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ALBUMIN MICROSPHERES AS DELIVERY VEHICLES FOR NUCLEAR 
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Nuclear Factor-Kappa B (NF-kB) has emerged as an important factor in the 

pathogenesis of inflammatory diseases such as rheumatoid arthritis (RA). While many 

anti-inflammatory agents, such as glucocorticoids, have demonstrated significant 

inhibition of NF-kB and a potent anti-inflammatory effect, the use of these agents are 

limited by several undesirable side effects. Consequently, many researchers have 

focused on the selective inhibition of NF-kB, such as antisense therapy, as an approach to 

treat inflammatory diseases.

Antisense oligonucleotides are promising new therapeutic agents used to 

selectively inhibit target genes such as NF-kB. While antisense technology offers great 

therapeutic potential, there applications are generally limited due to poor biological 

stability and poor intracellular uptake. One way to alleviate these shortcomings is 

through the use of microencapsulation, which can potentially prolong half-life and 

enhance intracellular uptake.

The purpose of the present study was to evaluate microencapsulated antisense 

oligonucleotides specific to NF-kB for improved in vitro cellular uptake and treatment of 

rat adjuvant arthritis. Antisense NF-kB oligonucleotide loaded microspheres were 

prepared and characterized in terms of size, zeta potential, morphology, and release 

pattern. We report improved cellular uptake of microencapsulated antisense oligomers



and effective antisense inhibition of NF-kB and TNF-a in vitro. Furthermore, 

microencapsulated antisense NF-kB oligonucleotides were found to inhibit paw 

inflammation associated with rat adjuvant arthritis in a dose dependent manner. Taken 

together, the results presented in this work described albumin microspheres to be 

potentially effective delivery vehicles for antisense NF-kB oligonucleotides through its 

sustained release properties, enhancement of uptake of the antisense compound, and its 

effectiveness in vivo.
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CHAPTER 1

INTRODUCTION AND LITERATURE SURVEY 

Nuclear Factor-Kappa B

Nuclear Factor-Kappa B (NF-kB) is a eukaryotic family of transcription factors 

which exists in a variety of cells. Sen and Baltimore (1986) were the first to describe NF- 

kB as a nuclear protein responsible for the transcription of immunoglobulin kappa (IgK ) 

light chain genes in B cells. NF-kB was originally believed to exist only in B cells; 

however, later it was found to exist in virtually all cell types retained in the cytoplasm in 

an inactive state bound to specific inhibitors now known as IkB (Baeuerle and Baltimore 

1988a, Baeuerle and Baltimore 1988b).

NF-kB is a dimer of the Rel family of proteins which include p50/pl05 (NF-kB 1), 

p52/pl00 (NF-kB2), p65 (Rel A), Rel B, and c-Rel (Brasier 2006, Tak and Firestein 

2001, Karin and Ben-Neriah 2000, Ghosh and Karin 2002 and Ghosh et al. 1998). The 

first NF-kB dimer described and perhaps the most prevalent is a heterodimer composed 

of a 50 kDa subunit (p50) and a 65 kDa subunit (p65) (Kopp & Ghosh 1995, Verma et al. 

1995, Ghosh et al. 1998). Each member of this family has a structurally conserved 300 

amino acid N-terminal region known as the Rel homology domain (RHD), which is 

responsible for DNA binding, nuclear localization, dimerization, and interaction with IkB 

proteins. The transcriptionally active proteins, Rel B, c-Rel, p65, contain a variable C-
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terminal domain known as the transactivating domain. The other rel proteins, p50/pl05 

and p52/plOO, lack transactivating domains on the C-terminus; however, they maintain 

the ability to bind NF-kB DNA sites which suggests that these proteins posses 

transcriptionally repressive properties. The p52 and p50 proteins are thought to be 

generated by proteolytic cleavage of plOO and pl05, respectively, because of the identical 

N-terminal domains (Li and Verma 2002, Verma et al. 1995, Ghosh et al. 1998).

NF-kB is now known to exist in the cytoplasm of virtually all cell types bound to 

its inhibitor IkB, keeping it inactive. IkB proteins inhibit NF-kB activation by masking 

the nuclear localization signals, thus impeding its ability to translocate to the nucleus.

IkB is a member of a larger family of inhibitory proteins that includes hcBa, IkB|3, IkBe, 

IkBy, and Bcl-3; the most important of these being hcBa, IkBP, IkB s (Li and Verma 

2002, and Ghosh et al. 1998). The IkB proteins are identified by what are known as 

ankyrin repeats which mediate protein to protein interaction. Consequently, the pl05 and 

p i00 proteins contain ankyrin repeats which are believed to confer these proteins with 

transcriptionally repressive characteristics (Li and Verma 2002, and Verma et al. 1995). 

Each member of the IkB family has a different number of ankyrin repeats which appears 

to influence its specificity for different NF-kB dimers.

hcBa (MW 37 kDa) is the most well known and best characterized member of the 

IkB family (Davis et al. 1991, Haskill et al. 1991, and Ghosh et al. 1998). The most 

defining characteristic of IicBa is its ability to induce a rapid but transient activation of 

NF-kB. This activity is considered to be transient because of the ability of NF-kB to 

regulate the transcription of IkB which can then bind and inhibit NF-kB again, thus, 

creating an autoregulatory feedback loop (Brown et al. 1993, Chiao et al, 1994, Sun et al.
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1993, and Scott et al. 1993). IicBa is thought to be a specific inhibitor of the p50:p65 and 

the p50: c-rel complexes.

IicBp (MW 45 kDa) is also a well characterized inhibitory protein in terms of its 

association with NF-kB. It was originally thought that IkBP has a different specificity for 

NF-kB dimers than IkBo. (Ker et al. 1991). However, it is now known that IicBp binds to 

the same NF-kB subunits (p50:p65 and p50:c-rel). The difference seems to be at the 

level of the stimulant and the duration of stimulation (Ghosh et al. 1998). For example, 

NF-kB has the ability to induce the transcription of Ik B ci but not IicBp. Therefore, 

stimulated NF-kB has a longer duration of action when inhibited by IicBp and must be 

abated by some external inhibitor.

IkB e, IkBy, Bcl-3 have not been studied in great detail and are not as well 

characterized with respect to their inhibitor properties. IicBe is thought to be a specific 

inhibitor of the p65:c-Rel complex and the p65:p65 complex (Whiteside et al. 1997). 

Previous reports have suggested that hcBy plays a specific inhibitory role for p50 and p52 

homodimers (Liou 1992). Bcl-3 is the most unusual member of the IkB  family. It is 

structurally very similar to the other IkB but is found primarily in the nucleus, while the 

other members are localized in the cytoplasm. Previous reports have suggested that Bcl-3 

binding to specific NF-kB proteins activate rather than repress the transcription of the 

complexes (Bours et al. 1993).

Activation of NF-kB

As mentioned previously, NF-kB  is found in the cytoplasm bound to IkB proteins 

in quiescent cells (Figure 1.1 A). The key step in the activation of NF-kB is the
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degradation of IkB, which is mediated by kinases known as IKK (Figure 1.1B). IKK is a 

family of 700 to 900 kDa proteins that include IKK1, IKK2, and the NF-kB essential 

modulator (NEMO) (Li and Verma 2002 and Ghosh et al. 1998). Activation of IKK from 

a variety of signals discussed below leads to phosphorylation on serines 32 and 36 on 

IkB. Phosphorylation leads to immediate polyubiquitination on lysines 21 and 22, which 

essentially targets IkB for degradation by the 26S proteosome. IkB then dissociates from 

NF-kB and is degraded leaving NF-kB free to translocate to the nucleus, where it can 

then bind to specific DNA binding sites and induce the transcription of a variety of genes.

Numerous signals such as stress (e.g. reactive oxygen species (ROS) and U.V. 

light), bacterial and viral infection (e.g. lipopolysaccharide (LPS) and double-stranded 

RNA), and cytokines (e.g. TNF-a and IL-1) can activate IKK leading to IkB degradation 

and NF-kB activation (Brasier 2006 and Ghosh et al. 1998). These signals include 

lipopolysaccharide (LPS), IL-1, TNF-a, reactive oxygenated intermediates (ROIs), and 

UV light (Figure 1.1). Some activation signals are themselves byproducts of NF-kB 

transcription (IL-1, TNF-a and IkB) demonstrating the autoregulatory nature of the NF- 

kB pathway (Ghosh et al. 1998, Ghosh and Karin 2002, and Karin and Nerian 2000).
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Nucleus

Figure 1.1 A. Inducible activation of NF-kB. NF-kB exists inactivated in the 
cytoplasm of virtually all cell types bound to its inhibitor, IkB.
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LPS, Reactive Oxygen 
Intermediates, IL-1, TNF-a

Cytoplasm

Transcription

Nucleus

Figure 1.1 B. Inducible activation of NF-kB. B. NF-kB activation can be initiated by 
a wide range of exogenous stimulators including LPS, ROI, stress, and proinflammatory 
cytokines. Upon stimulation, IKK pathway is activated leading to the phosphorylation 
and degradation of IkB leaving NF-kB to translocate to the nucleus, bind to specific DNA 
binding sites, and induce transcription of a variety of genes.
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NF-kB plays an important role in a variety of biological processes including 

immune regulation. The role of NF-kB in the immune response has been extensively 

reviewed in previous literature (Ghosh et al. 1998, Tak and Firestein 2001, Li and Verma 

2002, Kopp and Ghosh 1995). Proinflammatory cytokines, chemokines, cyclooxygenase- 

2 (COX-2), adhesion molecules, and matrix metalloproteinases are among the 

proinflammatory genes which NF-kB has been found to regulate. Although NF-kB does 

participate in normal immune function, the over expression of NF-kB has been associated 

with a range of inflammatory diseases including asthma, inflammatory bowel disease, 

and rheumatoid arthritis (Barnes and Adcock 1998, Ardite et al. 1998, Neurath et al.

1998, Bondeson et al. 1999, Feldmann et al. 2002, Muller-Lander et al. 2002, and Benito 

et al. 2004).

Role of NF-kB in Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a systemic chronic inflammatory disease affecting 

diarthrodial joints mainly in the wrists, hands, and feet. The hallmark characteristic of 

this disease is inflammation of the synovial membrane leading to erosion and destruction 

of cartilage and bone with chronic disability. Although the etiology has remained 

unidentified, much progress has been made in defining the pathogenesis of RA which, in 

turn, has led to new and exciting treatments.

RA is an autoimmune disease involving both humoral and cell-mediated 

immunity. The role of B-cells in RA includes the production of autoantibodies resulting 

in complement fixation and subsequent recruitment of inflammatory cells such as 

macrophages and polymorphonuclear leukocytes (PMNs) which in turn leads to the
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development of RA (Firestein et al. 2005). T-cells perhaps plays an even larger role than 

B-cells in the pathogenesis of RA and are activated through the recognition of antigens 

on major histocompatibility complexes (MHC) on antigen presenting cells (APCs) and 

binding of co-stimulatory molecules on APCs, CD80/CD86, with CD28 receptors on T- 

cells. Once T-cells are activated, they can proliferate and help orchestrate the 

inflammatory response by releasing cytokines and interacting with other cells like B- 

cells, fibroblasts, and macrophages to promote inflammation.

IFNy and IL-17 are two examples of T-cell specific cytokines. These molecules 

have been shown to help prime other cells such as macrophages and fibroblasts to release 

other inflammatory mediators like matrix metalloproteinases (MMPs), cell adhesion 

molecules, and proinflammatory cytokines (e.g. TNF-a, IL-1 and IL-6) (Firestein et al. 

2005). Cytokines have surfaced as important players in the development of RA due to 

the recent therapeutic success of cytokine specific biologies, including anti-TNF-a agents 

(etanercept, infliximab, and adalimumab) and the anti-IL-1 agent anakinra. 

Proinflammatory cytokines and chemokines play a variety of roles in RA including 

leukocyte adhesion and recruitment, tissue destruction, and angiogenesis (Szekanecz et 

al. 2000).

Several studies have shown that NF-kB is a key regulator of proinflammatory 

cytokines and chemokines (Barnes et al. 1997, D ’Acquisto et al. 2002, D ’Souza et al. 

2005, Brennan and Foxwell 2002, Ghosh et al. 1998, Li and Vema 2002, and Tak and 

Firestein 2002). Bondeson et al. (1999) found that inhibition of NF-kB in the synovium 

of patients with RA led to a marked decrease in IL-1 p, TNF-a, IL-6, and IL-8 (Bondeson 

et al. 1999). Other proinflammatory genes which are regulated by NF-kB include
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adhesion molecules (E-selectin, VCAM-1, and ICAM-1), cyclooxygenase-2 (COX-2), 

and inducible nitric oxide synthase (iNOS) (Barnes et al. 1997, D’Acquisto et al. 2002, 

D’Souza et al. 2005, Brennan and Foxwell 2002, Ghosh et al. 1998, Li and Verna 2002, 

and Tak and Firestein 2002). Therefore, it is not surprising that NF-kB has surfaced as 

an important factor in the pathogenesis of inflammatory diseases like RA.

The significance of NF-kB in the inflammatory process became apparent when a 

group of researchers found inhibition of NF-kB activation to account for one of the anti

inflammatory and immunosuppressive mechanisms of glucocorticoids (Auphan et al.

1995 and Scheinman et al. 1995). Glucocorticoids are some of the most potent anti

inflammatory agents available but the molecular mechanisms that underlie their 

therapeutic effect have been poorly understood for many years. Glucocorticoids are 

thought to interfere with the glucocorticoid receptor (GR) and other transcription factors 

such as activator protein-1 (AP-1) through an unknown mechanism. Auphman et al. 

