001)
Monocyte chemoattractant protein-1 (Rhodes et &., 2001) Murine/Human 2’ F Pyrimidine RNA Antagonist

(MCP-1)
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Table 4
Adhesion molecules
Target Reference Reactivity ~Chemistry Application
L Selectin (Hicke et al., 1996) Human ssDNA Antagonist (/1 vivo)
Siayl LewisX  (Jeong ef a., 2001) n/a RNA Antagonist
P Selectin (Jenison et a., 1998) Human 2’F PyrimidineRNA  Antagonist
VCAM-1 (Chauveau et &., 2007) Mouse 2'F PyrimidineRNA  Binding
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Table 5
Costimulatorv receptors
Target Reference Reactivity Chemistry Application
Cytotoxic T cell antigen-4 (Santulli-Marotto ef &., Murine 2'F Pyrimidine RNA Antagonist (/1 vivo)
(CTLA-4) 2003)
CD4 (Kraus et ., 1998) Rat 2'F Pyrimidine RNA Antagonist
CD4 (Davis et al., 1998) Human 2'F Pyrimidine RNA Flow cytometry (Davis ef &,
1998)
sIRNA delivery (Guo et a.,
2005)
Receptor Activator of NFkB (Mori et al., 2004) Human RNA (2'F Pyrimidine
(RANK), CD30. TRAIL-R2, RNA)
NGFR, & Osteoprotegerin
Transforming growth factor- (Ohuchi et &., 2006) Human 2'F Pyrimidine RNA Antagonist
betatype I11 receptor (TGFBR
1))
4-1BB (McNamara et &@., 2008)  Muring/Human  2'F Pyrimidine RNA Flow cytometry Agonist (/1

vivo) (McNamara et a., 2008)
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