(1995) and Scheinman et al (1995) found dexamethasone, a synthetic glucocorticoid, to 

also inhibit NF-kB (p50 and p65) activation in several cell lines including HeLa cells, 

THP-1 monocytes, and murine T-lymphocytes. The authors further suggest that the 

inhibition of NF-kB is a result of the increased hcBa synthesis, leading to the containment 

of NF-kB in the cytoplasm and inhibition of NF-kB activation. Furthermore, Ardite et al. 

(1998) found NF-kB present in the mucosal nuclear extracts of patients with 

inflammatory bowel disease (IBD). However, after three weeks of treatment with 

prednisolone, NF-kB virtually disappeared from mucosal extracts with significant healing 

of colonic inflammation as measured by endoscopy and histological criteria.
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In RA, NF-kB (p50 and p65) is over expressed in inflamed synovium, where its 

activity may enhance the recruitment of inflammatory cells and the production of 

inflammatory mediators (Han et al. 1998, Muller-Lander et al. 2002, Benito et al. 2004, 

Campbell et al. 2000, Feldmann et al. 2002, and Tak and Firestein 2001). Tsao et al. 

(1997) implicated the significance of NF-kB in the progression of RA by demonstrating 

significant expression of activated NF-kB in the synovium of rats with adjuvant-induced 

arthritis, a model which bears many similarities to RA in humans. The investigators went 

on to show that treatment with dexamethasone inhibited NF-kB p65 expression and 

suppressed paw swelling and histological changes associated with adjuvant arthritis in 

rats. Furthermore, the termination of dexamethasone treatment was associated with 

increased p65 expression and paw inflammation.

NF-kB has also been shown to inhibit synovial cell apoptosis during RA.

Miagkov et al. (1998) found NF-kB to be highly expressed in the synovial tissue of rats 

with streptococcal cell wall (SCW) induced arthritis. Inhibition of NF-kB significantly 

enhanced apoptosis in rat synovium resulting in an overall decreased severity of the 

disease. The protective mechanism of NF-kB against apoptosis was suggested to account 

for significant hyperplasia and inflammation observed during RA.

Inhibition of NF-kB

NF-kB has surfaced as an attractive target for anti-inflammatory therapy because 

of the apparent role it plays in inflammation. As discussed earlier, glucocorticoids are 

some of the most potent anti-inflammatory and immunsuppressive agents known and 

have been found to profoundly interfere with NF-kB activation through increased
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synthesis of IicBa (Auphman et al. 1995 and Scheinman et al. 1995). In addition to 

glucocorticoids, many other agents have recently been found to interfere with NF-kB 

activation (D’Acquisto et al. 2002). These agents include acetylsalicylic acid (ASA), 

antioxidants, and non-steroidal anti-inflammatory drugs (NSAEDs) such as ibuprofen and 

acetaminophen. While NF-kB inhibition is not the sole anti-inflammatory mechanism of 

these agents, it does play a role in addition to their other established mechanisms 

(D’Acquisto et al. 2002).

For example, ASA has been used to treat inflammation for many centuries until it 

was commercialized as one of the most promising pain-relieving drugs in 1899 

(D’Acquisto et al. 2002). In 1971, John Vane demonstrated that ASA functions as an 

anti-inflammatory agent inhibiting an enzyme known as cyclooxygenase-1 (COX-1), 

which is responsible for the production of prostaglandins. However, doses of ASA 

needed to treat chronic inflammatory diseases like RA are much higher than needed to 

simply inhibit prostaglandin synthesis. Therefore, interference with COX-1 activity may 

not be the sole anti-inflammatory mechanism of ASA. It was later found that ASA also 

interferes with NF-kB activation by blocking ATP and IKK|3 interaction, which in turn 

interferes with IkB phosphorylation (Kopp and Ghosh 1994 and Yamamoto et al. 1995). 

For example, pretreatment of primary synovial fibroblasts with ASA blocks DL-1 and 

TNF-a induced NF-kB activation (Sakurada et al. 1996 and Yoo et al. 2001). Similarly, 

treatment of human endothelial cells with ASA blocks TNF-a induced NF-kB activity 

which in turn blocks expression of various adhesion molecules.

While ASA, along with other anti-inflammatory agents, has demonstrated 

significant inhibition of NF-kB and a potent anti-inflammatory effect, the long term use
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of these agents for chronic diseases are limited by several undesirable side effects (Ardite 

et al. 1998, Auphan et al. 1995, D ’Acquisto et al. 1997, and Scheinman et al. 1995). 

Consequently, many researchers have turned to selective inhibition of NF-kB as a 

potential treatment inflammatory diseases (D’Souza et al. 2005, Khaled et al. 1997, and 

Schlaak et al. 2002). Oligonucleotide decoys are one example of selective therapeutic 

agents which have been shown to effectively interfere with NF-kB activation. These 

agents are synthetic double stranded DNA molecules which interfere with NF-kB binding 

to promoter regions of target genes, thus, resulting in inhibition of transcription (De Rosa 

et al. 2005). Oligonucleotide decoys specific to NF-kB have been shown to inhibit LPS 

induced NF-kB p50 and p65 activity in RAW 264.7 macrophages. Furthermore, TNF-a 

and iNOS levels were significantly reduced in cells treated with NF-kB decoys in a dose 

dependent manner in vitro.

In a separate study, the effects of NF-kB oligonucleotide decoys were evaluated 

in an in vivo model of glomerular inflammation induced by TNF-a (Tomita et al. 2000). 

Significant NF-kB expression was found in nuclear extracts prepared from mouse 

glomeruli treated with TNF-a in comparison to the untreated controls. Mice that were 

treated with NF-kB decoys showed significant reduction in NF-kB levels in glomeruli 

nuclear extracts. The authors further demonstrated that NF-kB decoys effectively 

blocked IL-1, IL-6, ICAM-1, and VCAM-1 expression.

Antisense technology has also emerged as a therapeutic approach for selective 

inhibition of NF-kB. Antisense oligonucleotides have been shown to effectively inhibit 

NF-kB and NF-kB dependent proteins in vitro and in vivo. Before reviewing antisense
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inhibition specific to NF-kB, an understanding of general aspects of antisense technology 

will be helpful.

Antisense Technology

Antisense technology may be described as the use of small single stranded 

oligonucleotides to target specific genes and ultimately inhibit their expression. More 

specifically, antisense oligonucleotides, which are normally comprised of 14 to 25 bases, 

are designed to bind a target mRNA sequence by Watson-Crick base pair hybridization, 

thus either degrading the mRNA sequence by RNAse H activity or sterically blocking 

translation to protein (Figure 1.2). In light of the developments in the sequencing of the 

human genome, one can see that the opportunities to use oligonucleotides to inhibit gene 

expression are endless. Researchers can theoretically select any target protein, find its 

mRNA sequence, and design an antisense inhibitor to silence the expression of that gene.

The use of antisense technology as a therapeutic approach has been extensively 

studied for the past several decades for a variety of applications including cancer, 

Human-immunodeficiency Virus (HIV), and inflammatory diseases. Antisense 

oligonucleotides have been reported to successfully inhibit numerous targets in vitro and 

in vivo (Crooke and Bennett 1996). Vitravene (fomivirsen), developed by ISIS 

Pharmaceuticals (Carlsbad, CA) for the treatment of cytomegalovirus retinitis (CMV) in 

ADDS patients, was the first antisense drug to be approved by the FDA. To date, no other 

antisense drag has been marketed; however, several are being investigated in clinical 

trials (ISIS Pharmaceuticals).
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Figure 1.2. Antisense mechanism of translational inhibition. Antisense 
oligonucleotides are designed to hybridize with specific portions of target mRNA 
molecules by Watson-Crick base pairing. Antisense association with mRNA 
subsequently inhibits translation into protein either by RNAase H degradation of mRNA 
or steric blocking.



Antisense Oligonucleotides Specific for NF-kB

As stated previously, antisense oligonucleotides offer vast therapeutic potential 

for a wide range of targets and diseases such as HIV, cancer, and inflammatory diseases. 

NF- kB has emerged as an attractive target for antisense therapy because of the role it 

plays in cancer and inflammatory diseases. Thus, the use of antisense technology to 

block NF-kB expression is an interesting therapeutic strategy and has been evaluated in 

several cancer and inflammatory experimental models.

For example, NF-kB p65 antisense oligonucleotides were shown to inhibit in vitro 

cell proliferation in various tumor cell lines and slow down the production of adhesion 

molecules which play an important role in tumor cell growth and metastasis (Higgens et 

al. 1993). It was further shown that NF-kB antisense oligonucleotides injected 

subcutaneously into mice infected with fibrosarcoma and melanoma significantly reduced 

tumor size.

Khaled et al. (1997) studied the effects of antisense oligonucleotides specific for 

the p50 subunit of NF-kB on p50 expression in splenic B cells obtained from C57B1/6 

mice. The researchers not only showed that NF-kB expression was significantly reduced 

upon addition of the p50 antisense oligonucleotides, but also IgG and IgM production in 

murine B cells was significantly inhibited.

Schlaak et al. (2001) studied the effects of antisense oligonucleotides specific to 

the p65 subunit of NF-kB on S. typhimurium induced septic shock in mice. The authors 

showed that antisense p65 oligonucleotides significantly reduced expression of NF-kB in 

vitro and in vivo. Pretreatment of antisense NF-kB oligonucleotides 24 hours before 

infection with S. typhimurium led to a prolonged survival of 4 days. Furthermore, they
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showed that serum proinflammatory cytokines such as IL-6, IL-ip, IFN-y, and TNF-a 

were significantly inhibited 20 hours after infection when mice were treated with 

antisense p65 oligonucleotides. Taken together, antisense oligonucleotides designed 

against NF-kB proteins may serve as exciting and promising new agents to treat 

inflammatory diseases.

Cellular Delivery of Antisense Oligonucleotides

While the concept underlying antisense technology seems relatively 

straightforward, the use of antisense oligonucleotides as therapeutic agents has proven to 

be much more complicated. One of the biggest challenges researchers face in their quest 

for antisense therapeutics is the instability of these compounds in biological systems. 

Antisense oligonucleotides in their native form are known to be rapidly degraded by 

nucleases and thus have a relatively short in vivo half-life (Agrawal et al. 1991, Akhtar 

and Lewis 1997, and Dias and Stein 2002). Furthermore, antisense compounds have 

been shown to have poor cellular uptake due to their high negative charge and 

hydrophilicity (Akhtar and Lewis 1997 and Crooke and Bennett 1996). Original 

strategies used to overcome these limitations include chemical modification of 

oligonucleotide phophodiester backbones (Dias and Stein 2002). The first of these was 

the replacement of a non-bridging oxygen atom with a methyl group at each phosphorous 

in the oligomer chain. These oligonucleotides are known as methylphosphonates. 

Although, methylphosphonates have excellent biological stability, they still have trouble 

penetrating cell membranes and have been found to be relatively ineffective in activating 

RNase activity thus impeding their overall antisense efficacy.
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Another class of chemically modified oligonucleotides, and perhaps the most 

widely used, are known as phosphorothioate oligonucleotides. Here, a non-bridging 

oxygen atom is replaced with a sulfur at each phosphorous in the oligomer chain. 

Phosphorothioates are highly soluble in water and have been shown to exhibit excellent 

antisense activity (Dias and Stein 2002). Furthermore, they are found to be relatively 

resistant to degradation induced by endonucleases and exonucleases which helps increase 

their biological half-life. While phosphorothioates have shown to dramatically improve 

the overall stability of antisense oligonucleotides, their therapeutic use is still limited. 

First, the replacement of the oxygen atom with a sulfur atom decreases the affinity of the 

antisense compounds for their target mRNA sequences, thus marginally diminishing its 

antisense activity (Amedo et al. 2002 and Crooke and Bennett 1996). The 

phosphorothioates are also known to induce non-sequence specific effects (Dias and 

Stein 2002). Finally and perhaps most importantly, phosphorothioates still demonstrate 

poor cellular uptake, due to their polyanionic nature and hydrophilicity, thus, impeding 

their ability to reach intracellular targets (Amedo et al. 2002 and Akhtar and Lewis 

1997).

Poor cellular uptake may be the biggest limitation of antisense oligonucleotides 

because in order for these compounds to modulate gene expression, they must first enter 

targeted cells where they can then bind mRNA in the cytoplasm. The exact mechanism 

of cellular uptake of antisense oligonucleotides is still unclear; however, receptor 

mediated endocytosis and pinocytosis are thought to play a major role (Dias and Stein 

2002). At relatively low concentrations, receptor mediated endocytosis is thought to play 

a main role, while at higher concentrations, these receptors become saturated and
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pinocytosis is thought to take over as the main mechanism of uptake. However, despite 

the mechanism of uptake, naked antisense oligonucleotides have by and large been 

shown to be internalized poorly by cells (Dias and Stein 2002). Therefore, additional 

delivery vehicles are needed in order to improve cellular uptake and overall stability of 

antisense oligonucleotides. Additional delivery strategies for antisense oligonucleotides 

include the liposomes, dendrimers, and microspheres made from biodegradable polymers 

(Hughes et al. 2001 and Lebedeva et al. 2000).

Liposomes were the first generation and perhaps the most widely used vectors to 

be used for antisense delivery (Dias and Stein 2002). Liposomes are colloidal vesicles 

composed of phospholipid bilayers. Oligonucleotides are essentially encapsulated within 

the liposomal interior which contains an aqueous compartment. Because of their positive 

charge, liposomes have been shown to have a high affinity for negatively charged cellular 

membranes and have been shown to be effective intracellular delivery agents for 

antisense oligonucleotides. However, liposomes have many disadvantages including 

their toxicity and decreased activity in the presense of serum (Lebedeva et al. 2000).

Poor encapsulation efficiency has also been associated with liposomal delivery of 

antisense oligonucleotides (Hughes et al. 2000 and Tari 2000).

Microsphere Delivery of Antisense Oligonucleotides

Microencapsulation has emerged as a viable strategy for the delivery of a variety 

of agents including antisense oligonucleotides (Akhtar and Lewis 1997, De Rosa et al. 

2005, and Walter et al. 2001). Microspheres are small micron sized particles (diameter 

less than 1000 pm) usually spherical in shape in which drug can be incorporated in either
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of two ways: Homogenous or monolithic microspheres where drug is essentially 

dissolved with a polymer matrix or microcapsules where drug is entrapped within a 

separate internal reservoir surrounded by polymer (Okada and Toguchi 1995). 

Microspheres can be made from a range of polymers, most of which are now 

biodegradable. Polymers can either be natural which mainly includes proteins and 

polysaccharides (e.g. albumin and starch) or synthetic including polyesters of hydroxy 

acids such as poly(lactide-co-glycolide) (PLGA). PLGA is perhaps the most widely used 

and characterized polymer used in microsphere preparation. PLGA has been found to be 

fully biocompatible and has been used in the past for surgical sutures and approved for 

clinical use in sustained release preparations (Akhtar and Lewis 1997). Although 

synthetic polymers offer many advantages, many researchers have looked at natural 

polymers as delivery vehicles because of potential decreased toxicity, decreased cost, and 

increased availability.

Albumin is a natural protein which is the most frequently investigated among 

protein polymers. The use of albumin microspheres as drug delivery vehicles was first 

described by Kramer (1974). Albumin is a natural protein polymer which is non-toxic, 

biodegradable, and biocompatible making it a suitable agent for the encapsulation of a 

variety of drugs. Albumin is a major water-soluble protein which constitutes 

approximately 55% of proteins in the plasma and consists of 580 amino acids with a 

molecular weight of 66,500 (Okada and Toguchi 1995).

In order to prepare microspheres made from this polymer, a stabilization 

procedure is often needed. Two common methods include heat stabilization using 

temperatures between 100 to 180°C and chemical crosslinking using glutaraldehyde
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(Roser and Kissei 1993, Silva et al. 2004, Okada and Toguchi 1995, and Gupta and Hung

1989). Drug release from stabilized albumin microspheres is usually biphasic with a 

small burst release followed by a slow first-order release phase which varies depending 

on the extent of stabilization. Drugs that have been encapsulated within albumin 

microspheres include 5-fluorouracil (Sugibayashi et al. 1979), Adriamycin (Morimoto et 

al. 1981 and WilLmott et al. 1985), mitomycin C (Mehta et al. 1988 and Natsume et al.

1990), doxyrubicin (Jones et al. 1989), dexamethasone (Pavenetto et al. 1994), and 

mitoxantrone (Almond et al. 2003).

Microspheres made from biodegradable polymers have been extensively studied 

as delivery vehicles for antisense oligonucleotides. The use of microspheres as antisense 

oligonucleotide delivery vehicles has been shown to offer advantages such as sustained 

release, protection from enzymatic degradation, and the capability of being taken up by 

phagocytic cells thus facilitating the exposure to intracellular targets (Akhtar and Lewis 

1997, D’Souza et al. 2005, Khan et al. 2004, Lewis et al. 1995, and Walter et al. 2001). 

Lewis et al. (1995) showed that phosphodiester antisense oligonucleotides entrapped 

within poly(lactide) (PLA) microspheres displayed biphasic release patterns in PBS with 

an initial burst release, most likely caused by drug present on the surface of the 

microspheres, followed by a phase of slow release for 28 days. Gel mobility shift assays 

also showed that oligonucleotides released retained full binding capabilities suggesting 

that antisense compounds were unaffected by the encapsulation procedures. The 

researchers went on to demonstrate that oligonucleotides loaded within PLA 

microspheres remained intact in fetal calf serum with no degradation products over 28 

days. This was compared to naked oligonucleotides which were degraded within 30

20



minutes when incubated with fetal calf serum, suggesting that microspheres play a 

significant role in protecting antisense oligonucleotides from enzymatic degradation. It 

should be noted that methylphosphonates and phosphorothioates are significantly more 

resistant to nuclease digestion than phosphodiester oligonucleotides; hence, chemically 

modified oligonucleotides incorporated within biodegradable microspheres may be a 

constructive strategy for enhancing oligonucleotide stability (Akhtar et al. 1991 and 

Lewis et al. 1995).

The incorporation of antisense oligonucleotides into microspheres has served as 

an attractive tool to passively target phagocytic cells such as macrophages. For example, 

Akhtar and Lewis (1997) studied the effects of PLGA microspheres ( 1 - 2  pm) on the 

uptake of phosphorothioate anti-HIV oligonucleotides into RAW 264.7 cells, a murine 

macrophage cell line. They showed that uptake was significantly improved in the 

macrophages when compared with the free oligonucleotides over a 24 hour time period. 

Less than 1 % of the free oligonucleotides were taken up by the RAW 264.7 

macrophages in 24 hours, whereas the incorporation of the oligonucleotides within PLGA 

microspheres resulted in a 10 fold improvement of cellular uptake of oligonucleotides. 

The authors went on to show that uptake was temperature dependent and could be 

reduced significantly by the addition of known phagocytic and metabolic inhibitors, such 

as sodium azide and 2-deoxyglucose, suggesting that microspheres are taken up by a 

phagocytic mechanism. Although they found a significant improvement of intracellular 

uptake of antisense compounds entrapped within PLGA microspheres, it should be noted 

that it is still unclear how microsphere loaded antisense oligonucleotides are trafficked or 

how the drug is released once inside the cell. However, the incorporation of antisense
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oligonucleotides within microspheres made from biodegradable polymers seems to be an 

attractive strategy for targeting phagocytic cells and enhancing intracellular 

bioavailability.

Many factors have been found to play a role in phagocytic uptake of microspheres 

including particle size, surface charge, surface properties, composition, and 

hydrophobicity (Ahsan et al. 2002, Prior et al. 2002, Makino et al. 2003, Yamamoto et al. 

2002, and Thiele et al. 2003). Hydrophobic microspheres have been found to be more 

susceptible to phagocytosis by cells like macrophages compared to hydrophilic 

microspheres (Ahsan et al. 2002 and Prior et al. 2002). Microspheres with sizes between 

1 and 10 pm have been shown to be effectively phagocytosed by macrophages, with 

maximum phagocytosis being observed with particles between 1 and 2 pm (Ahsan et al. 

2002, Makino et al. 2003, and Yamamoto et al. 2002). Phagocytosis was also shown to 

increase as microsphere zeta potential increased for both positively and negatively 

charged particles (Ahsan et al. 2002 and Thiele et al. 2003). Uptake decreased 

significantly as zeta potential approached zero. There was no difference in uptake 

between cationic and anionic particles with the same absolute value of zeta potential. 

Concentration of microspheres can also affect uptake into macrophages (Lassase et al. 

1998 and Akhtar and Lewis 1997). It has been found that uptake increases as 

microsphere concentration increases; however, Akhtar and Lewis (1997) pointed out that 

uptake is a saturable process. They found that for a given cell density (5 x 105 cells/ml in 

a 24-well plate), there was a dose-dependent increase of uptake of microspheres into 

macrophages with the highest uptake observed for a microsphere dose of 1 mg/ml with a 

gradual decrease in uptake thereafter. The influence of particle size, surface charge, and
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hydrophobicity on uptake makes it very important to fully characterize any new 

microsphere formulation designed to target phagocytic cells like macrophages.

Goals and Specific Aims

In this review, we have demonstrated the important role that NF-kB plays in 

inflammatory diseases like RA. Furthermore, this review has detailed how antisense 

technology can possibly serve as an effective therapeutic option for the selective 

inhibition of NF-kB and treatment of inflammatory diseases. The purpose of this 

dissertation is to explore microencapsulation as a viable tool for the delivery of antisense 

oligonucleotides specific to NF-kB for the possible treatment of inflammatory diseases. 

The major goals of this project are to; 1) formulate and characterize crosslinked albumin 

microspheres loaded with antisense oligonucleotides; 2) evaluate the effectiveness of this 

formulation as intracellular delivery vehicles of antisense oligonucleotides in 

macrophages; and 3) evaluate the effect of microencapsulated NF-kB antisense 

oligonucleotides on rat adjuvant-induced arthritis. Within these three goals, six specific 

aims will be addressed. These specific aims are as follows:

1. To prepare and characterize albumin microspheres loaded with antisense NF-kB 

oligonucleotides.

2. To evaluate the phagocytic uptake of albumin microspheres loaded with antisense 

NF-kB oligonucleotides.

3. To evaluate potential enhancement of intracellular concentrations of antisense 

NF-kB oligonucleotides using albumin microspheres as delivery vehicles.
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4. To evaluate inhibition of NF-kB p65 using microencapsulated antisense 

olilgonucleotides in vitro.

5. To evaluate the effect of microencapsulated antisense NF-kB on proinflammatory 

cytokines in vitro.

6. To evaluate the effect of microencapsulated antisense NF-kB oligonucleotides in 

rat adjuvant arthritis.
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CHAPTER 2

PREPARATION AND EVALUATION OF ALBUMIN MICROSPHERES LOADED

WITH ANTISENSE NF-KB OLIGONUCLEOTIDES

Introduction

Antisense oligonucleotides are small single stranded DNA molecules normally 

comprised of 15 to 25 bases which are designed to complementarily attach to a target 

mRNA sequence and inhibit translation of undesired genes (see Chapter 1). Researchers 

have used antisense technology to inhibit a variety of proteins such as NF-kB. Although, 

much progress has been made, the therapeutic use of antisense oligonucleotides is still 

limited by drawbacks such as biological instability and poor cellular penetration. 

Chemical modification of oligonucleotides (e.g. phosphorothioates) has been 

implemented in the past to improve stability; however, additional delivery vehicles are 

still needed to further enhance intracellular uptake.

The use of albumin microspheres as drug delivery vehicles was first described by 

Kramer (1974). Albumin is a natural protein polymer which is non-toxic, biodegradable, 

and biocompatible, making it a suitable agent for the encapsulation of a variety of drugs. 

Microencapsulation offers several advantages as drug vehicles such as extended half-life, 

improvement of cellular uptake, and protection from enzyme degradation, making it an 

attractive strategy for oligonucleotide delivery (D’Souza et al. 2005, Akhtar and Lewis 

1997, Khan et al. 2004, and Lewis et al. 1995, Hung and Gupta, 1989).
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The efficiency of microencapsulation as a delivery system is largely influenced by 

characteristics such as size, surface charge, and release pattern. For example, the in vivo 

distribution of intravenously administered albumin microspheres was shown to be size 

dependent with 0.2 to 2 p.M sized particles distributing mainly to the liver, while larger 

particles with size ranges of 3 to 12 pM distributing to the lungs and spleen after I.A.,

I.P., or I.V. administration (Burger et al. 1985, DeLuca et al. 1980, Grislain et al. 1983, 

Ilium and Davis 1982, and Kanke et al. 1980). Furthermore, particle size, as well as 

surface charge, has been shown to play an important role in in vitro uptake into 

macrophages. As reviewed in chapter 1, efficient uptake has been observed in 

macrophages for microspheres with a size range of 1 to 10 pm and a high surface charge 

measured by zeta potential (Ahsan et al. 2002, Makino et al. 2003, and Yamamoto et al. 

2002, Lacasse et al. 1998, Makino et al. 2003, Thiele et al. 2003, Yamamoto et al. 2002, 

and Ahsan et al. 2002). The purpose of the studies described in this chapter was to 

prepare albumin microspheres loaded with antisense NF-kB oligonucleotides and 

characterize the formulation in terms of particle size, morphology, surface charge, and 

release profile, which will help determine whether albumin microspheres are good 

delivery vehicle candidates for antisense oligonucleotides.

Materials and Methods

Materials

Antisense phosphorothioate oligodeoxynucleotides specific to the rat and mouse 

mRNA sequence of the NF-kB p65 subunit were obtained from TriLink BioTechnologies 

(San Diego, CA). The sequence of the antisense oligonucleotides was: 5 ’-GGA AAC

26



ACA TCC TCC ATG-3’. Oligonucleotides were purified using anion exchange HPLC 

and were packaged as a lyophilized solid. Bovine serum albumin (BSA; Fraction V, 

DNAase, RNAase, and Protease-free) was used as the oligonucleotide encapsulation 

matrix and was obtained from Fisher Scientific (Norcross, GA). Glutaraldehyde (25% in 

water) was used as the microsphere stabilizing agent and was also obtained from Fisher 

Scientific.

Preparation of Antisense NF-kB Oligonucleotide Loaded Albumin Micropheres

To formulate antisense NF-kB loaded microspheres, 1 g of bovine serum albumin 

(BSA) was dissolved in 20 ml of deionized water to make a 5% BSA solution. 

Glutaraldehyde (200 pi) was added to the solution, which was then continuously stirred 

for 24 hours. Sodium bisulfite (0.006%) was added to the solution to neutralize any 

excess glutaraldehyde that may have not reacted with the BSA after 24 hours. Antisense 

NF-kB oligonucleotides (100 mg) were added to the crosslinked BSA solution to achieve 

10% microsphere drug loading and allowed to stir for an additional 10 minutes. The final 

solution was spray dried using a Mini Spray Dryer (Model 191, Buchi, Flawil, 

Switzerland) with the following process conditions: inlet temperature = 110°C, outlet 

temperature = 57°C, flow = 800 psi, aspirator = 55%, and pump feed rate = 5%. Blank 

microspheres were obtained using the same procedure except no drug was added. The 

final product was collected from the collection vessel and stored at 4°C.
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Microsphere Size. Surface Charge . and Morphology Analysis

A nano zeta sizer (Malvern Instruments, UK) was used to determine the size and 

zeta potential of the antisense NF-kB loaded albumin microspheres. Microspheres were 

suspended in deionized water (2 mg/ml) and an average of three measurements was 

recorded as size and zeta potential. Shape and morphology of microspheres was 

determined by scanning electron microscopy (SEM). The microsphere sample was 

coated with gold/palladium and micrographs were obtained using a scanning electron 

microscope (JEOL JSM 5800LV, Tokyo, Japan).

Release of Antisense NF-kB Oligonucleotides from Albumin Microspheres

Release studies were carried out using a USP type I dissolution apparatus 

(Dissolution System 2100, Distek, North Brunswick, NJ). The procedure was slightly 

modified by using dialysis membranes (molecular weight cutoff = 12 -  14 kDa) in place 

of baskets to isolate free antisense NF-kB oligomers from BSA because of BSA 

interference with oligonucleotide U.V. absorbance (260 nm). Phosphate buffered saline 

(PBS), pH 7.4 and pH 6.8, was used as the dissolution medium in this study (N = 3). 

Microspheres (25 mg) were suspended in 1 ml of PBS inside dialysis membranes and tied 

to the shaft using size 1 cotton sutures. Dissolution studies were carried out at 100 rpm 

and 37°C and samples (3 ml) were taken at predetermined time intervals. An equivalent 

volume (3 ml) of fresh PBS was replaced at each sampling time. Samples were analyzed 

using a Lambda4B UV/Vis spectrophotometer (PerkinElmer, Waltham, MA) at 260 nm. 

Phosphate buffered saline (PBS) was used as a reference standard and concentrations 

were determined according to standard curve.

28



Results

Microsphere Size. Surface Charge, and Morphology Analysis

A yield o f 71.8% microspheres was obtained from the spray drier. This was 

determined by dividing the weight of microspheres obtained after spray drying (0.79 g) 

by the weight of BSA and oligonucleotides used to prepare the solution prior to spray 

drying (1.1 g). Figure 2.1 shows an S.E.M. image of the formulated oligonucleotide 

loaded albumin. As shown, the microspheres are spherical in shape, and appear to have a 

smooth surface.

The size distribution of the antisense NF-kB loaded microspheres is shown in 

figures 2.2 and 2.3. Figure 2.2 shows a general particle size analysis of the antisense NF- 

kB oligonucleotide loaded albumin microspheres carried out to determine the average 

hydrodynamic diameter of microspheres obtained from spray drying. The mean size of 

the microspheres obtained from the general size analysis was 4.56 pm with a 

polydispersity index (PDI) of 0.168 indicating a narrow size range of the antisense NF- 

kB microspheres was obtained by spray drying. In order to confirm monodispersity 

determined by the PDI, a multipeak particle size analysis was also carried out (Figure 

2.3). As shown, the mean size of the microspheres obtained was 3.94 pm with a PDI of 

0.244. Based on the PDI and the multipeak size analysis, we can say with some degree of 

confidence that the antisense NF-kB oligonucleotide loaded albumin microspheres 

prepared by spray drying are uniform in size (4 to 5 pm). Surface charge of antisense 

NF-kB oligonucleotide loaded albumin microspheres was studied by determining zeta 

potential and was found to be -49.45 + 4.35 mV (Figure 2.4).
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Figure 2.1. Scanning electron micrograph of antisense NF-kB oligonucleotide 
loaded albumin microspheres. The microsphere sample was coated with 
gold/palladium and micrographs were obtained using a scanning electron microscope 
(JEOL JSM 5800LV, Tokyo, Japan).
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Figure 2.2. General size analysis o f antisense NF-kB oligonucleotide loaded 
albumin microspheres. Microsphere suspension (2 mg/ml) was prepared in deionized 
water as stated in methods. General size analysis was carried out to determine whether 
there is any polydispersity within the microsphere sample. The mean size of the 
microspheres obtained was 4.56 pm with a polydispersity index (PDI) of 0.168.
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Figure 2.3. Multipeak size analysis of antisense NF-kB oligonucleotide loaded 
albumin microspheres. Microsphere suspension (2 mg/ml) was prepared in deionized 
water as stated in methods. Multipeak size analysis was carried out to determine whether 
there is any polydispersity within the microsphere sample. The mean size of the 
microspheres obtained was 3.94 pm with a polydispersity index (PDI) of 0.244.
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Figure 2.4. Zeta potential distribution of antisense NF-kB loaded albumin 
microspheres. Microsphere suspension (2 mg/ml) was prepared in deionized water as 
stated in methods. An average of three measurements was recorded as zeta potential, 
which was found to be -49.45 + 4.35 mV.

Release of Antisense NF-kB Oligonucleotides from Albumin Microspheres

The release of antisense NF- kB oligonucleotides from albumin microspheres in 

PBS (pH 7.4 and pH 6.8) was evaluated and shown in Figure 2.5. A standard curve using 

several dilutions of antisense NF-kB oligonucleotides was prepared as shown in figure 

2.6. The standard curve obtained displayed excellent linearity indicated by the 

correlation coefficient (R2) of 0.997. The release profiles of the antisense NF-kB from 

albumin microspheres display a biphasic pattern, characterized by a low burst effect, 

followed by a period of slow release. The burst release was found to be 17% and 22% 

for pH 6.8 and pH 7.4 buffers, respectively. After 96 hours, 67.8% of the oligonucleotide 

was released in pH 6.8 buffer and 81.8% of the oligonucleotide was released in pH 7.4 

buffer.
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In order to decipher the release mechanism of antisense NF-kB oligonucleotides 

from albumin microspheres, a higuchi analysis was carried out by plotting percent release 

of antisense NF-kB oligonucleotides against square root of time (Figure 2.7 and 2.8). 

Figure 2.7 shows a higuchi analysis of the release profiles up to 96 hours excluding the 

first hour due to a burst effect. The burst release was excluded from this analysis because 

it was thought to be due to drug on the surface of the polymer that release immediately 

when suspended in release media. As can be seen, there did seem to be good linearity 

indicated by the R2 values of 0.946 and 0.966 for pH 6.8 and pH 7.4 buffers, respectively. 

However, after about 50% of the antisense NF-kB oligonucleotide was released, the 

release of drug does seem to deviate from the higuchi equation. Figure 2.8 shows a 

second higuchi analysis of the antisense NF- kB oligonucleotide release profiles from 

albumin microspheres up to 24 hours, which is where approximately 50% of the drug was 

released. As shown, the release of drug did correlate much better indicated by the R2 

values of 0.985 and 0.994 for pH 6.8 and pH 7.4 buffers, respectively. The results of the 

release studies indicate that the release of antisense NF-kB oligonucleotides from 

albumin microspheres is largely diffusion controlled up to 24 hours. After 24 hours, 

other factors such as erosion and degradation seem to play a larger role in the release of 

drug from the microspheres.
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Figure 2.5. Release of antisense NF-kB  oligonucleotides from albumin 
microspheres. Albumin microspheres loaded with antisense NF-kB oligonucleotides 
were suspended in PBS (pH 7.4 or pH 6.8) inside dialysis membranes (MWCO = 12,000- 
15,000 Da). Release studies were carried out using a modified dissolution apparatus type 
I set at 100 rpm and 37°C. Samples were taken at 0.5 hr, 1 hr, 2 hr, 4 hr, 8 hr, 12 hr, 24 
hr, 48 hr, 72 hr, and 96 hr and analyzed using U.V. spectroscopy at a wavelength of 260 
nm.
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Figure 2.6. Standard curve of antisense NF-kB oligonucleotides at a wavelength of 
260nm.
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Discussion

In the studies described in this chapter, we successfully formulated albumin 

microspheres loaded with antisense NF-kB oligonucleotides using a mini spray dryer.

The formulation was characterized in terms of size and zeta potential, along with 

morphology and release pattern. Antisense loaded albumin microspheres obtained from 

spray drying were found to be spherical with a smooth surface. The size and surface 

charge obtained were found to be suitable for phagocytic uptake to take place (Makino et 

al. 2003, and Yamamoto et al. 2002, Lacasse et al. 1998, Makino et al. 2003, Thiele et al. 

2003, Yamamoto et al. 2002, and Ahsan et al. 2002). Furthermore, microspheres were 

found to be relatively monodispersed indicating that spray drying is a suitable method for 

producing microspheres of uniform size.

The release profiles of antisense NF-kB oligonucleotides from albumin 

microspheres were found to display a biphasic pattern in both pH 6.8 and pH 7.4 

mediums. Higuchi analyses were carried out to further evaluate the mechanism of 

oligonucleotide release from the microsphere formulation. According to these 

evaluations, release of drug was found to be largely diffusion mediated for the initial 24 

hours until approximately 50% of the oligonucleotide was released. After 24 hours, drug 

release begins to deviate from a higuchi release pattern and is suggested to be a result of 

other mechanisms such as erosion. Taken together, the results from this chapter suggest 

that albumin microspheres may be suitable delivery vehicles for antisense 

oligonucleotides due to its size, shape, morphology, surface charge, and drug release 

characteristics. In the next studies, we demonstrate the effect of this formulation on 

antisense uptake in macrophages and inhibition of NF-kB in vitro.
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CHAPTER 3

ENHANCEMENT OF INTRACELLULAR OLIGONUCLEOTIDE UPTAKE AND 

INHIBITION OF NF-KB P65 EXPRESSION USING ALBUMIN MICROSPHERES AS

ANTISENSE DELIVERY VEHICLES

Introduction

In the previous chapter, we successfully characterized crosslinked albumin 

microspheres loaded with NF-kB antisense oligonucleotides. Through characterization, 

we obtained a picture of the morphology, size, surface charge, and drug release profiles 

of this microsphere formulation. Of particular importance was the size and surface 

charge because of the role these two play in microsphere uptake into macrophages. It 

should be remembered that macrophages are important cellular targets for us because of 

the role these cells are thought to play in the pathogenesis of inflammatory diseases. 

Moreover, microencapsulated antisense NF-kB oligonucleotides are being investigated 

for potential anti-inflammatory applications.

As reviewed in Chapter 1, NF-kB plays a central role in the inflammatory process 

through its ability to induce the transcription of a variety of proinflammtory genes such as 

IL-1, IL-6, and TNF-a. Antisense inhibitors have recently been developed to inhibit the 

translation of NF-kB in target cells. While antisense technology holds much promise, the 

intracellular delivery of such compounds is difficult due to its short biological half-life, 

susceptibility to nucleases, and inability to permeate cell membranes. Microsphere
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delivery has been found to be an effective strategy to alleviate these shortcomings, 

through their sustained release and cell uptake properties (see Chapter 1). In these 

studies, we report albumin microspheres to be effective vehicles for enhancing 

intracellular concentrations of antisense NF-kB oligonucleotides in RAW 264.7 

macrophages. The effectiveness of microencapsulated antisense NF-kB oligonucleotides 

as inhibitors of in vitro NF-kB p65 expression and TNF-a production in macrophages is 

also demonstrated.

Materials and Methods

Materials

Antisense phosphorothioate oligodeoxynucleotides specific to the rat and mouse 

NF-kB p65 subunit were obtained from TriLink BioTechnologies (San Diego, CA). 

Antisense phosphorothioate oligodeoxynucleotides specific to the rat and mouse NF-kB 

p65 subunit labeled with 6-carboxyfluoroscein (6-FAM) were also obtained from TriLink 

BioTechnologies (San Diego, CA). The sequence of the antisense oligonucleotides was: 

5’-GGA AAC ACA TCC TCC ATG-3’.

Blotting grade blocker non-fat dry milk was obtained from BioRad (Hercules, 

CA). Polyacrylamide mini gels, PVDF membranes, and filters were also obtained from 

BioRad. DC protein assay kits and Alkaline Phosphatase substrate colorimetric kits were 

also obtained from BioRad. Protease inhibitor cocktail containing AEBSF, pepstatin, 

leupeptin, E-64, bestatin, and aprotinin was obtained from Sigma-Aldridge (St. Louis, 

MO). DTT, KC1, MgCL, KC1, Triton X-100, and Igepal CA-630 were also obtained 

from Sigma-Aldridge. Rabbit, anti-p65 antibodies and goat anti-rabbit alkaline
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phosphatase conjugated secondary detection antibodies were obtained from Chemicon 

International (Billerica, MA).

Culture of RAW 264.7 Macrophages

RAW 264.7 cells, a murine macrophage cell line, were obtained from American 

Type Culture Collection (ATCC; Manassas, VA). To initiate culture, frozen cells were 

thawed by gentle agitation in a 37°C water bath. Cells were then transferred into a 15 ml 

conical tube and diluted (1:1) with Dulbecco’s Modified Eagles’s Medium (DMEM) 

supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and antibiotic- 

antimycotic solution containing 100 U/ml penicillin G, 25pg/ml Amphotericin B, and 0.1 

mg/ml streptomycin (Cellgro Mediatech, Inc.). The cell suspension was then centrifuged 

at 250 x g at 25°C for 10 minutes. The cell pellet was resuspended in 10 ml of DMEM 

and transferred into a 75 cm2 flask. Cells were maintained at 37°C with 5% CO2 in a 

humidified incubator until further use. Media was replaced every three days and cells 

were split at approximately 80% confluency.

Uptake of Antisense NF-kB Oligonucleotides Loaded in Albumin Microspheres

To evaluate microsphere uptake into macrophages in vitro, RAW 264.7 

macrophages were plated in 24 well cell culture plates (3.0 x 105 cells/ml) and incubated 

for 24 hours. After 24 hours, cells were washed 5 times with 1 ml PBS to remove any 

dead cells and cell debris. Albumin microspheres loaded with antisense NF-kB 

oligonucleotides were suspended in DMEM media (2 mg/ml), and 1 ml of suspension 

was added to each well containing 3.0 x 105 cells/ml. At predetermined time points (1 ,4 ,
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and 24 hrs); cells were washed 5 times with 1 ml PBS and fixed with 1 ml of 

paraformaldehyde (4% in water) paraformaldehyde and incubated at 4°C for 1 hour.

After 1 hour, the cells were removed from 4°C and washed twice with 1 ml of PBS, and 

fluorescent images were taken of the wells using a fluorescent microscope (Fluorovert 

FS, Leitz).

To evaluate the change in intracellular concentrations of oligonucleotide as a 

result of microsphere uptake, RAW 264.7 macrophages were again plated in 24 well cell 

culture plates (3.0 x 105 cells/ml) and incubated for 24 hours. After 24 hours, cells were 

washed 5 times with 1 ml PBS to remove any dead cells and cell debris. Albumin 

microspheres loaded with 6-FAM labeled antisense NF-kB oligonucleotides were 

suspended in DMEM media to make a final concentration of 0.5 pM antisense NF-kB 

oligonucleotides (N = 3). Naked oligonucleotides were also suspended in DMEM media 

at 0.5 pM (N = 3). At predetermined time points (1, 4, 8, 24 hr); cells were washed 5 

times with PBS and incubated at 4°C with Triton-X 100 (1%) for 1 hour to dissolve 

cellular membranes. The cell lysate was then centrifuged at 1380 x g at 25°C, and the 

supernatant was collected and analyzed using a fluorescent plate reader (Phenix Research 

Products) at 485/535 nm. Unloaded microspheres were used as controls and background 

for the microencapsulated groups while DMEM was used as controls for the soluble 

groups.

Statistical Analysis

Data are presented as the mean + standard error of the mean (S.E.M.). The results 

were analyzed using a one-way analysis of variance (ANOVA). Comparison of means
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was performed using Tukey’s post hoc test. A probability of p < 0.05 was considered 

statistically significant.

In Vitro Antisense Inhibition of NF-kB (p65)

RAW 264.7 macrophages were plated in 25 cm2 flasks and cultured until they 

reached approximately 80% confluency. Eight separate flasks of cells were prepared. 

Cells were pretreated with 5 ml of 50 pM microencapsulated or soluble antisense NF-kB 

oligonucleotides for 3 hours. Control cells were given the same amount of unloaded 

microspheres. After 3 hours, cells were stimulated with LPS (1 pg/ml) for 24 hours. 

Positive control cells were stimulated with LPS while negative control cells were left 

unstimulated. After 24 hours of stimulation with LPS, nuclear extracts were obtained and 

analyzed for p65 expression by western blot.

Dose-Dependent Antisense Inhibition of NF-kB (p65 )

RAW 264.7 macrophages were plated in 25 cm2 flasks and cultured until they 

reached approximately 80% confluency. Seven separate flasks of cells were prepared. 

Cells were pretreated with 5 ml of 50 pM, 20 pM, 2 pM, or 0.2 pM of microencapsulated 

antisense NF-kB oligonucleotides for 3 hours. Control cells were given PBS only. After 

3 hours, cells were stimulated with LPS (1 pM) for 24 hours. Positive control cells were 

stimulated with LPS while negative control cells were left unstimulated. After 24 hours 

of stimulation with LPS, cytosolic and nuclear extracts were obtained and analyzed for 

p65 expression by western blot.
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Nuclear Extraction

After 24 hours of stimulation with LPS, cell culture media was removed and the 

cells were washed twice with 5 ml of PBS. Next, cells were collected using a cell scraper 

and transferred into a clean 50 ml centrifuge tube. The samples were centrifuged at 250 x 

g for 5 minutes at 4°C. The supemates were discarded and the pellets were washed twice 

with 20 ml of ice cold PBS. The sample was centrifuged again at 250 x g for 5 minutes 

at 4°C and the supernates were discarded.

To obtain cytoplasmic extracts, the cell pellet was resuspended in 500 pi of a 

hypotonic lysis buffer containing 10 mM HEPES (pH 7.9), 1.5 mM MgCL, 10 mM KC1, 

0.5 mM DTT, 0.1% Triton X-100, 1 mM phenylmethylsulphonyl fluoride (PMSF), and 1 

mM protease inhibior cocktail (AEBSF, pepstatin, leupeptin, E-64, bestatin, and 

aprotinin). Cells were incubated on ice for 15 minutes and were then centrifuged at 250 x 

g for 5 minutes at 4°C. The supernate was discarded and the cells were resuspended in 

200 pi of the hypotonic lysis buffer. The cells were lysed by rapid passage through a 25 

guage needle 5 times. The disrupted cell suspensions were then centrifuged at 8,000 x g 

for 20 minutes at 4°C. The supernatant which contained the cytosolic portion of the cell 

lysate was transferred into a fresh centrifuge tube and stored at -80°C.

The cell pellet which contained the nuclear portion of the cell lysate was 

resuspended in 350 pi of extraction buffer which contained 20 mM HEPES (pH 7.9), 1.5 

mM MgCl2, 0.42 M NaCl, 0.2 mM EDTA, 0.5 mM DTT, 1.0% Igepal CA-630, 25%

(v/v) glycerol, protease inhibitor cocktail, and PMSF. Nuclear extractions were drawn in 

and out of a 25 guage needle 5 times in order to homogenize the samples. Samples were 

then agitated on a rotator for 1 hour to fully disrupt the nuclear membranes and then
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centrifuged at 16,000 x g for 5 minutes at 4°C. Supemates which contained the nuclear 

extracts were transferred into a clean tube and stored at -80°C.

Inhibition of TNF-a using Microencapsulated Antisense NF-kB Oligonucleotides

RAW 264.7 macrophages were seeded in 24 well cell culture plates and cultured 

until they reached approximately 80% confluency. Cells were pretreated with 1 ml of 50 

pM microencapsulated or soluble antisense NF-kB oligonucleotides for 3 hours. Control 

cells were given the same amount of unloaded microspheres. After 3 hours, cells were 

stimulated with LPS (1 pg/ml) for 24 hours. Positive control cells were stimulated with 

LPS while negative control cells were left unstimulated. After 24 hours of stimulation 

with LPS, cell culture medium was collected and analyzed for TNF-a expression by 

western blot.

Dose-Dependent Inhibition of TNF-a using Microencapsulated Antisense NF-kB 

Oligonucleotides

RAW 264.7 macrophages were seeded in 24 well cell culture plates and cultured 

until they reached approximately 80% confluency. Cells were pretreated with 50 pM, 20 

pM, 2 pM, or 0.2 pM of microencapsulated antisense NF-kB oligonucleotides for 3 

hours. Control cells were given PBS only. After 3 hours, cells were stimulated with LPS 

(1 pM) for 24 hours. Positive control cells were stimulated with LPS while negative 

control cells were left unstimulated. After 24 hours of stimulation with LPS, the cell 

culture medium was collected and analyzed for TNF-a expression by western blot.
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Western Blot Analysis

Nuclear extracts were analyzed for protein concentration using a DC Protein 

assay (BioRad) according to manufacturer’s instructions. Nuclear extracts were mixed 

with equal volumes of gel loading buffer (50mM Tris-HCl pH 6.8, 2 % SDS, 20 % 

glycerol, 10 % 2-mercaptoethanol, 2mg/ml bromophenol). Samples were loaded on a 

12% polyacrylamide mini gel (BioRad) and electrophoresed at 15 mA per gel. Proteins 

on gel were then transferred overnight onto a polyvinylidene fluoride (PVDF) membrane 

(BioRad) at 20 V according to manufacturer’s instructions. Membranes were washed 

with deionized water for 5 minutes and stained with 0.1% Ponceau S in 5% acetic acid 

for 2 minutes. Membranes were then washed with deionized water 3 times and then 

placed between two sheets of acetate and scanned.

After staining, membranes were saturated with blocking buffer (4% non-fat dry 

milk, 40 mM Tris-HCl pH 7.5,0.1%  Tween-20) and incubated on a rotator for 1 hour. 

Anti-p65 primary antibody was diluted 1:1000 in blocking buffer and the solution was 

then added to the membrane and incubated overnight at 4°C. Next, membranes were 

washed three times for 5 minutes each with blocking buffer at room temperature. Horse 

radish peroxidase (HRP) conjugated anti-rabbit secondary antibody was diluted 1:1000 in 

blocking buffer and incubated with membrane for 2 hours. After 2 hours, membranes 

were washed twice with blocking buffer and then twice with buffer containing 0.5 M 

NaCl, 0.5 mM Tris-HCl pH 7.5, and 0.05% Tween-20 5 minutes each. The 

immunocomplexes were visualized colorimetrically using alkaline phosphatase 

conjugated substrate kits obtained from BioRad according to the manufacturer’s 

instructions.
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Results

Uptake of Antisense NF-kB Oligonucleotide Loaded in Albumin Microspheres

The purpose of these studies was to evaluate in vitro macrophage uptake of 

albumin microspheres and to evaluate the change in intracellular concentrations of 

antisense oligonucleotides as a result of microsphere uptake. Figure 3.1 shows images of 

the uptake of the antisense NF-kB oligonucleotide loaded albumin microspheres at three 

different time points taken by a fluorescent microscope. There was a time dependent 

increase in uptake of the albumin microspheres until 24 hours, suggesting that RAW 

264.7 macrophages are capable of taking up albumin microspheres within the size range 

prepared. The mechanism of uptake is thought to be phagocytosis given the nature of 

macrophages; however, further studies need to be performed to confirm this assertion.

A comparison of intracellular uptake in RAW 264.7 macrophages between 

soluble and microencapsulated antisense oligomers was analyzed according to a standard 

curve shown in figure 3.2. The results of the comparison indicate significantly higher 

concentrations found for the microencapsulated oligonucleotide group at each time point 

up to 24 hours as shown in figure 3.3 (p < 0.05). There was also a significant increase in 

intracellular concentrations in macrophages between 4 hours and 8 hours within the 

microencapsulated group (p < 0.05). Although there seems to be a slight time-dependent 

increase in intracellular concentrations within the soluble antisense group, no significant 

difference was observed. Previous reports have shown similar results in which soluble 

antisense oligomers showed virtually no uptake in macrophages in vitro (Akhtar and 

Lewis 1997). The results of these studies suggest that albumin microspheres, perhaps
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through its ability to efficiently be taken up by macrophages, can be used to enhance 

intracellular concentrations of antisense oligomers and facilitate its exposure to 

intracellular mRNA targets.

A.

Figure 3.1. Uptake of antisense NF-kB loaded albumin microspheres in RAW 264.7 
macrophages. RAW 264.7 macrophages in 24 well cell culture plates were treated with 
antisense NF-kB loaded albumin microspheres. At predetermined time points, cells were 
fixed and images were taken using fluorescent microscope. A) 1 hour B) 4 hours C) 24 
hours
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antisense NF-kB oligonucleotides. RAW 264.7 cells were treated with 
microencapsulated or soluble 6-FAM labeled antisense NF-kB oligonucleotides (N = 3). 
Cells were lysed at 1 hr, 4 hrs, 8 hrs, and 24 hrs and lysate was analyzed using 
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In Vitro Antisense Inhibition of NF-kB (p65)

The purpose of this study was to evaluate the effect of microencapsulated 

compared to soluble antisense oligonucleotides on inhibition of p65 expression. Figure 

3.4 shows the PVDF membrane stained with Ponceau S after protein transfer. Staining 

was carried out to monitor complete transfer of protein prior to antibody incubation. 

Figure 3.5 shows a western blot comparing the effects of microencapsulated and soluble 

antisense NF-kB oligonucleotides on inhibition of the p65 subunit of the NF-kB protein. 

As shown, the microencapsulated group displayed almost complete inhibition of NF-kB 

(Lane B) compared to the positive controls (Lane A). The soluble groups did not show 

any significant inhibition at 50 pM (Lane C). The unstimulated cells did not show any 

expression of NF-kB (Lane D).

Dose-Dependent Antisense Inhibition of NF-kB (p65)

The purpose of this study was to evaluate a dose-dependent inhibition of p65 

expression using microencapsulated antisense oligonucleotides. Figure 3.6 shows the 

PVDF membrane stained with Ponceau S after protein transfer. Staining was carried out 

to monitor complete transfer of protein prior to antibody incubation. The western blot 

determination of p65 expression is shown in Figure 3.7. As shown, there was a dose 

dependent inhibition of microencapsulated antisense NF-kB oligonucleotides from 50 

pM to 0.2 pM.
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Figure 3.4. PVDF membrane stained with Ponceau S for western blot evaluation of 
microencapsulated compared to soluble antisense NF-kB oligonucleotides on 
inhibition of NF-kB p65. PVDF membranes were stained with Ponceau S to monitor 
complete transfer of protein. A) Positive control (+ LPS); B) 50 pM microencapsulated 
antisense NF-kB oligonucleotides; C) 50 pM soluble antisense NF-kB oligonucleotides; 
D) Negative control (- LPS)
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Figure 3.5. Western blot evaluation of microencapsulated compared to soluble 
antisense NF-kB  oligonucleotides on inhibition of NF-kB p65. RAW 264.7 
macrophages were pretreated with microencapsulated or soluble antisense NF-kB 
oligonucleotides for 3 hours and then stimulated with LPS (1 pg/ml) for 24 hours. 
Nuclear extracts were then obtained and analyzed for p65 expression by western blot. A) 
Positive control (+ LPS); B) 50 pM microencapsulated antisense NF-kB 
oligonucleotides; C) 50 pM soluble antisense NF-kB oligonucleotides; D) Negative 
control (- LPS)
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Figure 3.6. PVDF membrane stained with Ponceau S for western blot evaluation of 
dose dependent inhibition of NF-kB p65 using microencapsulated antisense 
oligonucleotides. PVDF membranes were stained with Ponceau S to monitor complete 
transfer of protein. A) Positive control (+ LPS); B) 50 pM microencapsulated antisense 
NF-kB oligonucleotides; C) 20 pM microencapsulated antisense NF-kB 
oligonucleotides; D) 2 pM microencapsulated antisense NF-kB oligonucleotides; E)
0.2 pM microencapsulated antisense NF-kB oligonucleotides; F) Negative control (- 
LPS).
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Figure 3.7. Western blot evaluation of dose dependent inhibition of NF-kB  p65 
using microencapsulated antisense oligonucleotides. RAW 264.7 macrophages were 
pretreated with microencapsulated antisense NF-kB oligonucleotides for 3 hours and then 
stimulated with LPS (1 pg/ml) for 24 hours. Nuclear extracts were then obtained and 
analyzed for p65 expression by western blot. A) Positive control (+ LPS); B) 50 pM 
microencapsulated antisense NF-kB oligonucleotides; C) 20 pM microencapsulated 
antisense NF-kB oligonucleotides; D) 2 pM microencapsulated antisense NF-kB 
oligonucleotides; E) 0.2 pM microencapsulated antisense NF-kB oligonucleotides; F) 
Negative control (- LPS).
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Inhibition of TNF-a using Microencapsulated Antisense NF-kB Oligonucleotides

The purpose of this study was to evaluate the effect of antisense NF-kB on in 

vitro TNF-a inhibition. Figure 3.8 shows the PVDF membrane stained with Ponceau S 

after protein transfer. Staining was carried out to monitor complete transfer of protein 

prior to antibody incubation. Figure 3.9 shows a western blot comparing the effects of 

microencapsulated and soluble antisense NF-kB oligonucleotides on inhibition of TNF-a. 

As shown, the microencapsulated group displayed a significant reduction of TNF-a (Lane 

B) compared to the positive controls (Lane A). The soluble groups did not show any 

significant inhibition at the dose administered (Lane C). The unstimulated cells did not 

show any expression of NF-kB (Lane D).

Dose-Dependent Inhibition of TNF-a using Microencapsulated Antisense NF-kB 

Oligonucleotides

The purpose of this study was to evaluate a dose dependent inhibition of TNF-a 

using microencapsulated antisense oligonucleotides. Figure 3.10 shows the PVDF 

membrane stained with Ponceau S after protein transfer. Staining was carried out to 

monitor complete transfer of protein prior to antibody incubation. The western blot 

determination of TNF-a production is shown in Figure 3.11. As shown, there was a dose 

dependent inhibition of TNF-a using microencapsulated antisense NF-kB 

oligonucleotides from 50 pM to 0.2 pM.
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Figure 3.8. PVDF membrane stained with Ponceau S for western blot evaluation of 
microencapsulated compared to soluble antisense NF-kB  oligonucleotides on 
inhibiton of TNF-a. PVDF membranes were stained with Ponceau S to monitor 
complete transfer of protein. A) Positive control (+ LPS); B) 50 pM microencapsulated 
antisense NF-kB oligonucleotides; C) 50 pM soluble antisense NF-kB oligonucleotides; 
D) Negative control (- LPS)

Figure 3.9. Western blot evaluation of microencapsulated compared to soluble 
antisense NF-kB oligonucleotides on inhibition of TNF-a. RAW 264.7 macrophages 
were pretreated with microencapsulated or soluble antisense NF-kB oligonucleotides for 
3 hours and then stimulated with LPS (1 pg/ml) for 24 hours. Cell culture media was 
collected at 24 hours and evaluated by western blot A) Positive control (+ LPS); B) 50 
pM microencapsulated antisense NF-kB oligonucleotides; C) 50 pM soluble antisense 
NF-kB oligonucleotides; D) Negative control (- LPS)
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Figure 3.10. PVDF membrane stained with Ponceau S for western blot evaluation 
of dose dependent inhibition of TNF-a using microencapsulated antisense NF-kB 
oligonucleotides. PVDF membranes were stained with Ponceau S to monitor complete 
transfer of protein. A) Positive control (+ LPS); B) 50 pM microencapsulated antisense 
NF-kB oligonucleotides; C) 20 pM microencapsulated antisense NF-kB 
oligonucleotides; D) 2 pM microencapsulated antisense NF-kB oligonucleotides; E)
0.2 pM microencapsulated antisense NF-kB oligonucleotides; F) Negative control (- 
LPS).

Figure 3.11. Western blot evaluation of dose dependent inhibition of TNF-a using 
microencapsulated antisense NF-kB oligonucleotides. RAW 264.7 macrophages were 
pretreated with microencapsulated antisense NF-kB oligonucleotides for 3 hours and then 
stimulated with LPS (1 pg/ml) for 24 hours. Cell culture media was collected after 24 
hours and analyzed by western blot. A) Positive control (+ LPS) B) 50 pM 
microencapsulated antisense NF-kB oligonucleotides C) 20 pM microencapsulated 
antisense NF-kB oligonucleotides D) 2 pM microencapsulated antisense NF-kB 
oligonucleotides E) 0.2 pM microencapsulated antisense NF-kB oligonucleotides F) 
Negative control (- LPS).
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Discussion

In this chapter, it has been shown that albumin microspheres loaded with 

antisense NF-kB oligonucleotides were effectively taken up by macrophages in vitro. 

Furthermore, microencapsulated antisense oligonucleotides displayed significantly higher 

intracellular concentrations in macrophages compared to soluble oligonucleotides 

suggesting that albumin microspheres are effective intracellular delivery vehicles of the 

antisense compounds. The phagocytic nature of macrophages suggests that the 

mechanism of microsphere uptake is through the phagocytic pathway; however, further 

analyses using various metabolic and phagocytic inhibitors are needed to confirm this 

assertion.

We also demonstrated the effectiveness of microencapsulated antisense 

oligonucleotides in the inhibition of nuclear expression of NF-kB in vitro. Soluble 

antisense oligomers did not produce any significant inhibition of p65 expression, which 

may be simply due to an insufficient dose. However, these results are consistent with the 

uptake studies where no significant in vitro uptake was seen with soluble antisense 

oligomers in macrophages. These results are consistent with previous literature which 

also showed no significant in vitro uptake of soluble antisense oligomers in macrophages 

(Akhtar et Lewis 1997). Antisense oligomers loaded within albumin microspheres 

displayed significant inhibition of p65 nuclear expression in a dose-dependent manner 

once again suggesting that albumin microspheres are effective delivery vehicles for 

antisense oligonucleotides.

Finally, we demonstrated that microencapsulated antisense oligonucleotides are 

effective inhibitors of TNF-a in vitro. TNF-a is a proinflammatory cytokine that is
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thought to play a significant role in inflammatory diseases like RA (see Chapter 1). Since 

NF-kB is thought to play an important role in the mediation of TNF-a genes, we wanted 

to evaluate whether antisense inhibitors of NF-kB can further inhibit TNF-a production. 

Once again, no significant inhibition of TNF-a was seen with soluble antisense 

oligonucleotides consistent with the previous study. The results in this chapter further 

suggest that antisense oligonucleotides encapsulated within albumin microspheres is a 

viable delivery strategy.
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CHAPTER 4

TREATMENT OF RAT ADJUVANT ARTHRITIS USING

MICROENCAPSULATED ANTISENSE NF-KB OLIGONUCLEOTIDES

Introduction

In chapter 3, we demonstrated that albumin microspheres are effective 

intracellular delivery vehicles for NF-kB antisense oligonucleotides. Oligonucleotides 

entrapped within albumin microspheres were taken up at significantly higher 

concentrations in macrophages than their naked counterparts and also were able to exert 

antisense effects against NF-kB more effectively at similar doses. Microencapsulated 

antisense NF-kB oligonucleotides are being formulated as potential therapeutic agents for 

inflammatory diseases such as rheumatoid arthritis. Given the important role NF-kB 

plays in the pathogenesis of RA as reviewed in chapter 1, it is not surprising that NF-kB 

has emerged as an attractive therapeutic target for the management of such diseases 

(Feldmann et al. 2002 and Tsao et al. 1997).

Animal models of RA have assisted researchers in understanding the role NF-kB 

plays in inflammation and in developing new therapies. For example, Tsao et al. (1997) 

implicated the significance of NF-kB in the progression of RA by demonstrating 

significant expression of activated NF-kB in the synovium of rats with adjuvant-induced
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arthritis, a rat model which bears many clinical and pathological similarities to RA in 

humans. The investigators also demonstrated that treatment with dexamethasone, a 

potent inhibitor of NF-kB expression (Auphman et al. 1995 and Scheinman et al. 1995), 

suppressed paw swelling and histological changes associated with rat adjuvant arthritis.

Given the undesirable side effects associated with glucocorticoids (Ardite et al. 

1998, Auphan et al. 1995, D ’Acquisto et al. 1997, and Scheinman et al. 1995), many 

researchers have naturally turned their attention to selective inhibitory agents of NF-kB, 

such as antisense therapy, to treat inflammatory diseases (D’Souza et al. 2005, Khaled et 

al. 1997, and Schlaak et al. 2002). The purpose of the studies described in this chapter 

was to evaluate the effect of microencapsulated antisense NF-kB oligonucleotides on rat 

adjuvant-induced arthritis. We report significant, dose-dependent inhibition of rat 

adjuvant-induced arthritis using microencapsulated antisense NF-kB oligonucleotides. 

Furthermore, the long-term administration of antisense NF-kB oligonucleotides was 

found to induce no liver or kidney toxicity in arthritic rats.

Materials and Methods

Animals

Male Sprague-Dawley rats 4-6 weeks old weighing approximately 150-200 g 

were obtained from Harlan Laboratories. All rats were housed in a temperature and 

humidity controlled environment with a 12 hour light and dark cycle and were offered 

food and water ad libitum.
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Induction and Measurement of Adjuvant Arthritis

Arthritis was induced by a subplantar injection of 1 mg of heat-killed 

Mycobacterium butyricum (Difco, Detroit, MI) suspended in 0.1 ml of light mineral oil 

into the right hind paw of rats 150-200 grams in weight. Left paws were injected with 

mineral oil only. Negative control animals were injected with mineral oil in both hind 

paws. Injected and noninjected hind paw volumes were determined 

plethysmographically by displacement of mercury as a measure of degree of 

inflammation. Percent inhibition of paw inflammation was calculated using the 

following relationship: [1 -  (test rat paw volume -  negative control paw volume) / 

positive control paw volume -  negative control paw volume] * 100.

Microencapsulated Antisense NF-kB Oligonucleotide Dose Response Evaluation in 

Adjuvant Arthritis

Arthritis was induced in male Sprague Dawley rats as previously described. Rats 

were administered antisense NF-kB oligonucleotide loaded microspheres suspended in 

sterile saline (2.5 mg/kg, 5.0 mg/kg, or 7.5 mg/kg) intrapertonially every alternate day 

from day 3 to day 15 (N = 4). All control animals were administered unloaded 

microspheres suspended in sterile saline. Paw volumes were measured 

plethysmographically on day 15 and day 21.
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Effect of Microencapsulated Antisense NF-kB Oligonucleotides on Adjuvant Arthritis

Arthritis was induced in male Sprague Dawley rats as previously described. Rats 

were administered 10 mg/kg of microencapsulated or soluble antisense NF-kB 

oligonucleotides intraperitonially every alternate day from day 3 to day 21 post adjuvant 

injections (N = 6). All control animals were administered saline only. Paw volumes 

were measured plethysmographically on day 15 and day 21.

In a separate study rats were administered 15 mg/kg or 30 mg/kg of 

microencapsulated or soluble antisense NF-kB oligonucleotides intrapertonially every 

alternate day from day 3 to day 21 post adjuvant injections (N = 6). All control animals 

were administered saline only. Paw volumes were measured plethysmographically on 

day 15 and day 21.

Liver and Kidney Toxicity Analysis

On day 21, after paw volumes were measured, rats were euthanized and blood 

was obtained for toxicity analysis. Blood samples were sent to Antech Diagnostics 

(Atlanta, GA). Blood urea nitrogen (BUN) and creatinine levels were measured to 

determine any renal toxicity. Alkaline phosphatase, ALT, and AST levels were measured 

to determine any liver toxicity.

Statistical Analysis

Data are presented as the mean + standard error of the mean (S.E.M.). The results 

were analyzed using a one-way analysis of variance (ANOVA). Comparison of means

59



was performed using Tukey’s post hoc test. A probability of p < 0.05 was considered 

statistically significant.

Results

Microencapsulated Antisense NF-kB Oligonucleotide Dose Response Evaluation in 

Adjuvant Arthritis

The purpose of this study was to evaluate a dose-dependent effect of 

microencapsulated antisense NF-kB oligonucleotides on adjuvant-induced arthritis. 

Figure 4.1 and 4.2 shows the effect of three doses (2.5, 5.0, 7.5 mg/kg) injected and 

noninjected paw inflammation on day 15 and day 21 post adjuvant injections, 

respectively. Figure 4.1 shows the paw volume measurements on day 15. As can be 

seen, there seemed to be a dose dependent reduction of injected paw volumes; however, 

the differences were not significant (P < 0.05). On the other hand, noninjected paw 

volumes were significantly reduced in a dose dependent manner compared to the control. 

Percent inhibitions of paw inflammation for each group are shown in Table 4.1.

Although dosing was terminated on day 15, paw volumes were also measured on day 21 

(Figure 4.2). As can be seen, there were no significant differences in paw volumes 

compared to the control for any dose. The results of this study suggest that the doses 

given were sufficient to slow down the inflammation in the noninjected paw. However, 

the maximum percent inhibition observed for the injected paw was 52% (Table 4.1); 

therefore, it can be suggested that a higher dose may simply be required to significantly 

inhibit inflammation in the injected paw.
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■  Injected Paw ■  Noninjected Paw

2.5

2  2

Control 2.5 mg/kg 5.0 mg/kg 7.5 mg/kg

Figure 4.1. Effect of microencapsulated antisense NF-kB oligonucleotides on rat 
adjuvant-induced arthritis day 15 post adjuvant injections. Arthritis was induced by 
a subplantar injection of 1 mg of heat-killed M. butyricum (Difco, Detroit, MI) suspended 
in 0.1 ml of light mineral oil into the right hind paw (injected paw). The left paw 
(uninjected paw) was injected with mineral oil only. Rats were dosed with 
microencapsulated antisense NF-kB oligonucleotides every other day from day 3 to day 
15 post adjuvant injections (N = 4). Paw volumes were measured plethysmographically 
by mercury displacement. * = p < 0.05 compared to control.
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2.5

■  Injected Paw ■  Noninjected Paw

2  2

Control 2.5 mg/kg 5.0 mg/kg 7.5 mg/kg

Figure 4.2. Effect of microencapsulated antisense NF-kB oligonucleotides on rat 
adjuvant-induced arthritis day 21 post adjuvant injections. Arthritis was induced by 
a subplantar injection of 1 mg of heat-killed M. butyricum (Difco, Detroit, MI) suspended 
in 0.1 ml of light mineral oil into the right hind paw (injected paw). The left paw 
(noninjected paw) was injected with mineral oil only. Rats were dosed with 
microencapsulated antisense NF-kB oligonucleotides every other day from day 3 to day 
15 post adjuvant injections (N = 4). Paw volumes were measured plethysmographically 
by mercury displacement. * = p < 0.05 compared to control.
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Table 4.1. Effect of microencapsulated antisense NF-kB oligomers on inhibition of paw
inflammation day 15 post adjuvant injections.

DOse infected Pier Pofoent
Inhibition

2.5 mg/kg 9.50 % 57.20 %O/ *

5.0 mg/kg 

7.5 mg/kg

35.10%

52.00 %

79.10% *

82.30 % *

Percent inhibition calculated using following relationship: [1 -  (Treatment Group- 
Negative Control)/(Positive Control -  Negative Control)] * 100. * = p < 0.05 compared 
to control.

Effect of Microencapsulated Antisense NF-kB Oligonucleotides on Adjuvant Arthritis

The purpose of this study was to compare the effect of microencapsulated to 

soluble antisense NF-kB oligonucleotides on adjuvant-induced arthritis. Figure 4.3 

shows a comparison of the inhibitory effect of microencapsulated and soluble antisense 

NF-kB oligonucleotides (10 mg/kg) on paw inflammation on day 15. As shown, there 

was significant inhibition of paw inflammation observed on day 15 for both the injected 

and noninjected paws compared to the control. The microencapsulated group had a 

slightly higher inhibitory effect on paw inflammation than the soluble group; however, 

the differences were not significant (Table 4.2).

Dosing was continued to day 21 in this experiment and paw volumes were 

measured as shown in Figure 4.4. As shown, only the microencapsulated group had a
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significant inhibitory effect on the noninjected paw inflammation. Percent inhibitions of 

paw inflammation for both the injected and noninjected paws are shown in Table 4.3.

The results of this study indicate a dose of 10 mg/kg to be sufficient for the inhibition of 

inflammation in adjuvant arthritis for both the soluble and microencapsulated group with 

the microencapsulated group having a slightly stronger effect. However, only the 

microencapsulated group was able to hold that effect until day 21 of the adjuvant arthritis 

in the noninjected paw indicating a stronger dose still needed to inhibit injected paw 

inflammation at this stage of the model, where the inflammatory response becomes much 

more severe.

Figure 4.5 shows the evaluation of higher doses (15 mg/kg and 30 mg/kg) of 

microencapsulated versus soluble antisense NF-kB oligonucleotides on paw 

inflammation. As shown, only the microencapsulated groups were found to have an 

inhibitory effect on paw inflammation for both doses. The percent inhibition of paw 

volume is shown in Table 4.4. The paw volume measurements for day 21 are shown in 

figure 4.6. As can be seen, the microencapsulated group did have a significant inhibitory 

effect on paw inflammation for both the injected and noninjected paw at a dose of 15 

mg/kg. Percent inhibitions are shown in Table 4.5. Several rats in the group that was 

dosed 30 mg/kg of microencapsulated antisense NF-kB oligonucleotides died before the 

day 21 measurements and thus was eliminated from this evaluation. The reason for the 

death of the animals in this group is unknown; however, may be a result of the high 

concentration of microspheres that was administered in order to achieve a dose of 30 

mg/kg.
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■  Injected Paw ■  Noninjected Paw

Control Soluble (10 mg/kg)Microsphere (10 mg/kg)

Figure 4.3. Effect of microencapsulated compared to soluble antisense NF-kB 
oligonucleotides on rat adjuvant-induced arthritis day 15 post adjuvant injections.
Arthritis was induced by a subplantar injection of 1 mg of heat-killed M. butyricum 
(Difco, Detroit, MI) suspended in 0.1 ml of light mineral oil into the right hind paw 
(injected paw). The left paw (noninjected paw) was injected with mineral oil only. Rats 
were dosed with either microencapsulated or soluble antisense NF-kB oligonucleotides 
every other day from day 3 to day 21 post adjuvant injections (N = 6). Paw volumes 
were measured plethysmographically by mercury displacement. * = p < 0.05 compared 
to control.
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Figure 4.4. Effect o f microencapsulated compared to soluble antisense NF-kB 
oligonucleotides on rat adjuvant-induced arthritis day 21 post adjuvant injections.
Arthritis was induced by a subplantar injection of 1 mg of heat-killed M. butyricum 
(Difco, Detroit, MI) suspended in 0.1 ml of light mineral oil into the right hind paw 
(injected paw). The left paw (noninjected paw) was injected with mineral oil only. Rats 
were dosed with either microencapsulated or soluble antisense NF-kB oligonucleotides 
every other day from day 3 to day 21 post adjuvant injections (N = 6). Paw volumes 
were measured plethysmographically by mercury displacement. * = p < 0.05 compared 
to control.
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Table 4.2. Effect of microencapsulated compared to soluble antisense NF-kB oligomers
on inhibition of paw inflammation day 15 post adjuvant injections

Group ' Inhibition

Microsphere 42.46 % * 85.30 %

Soluble 32.60% * 52.26 %

Percent inhibition calculated using following relationship: [1 -  (Treatment Group- 
Negative Control)/(Positive Control -  Negative Control)] * 100. * = p < 0.05 compared 
to control.

Table 4.3. Effect of microencapsulated versus soluble antisense NF-kB oligomers on 
inhibition of paw inflammation day 21 post adjuvant injections.

r  Injected Paw Percent Noninjected Paw
uroup Inhibition Percent Inhibition

Microsphere 8.46 % 70.27 % *

Soluble -8.75 % 29.64 %

Percent inhibition calculated using following relationship: [1 -  (Treatment Group- 
Negative Control)/(Positive Control -  Negative Control)] * 100. * = p < 0.05 compared 
to control.
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Figure 4.5. Effect o f microencapsulated compared to soluble antisense NF-kB 
oligonucleotides on rat adjuvant-induced arthritis day 15 post adjuvant injections.
Arthritis was induced by a subplantar injection of 1 mg of heat-killed M. butyricum 
(Difco, Detroit, MI) suspended in 0.1 ml of light mineral oil into the right hind paw 
(injected paw). The left paw (noninjected paw) was injected with mineral oil only. Rats 
were dosed with either microencapsulated or soluble antisense NF-kB oligonucleotides 
(15 mg/kg and 30 mg/kg) every other day from day 3 to day 21 post adjuvant injections 
(N = 6). Paw volumes were measured plethysmographically by mercury displacement. * 
= p < 0.05 compared to control.
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■  Injected Paw ■  Noninjected Paw

3.0

Control Microsphere 15 mg/kg Soluble 15 mg/kg

Figure 4.6. Effect of microencapsulated compared to soluble antisense NF-kB 
oligonucleotides on rat adjuvant-induced arthritis day 21 post adjuvant injections.
Arthritis was induced by a subplantar injection of 1 mg of heat-killed M. butyricum  
(Difco, Detroit, MI) suspended in 0.1 ml of light mineral oil into the right hind paw 
(injected paw). The left paw (noninjected paw) was injected with mineral oil only. Rats 
were dosed with either microencapsulated or soluble antisense NF-kB oligonucleotides 
(15 mg/kg) every other day from day 3 to day 21 post adjuvant injections (N = 6). 
Several rats in the group dosed with 30 mg/kg of antisense NF-kB oligonucleotides died 
and therefore excluded. Paw volumes were measured plethysmographically by mercury 
displacement. * = p < 0.05 compared to control.
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Table 4.4. Effect of microencapsulated compared to soluble antisense NF-kB oligomers
on inhibition of paw inflammation day 15 post adjuvant injections.

Group injected raw roreoni
rerceminnppiuon

Microsphere 
15 mg/kg 58.71 % * 94.78 % *

Soluble 
15 mg/kg 18.61 % 41.77 %

Microsphere 
30 mg/kg 61.68 % * 85.54 % *

Soluble 
30 mg/kg 36.45 % 56.87 %

Percent inhibition calculated using following relationship: [1 -  (Treatment Group- 
Negative Control)/(Positive Control -  Negative Control)] * 100. * = p < 0.05 compared 
to control.

Table 4.5. Effect of microencapsulated compared to soluble antisense NF-kB oligomers 
on inhibition of paw inflammation day 21 post adjuvant injections.

Group Injected Paw Percent 
Inhibition

Noninjected Paw 
Percent InhibitI on

Microsphere 
15 mg/kg 46.67 % * 116.44% *

Soluble 
15 mg/kg 9.74 % 48.40 %

Percent inhibition calculated using following relationship: [1 -  (Treatment Group- 
Negative Control)/(Positive Control -  Negative Control)] * 100. * = p < 0.05 compared 
to control.
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Toxicity analysis of microencapsulated antisense NF-kB oligonucleotides

The purpose of this study was to evaluate any potential liver and kidney toxic 

effects due to long term dosing of microencapsulated antisense NF-kB oligonucleotides 

(15 mg/kg). Table 4.6 is a summary of the toxicity results obtained. BUN, serum 

creatinine, alkaline phosphatase, ALT, and AST blood concentrations were measured in 

rats on day 21 post adjuvant injections. As shown, there was no significant increase in 

BUN and serum creatinine concentrations compared to the controls indicating so renal 

toxicity. Further, there was no significant increase in alkaline phosphatase, ALT, or AST 

levels suggesting no liver toxicity.
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Table 4.6. Effect of antisense NF-kB loaded albumin microspheres (15 mg/kg) on liver and kidney toxicity.

Group BUN ± SO Creatnlns ± SD Alkaline 
Phosphatase + SD ALTtSO i i

Pos. Cont. 19.25 ±2.06 0.35 ± 0.06 294.5 ± 75.76 53.25 ± 9.46 173.5 ±25.41

Neg. Cont. 23.75 ±1.92 0.425 ± 0.05 253.5 ±22.31 61.5 ±2.65 180.75 ±26.35

Microsphere 
(15 mg/kg) 19.5 ± 1.00 0.375 ±  0.05 241.25 ± 33.06 63.25 ± 7.37 174.5 ±28.40

Soluble 
(15 mg/kg) 18.0 ±1.41 0.4 ± 0.06 241.0 ± 26.58 60.25 ± 5.97 187.25 ±13.15

Microsphere 
(30 mg/kg) 20.5 ±0.71 0.45 ± 0.07 214.5 ±57.28 57.5 ±4.95 173.5 ±7.78

Soluble 
(30 mg/kg) 18.25 ±1.50 0.375 ± 0.07 231.75 ±29.14 53.25 ± 5.32 176.75 ±29.26

Rats were euthanized on day 21 post-adjuvant injections and blood was obtained and analyzed for liver and kidney toxicity by 
measuring blood urea nitrogen (BUN), serum creatinine, alkaline phosphatase, ALT, and AST concentrations in rats on day 15 post 
adjuvant injections
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Discussion

In these studies, the effects of microencapsulated NF-kB antisense 

oligonucleotides on adjuvant-induced arthritis in rats were evaluated. In the previous 

chapter, it was shown that albumin microspheres are effective intracellular delivery 

vehicles for NF-kB antisense oligonucleotides in vitro. It was the goal of these studies, to 

assess whether albumin microspheres were effective delivery vehicles for NF-kB 

antisense oligomers in vivo.

In order to initially evaluate the effects of microencapsulated NF-kB antisense 

oligonucleotides on adjuvant-induced arthritis, a dose-response evaluation was carried 

out with three doses (2.5 mg/kg, 5.0 mg/kg, and 7.5 mg/kg). Significant inhibition of 

paw inflammation was only seen in the noninjected paw on day 15. Dosing was 

terminated on day 15 and no significant inhibition was observed for either the injected or 

noninjected paws on day 21. The results of this study suggest that a higher dose may be 

necessary to inhibit inflammation in the injected paw where the inflammatory response 

and NF-kB expression is much higher compared to the noninjected paw (Tsao et al.

1997). These results further suggest that dosing must continue after day 15 in order for 

inflammation to be abated on day 21, given the severity of inflammatory response at this 

stage of the model.

Therefore, in the following studies, higher doses of antisense NF-kB 

oligonucleotides were administered until day 21 to evaluate an effect on adjuvant- 

induced arthritis. Furthermore, soluble antisense oligonucleotides were also administered 

as a comparison. A dose of 10 mg/kg of both soluble and microencapsulated antisense 

oligonucleotides effectively inhibited both injected and noninjected paw inflammation on
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day 15 with the microencapsulated group producing a slightly higher inhibition than the 

soluble group, although the difference was not significant. Interestingly, only the 

microencapsulated group inhibited noninjected paw inflammation on day 21 at a 10 

mg/kg dose. Once again, it must be noted that the inflammatory response in the 

noninjected paw is consistently weaker than the injected paw during the progression of 

this disease model. The primary inflammation observed in the injected paw between day 

0 and day 4 post-adjuvant injections is thought to be an inflammatory, non-immune 

response (Walz et al. 1971). The secondary inflammatory response, characterized by an 

increase in the injected paw inflammation and an onset of inflammation in the 

noninjected paw, is thought to be due to an immune response such as release of TNF-a 

and IL-lp. Therefore, the inflammation observed in the injected paw on day 15 is a result 

of an inflammatory response in addition to an immune response; whereas, the noninjected 

paw inflammation is more likely a result of an immune response alone. Since NF-kB 

plays a role in the immune regulation of rheumatoid arthritis, it makes sense that larger 

doses are apparently necessary to effectively inhibit the injected paw inflammation 

compared to the noninjected paw inflammation.

A dose of 15 mg/kg and 30 mg/kg of the microencapsulated anti sense 

oligonucleotides effectively inhibited both injected and noninjected paw inflammation on 

day 15. No significant reduction in paw inflammation was found for the soluble group at 

either dose. These results were contradictory to the results in the previous study where an 

inhibitory effect was observed at a smaller dose of soluble antisense oligonucoeotides (10 

mg/kg). This may be a result of the slightly diminished inflammatory response observed 

for the control animals as compared to the controls in the previous study. Furthermore,
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the variability in paw volumes was much higher compared to the previous experiment 

which can also be a possible explanation for these results.

On day 21, several animals died possibly due to the high concentration of 

microspheres administered. Therefore, only the 15 mg/kg dose was evaluated. Both 

injected and noninjected paw inflammation was significantly reduced for the groups 

administered microencapsulated antisense oligonucleotides. Because of the conflicting 

results obtained for the groups administered soluble antisense oligonucleotides, we 

cannot conclude that antisense NF-kB oligonucleotides entrapped within albumin 

microspheres are more effective in suppressing inflammation than soluble 

oligonucleotides without further evaluations. However, taken together, the results 

reported in this chapter suggest that microencapsulated antisense NF-kB oligonucleotides 

can effectively inhibit inflammation associated with adjuvant arthritis in a dose 

dependent manner (Table 4.7 and Figure 4.7).
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Table 4.7. Summary of effect of microencapsulated antisense NF-kB oligomers on
inhibition of paw inflammation day 15 post adjuvant injections.

f t *
Injected PawPorcent 

Inhibition

2.5 mg/kg 9.50% 57.20% *

5 mg/kg 35.10% 79.10%*

7.5 mg/kg 52% 82.30% *

10 mg/kg 42.46% * 85.30% *

15 mg/kg 58.71%* 94.78% *

30 mg/kg 61.68% * 85.54% *

Percent inhibition calculated using following relationship: [ 1 -  (Treatment Group- 
Negative Control)/(Positive Control -  Negative Control)] * 100. * = p < 0.05 compared 
to control.
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Figure 4.7. Graphical representation of summary of effect of microencapsulated 
antisense NF-kB oligomers on inhibition of paw inflammation day 15 post adjuvant 
injections. Percent inhibition calculated using following relationship: [1 -  (Treatment 
Group-Negative Control)/(Positive Control -  Negative Control)] * 100.
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CHAPTER 5

CONCLUSIONS

Throughout this dissertation, we have stressed the importance of NF-kB in the 

immune response through its regulation of a range of proinflammatory mediators. Many 

existing anti-inflammatory agents such as glucocorticoids have been found to partly 

interfere with NF-kB activation; however, long term use of these agents is limited due to 

undesirable side effects (Scheinman et al. 1995). Therefore, researchers have recently 

looked to more selective inhibitors of NF-kB activation, such as antisense therapy, to 

treat inflammatory diseases. Although antisense technology has been found to be a 

promising therapeutic strategy for a variety of applications, their use is limited mainly 

due to biological instability and poor cellular permeability. The use of microspheres as 

antisense oligonucleotide delivery vehicles has been shown to offer several advantages 

such as sustained release, protection from enzymatic degradation, and the capability of 

being taken up by phagocytic cells (e.g. macrophages) thus facilitating the exposure to 

intracellular targets (Akhtar and Lewis 1997, D ’Souza et al. 2005, Khan et al. 2004, 

Lewis et al. 1995, and Walter et al. 2001). The purpose of the experiments reported in 

this dissertation was to incorporate microencapsulation as a delivery strategy for NF-kB 

specific antisense oligonucleotides to alleviate these shortcomings and to evaluate this 

formulation as a potential therapeutic strategy for inflammatory diseases. The three 

major goals of this project were to, 1) formulate and characterize crosslinked albumin
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microspheres loaded with antisense NF-kB oligonucleotides (Chapter 2), 2) evaluate the 

effectiveness of this formulation as intracellular delivery vehicles of antisense 

oligonucleotides in macrophages and evaluate the effect of this formulation on in vitro 

inhibition of NF-kB p65 and TNF-a expression (Chapter 3), and 3) evaluate the effect of 

microencapsulated NF-kB antisense oligonucleotides in vivo using the rat adjuvant- 

induced arthritis model (Chapter 4).

In chapter 2, albumin microspheres loaded with antisense oligonucleotides were 

prepared using a spray drying method. The spray drying method offers several 

advantages including technical simplicity, high product yield, and product uniformity. 

Microspheres obtained from the spray dryer were characterized in terms of particle size, 

surface charge, morphology, and oligonucleotide release profiles. The purpose of these 

characterization studies was to obtain an overall picture of the prepared formulation and 

to evaluate the potential of this formulation to passively target macrophages. 

Macrophages are of particular importance in these studies due to the central role they 

play in the inflammatory response. As discussed in chapter 1, many factors play a role in 

particle uptake into macrophages including particle size and surface charge. Ahsan et al. 

(2002) reviewed microsphere uptake into macrophages and found that microspheres 

between 1 and 10 pm were effectively phagocytosed by macrophages, with microspheres 

between 1 and 2 pm demonstrating the most avid uptake. It was also found that 

microspheres with higher zeta potentials (positive or negative) were more efficiently 

taken up compared to microspheres with more neutral surface charge. Microspheres that 

were formulated were found to be between 3 and 4 pm in diameter with a highly negative 

surface charge suggesting that this formulation may be a suitable candidate for
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intracellular delivery of antisense oligonucleotides. Furthermore, we evaluated the drug 

release characteristics of the formulation and found it to be biphasic, with an initial burst 

release followed by a phase of slower, sustained release. The surface characteristics and 

sustained release profiles indicated that crosslinked albumin microspheres may be an 

appropriate formulation for the enhancement of biological half-life and macrophage 

delivery of NF-kB specific antisense oligonucleotides.

After fully characterizing our formulation, it was the goal of the next experiments 

to evaluate the overall effectiveness of albumin microspheres as intracellular delivery 

vehicles for antisense oligonucleotides. In our first study we found that albumin 

microspheres were taken up by macrophages in vitro in a time-dependent manner up to 

24 hours. Phagocytosis is thought to be the main mechanism of uptake given the nature 

of macrophages; however, further studies are needed to confirm this assertion. In the 

next study, it was found that antisense oligonucleotides entrapped within albumin 

microspheres were taken up by macrophages at significantly higher concentrations 

compared to soluble oligonucleotides. Soluble oligonucleotides displayed almost no 

uptake in vitro which is consistent with results reported in previous literature (Akhtar and 

Lewis 1997). Taken together, these studies indicate that albumin microspheres are 

effective intracellular carriers of antisense oligonucleotides through their ability to be 

taken up by macrophages.

We next evaluated the effect of microencapsulated antisense oligonucleotides on 

in vitro NF-kB p65 inhibition. It was the goal of these experiments to determine whether 

the antisense oligonucleotides are effective in suppressing intracellular NF-kB expression 

after taken up by macrophages. Here, we found that microencapsulated antisense
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oligonucleotides effectively inhibited p65 nuclear expression in a dose-dependent 

manner. Furthermore, it was found that at similar doses, microencapsulated antisense 

oligomers displayed considerably stronger inhibition NF-kB p65 expression compared to 

soluble oligonucleotides. Finally, by inhibiting NF-kB expression, microencapsulated 

antisense oligonucleotides significantly reduced TNF-a levels in a dose-dependent 

manner suggesting that NF-kB does regulate TNF-a production and that this formulation 

can exert potential anti-inflammatory effects by suppressing proinflammatory cytokine 

expression.

In our final experiments, we evaluated the effects of microencapsulated antisense 

NF-kB oligonucleotides on rat adjuvant-induced arthritis. Initially, a dose response study 

was carried out using three different doses (2.5, 5, and 7.5 mg/kg) of microencapsulated 

oligonucleotides. It was found that microencapsulated oligonucleotides significantly 

inhibited non-injected paw inflammation in a dose-dependent manner on day 15. 

Although there seemed to be a dose-response trend in the injected paw, no significant 

differences were found suggesting that a higher dose may be necessary to inhibit injected 

paw inflammation. In further evaluations, it was found that higher doses of 

microencapsulated antisense NF-kB oligonucleotides were effective in inhibiting injected 

and noninjected paw inflammation on day 15 with 15 mg/kg showing maximum 

inhibition. Conflicting results were obtained when comparing the effect of 

microencapsulated and soluble oligonucleotides on adjuvant-induced arthritis. Groups 

that were administered 10 mg/kg of soluble oligonucleotides displayed a significant 

reduction in injected and noninjected paw inflammation compared to controls. However, 

in a separate study, it was found that 15 mg/kg of soluble oligonucleotides did not

81



significantly inhibit paw inflammation in either the injected or noninected paw. The 

reason for these inconsistent results is unknown; however, it may be due to the increased 

variability observed in the latter. Therefore, while we have observed that 

microencapsulated antisense NF-kB oligonucleotides are effective in the suppression of 

adjuvant-induced arthritis, we cannot safely conclude that they are more effective 

compared to soluble antisense oligonucleotides without further evaluations.

The experiments conducted and reported in this dissertation make the case that 

NF-kB is an important factor in the inflammatory response, antisense oligonucleotides 

are effective tools that can selectively target and suppress NF-kB expression, and 

microencapsulation is a viable strategy for the delivery of antisense oligonucleotides.

This case was made by fully characterizing albumin microspheres loaded with antisense 

oligonucleotides, evaluating macrophage uptake of this formulation in vitro, comparing 

microencapsulated and soluble NF-kB specific antisense oligonucleotides on in vitro 

inhibition of p65 and TNF-a expression in macrophages, and finally evaluating our 

formulation in vivo using the rat adjuvant-induced arthritis model.

Our understanding of NF-kB has drastically improved over the last few decades.

It is now known that NF-kB is an important transcription factor for a variety of biological 

processes and a very important target for the management of inflammatory diseases. 

Antisense technology has surfaced as an attractive tool to target and inhibit specific gene 

expression; however, further evaluations are needed before antisense technology becomes 

a practical therapeutic option. One enormous obstacle for antisense therapy is the 

delivery of these compounds, which was the main focus of this project. We have shown 

that by incorporating antisense oligonucleotides within albumin microspheres, the
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stability, cellular permeability, and efficacy can be considerably improved. We have also 

suggested that microencapsulated antisense NF-kB oligonucleotides may be a viable 

strategy for the treatment of inflammatory diseases such as rheumatoid arthritis through 

its ability to passively target macrophages and suppress NF-kB overexpression.

The future of antisense technology to inhibit NF-kB expression and treat inflammatory 

diseases is still uncertain; however, given the results of the evaluations conducted in this 

dissertation, it can be stated that albumin microspheres are; in fact, potentially effective 

delivery vehicles for NF-kB specific antisense oligonucleotides.
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