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ABSTRACT

KEMBA N. LEE

Evaluation of Fluoroquinolones and Biopolymer Encapsulated Fluoroquinolones as 
Anti-Poxviral Agents
(under the direction of Dr. Martin D’Souza)

Orthopoxviruses can cause human disease with significant public health 

importance. Diseases caused by Orthopoxvirus infection include monkeypox, 

smallpox, vaccinia-associated complications from the smallpox vaccine, and cowpox. 

For these diseases and complications, there is currently a lack of FDA approved anti

viral treatment.

The Fluoroquinolones cause supercoiling of puc 18 DNA, by inhibiting vaccinia 

topoisomerase I (22). The purpose of this dissertation was to further evaluate the 

potential of Fluoroquinolones as anti-Orthopoxvirus agents, in living systems: first, in 

cell culture and secondly, in a mouse model with systemic disease. Overall, the 

Fluoroquinolones that are currently on the market, used as antibacterial agents, have a 

good safety profile, but have been associated with arthrotoxicity. For many drugs, 

biopolymer encapsulation can result in increased half life, reduced dosing and 

reduced drug toxicity. Therefore, this dissertation research was also executed to 

formulate biopolymer encapsulated Fluoroquinolones, and evaluate albumin micro- 

and nanospheres as a Fluoroquinolone delivery strategy.



In this body of work, in vitro testing shows that nine of the ten Fluoroquinolones 

tested, inhibit vaccinia growth, by greater than 50%. Amino acid sequence alignment 

of other Orthopoxvirus, Molluscipoxvirus, and Parapoxvirus topoisomerase, to the 

vaccinia, WR sequence showed 99-100% identity, suggesting that other 

Orthopoxviruses would have similar susceptibility to the Fluoroquinolones. Albumin 

microspheres and nanospheres, containing Ofloxacin were formulated by the spray 

dry method and were characterized, in vitro (particle size, zeta potential, and 

encapsulation efficiency). Comparison of the pharmacokinetics and biodistribution of 

aqueous and nanosphere encapsulated Ofloxacin revealed a more sustained and 

extended release for the nanosphere formulation. The nanosphere formulation also 

has a slower elimination rate and longer half-life. The in vivo efficacy studies, 

performed in a systemic vaccinia infection mice model, showed a significant 

reduction in blood viral DNA, when animals were treated with 2g/kg Ofloxacin; but,

3 out of 6 mice died 5 days after the last dose, when viral DNA began to increase 

again. When infected mice were treated with 200 mg/kg aqueous Ofloxacin or the 

nanospheres formulation, viral DNA was reduced, but the reduction was not 

statistically significant due to variation within the group, and viral DNA increased 

again 5 days after cessation of the nanosphere drug treatment. At the trough of 

weight loss (day 9), mice treated with 200mg/kg lost approximately 20% of their 

body weight (bw), in comparison to untreated animals that lost about 24% of their 

bw. Animals treated with the highest dose, 2000 mg/kg, had an initial faster rate of 

weight loss, but by day 7, the rate of weight loss stabilized, and they lost a total of 

18.8% of their bw by day 9. There was mortality benefit in animals that were treated



with 200 mg/kg aqueous Ofloxacin, in which no animals died, compared to 20% 

mortality rate in sham-treated animals. These results suggest that there may be an 

effective therapeutic dose between 200 and 2000 mg/kg, with an extended dosing 

period.

xiv



CHAPTER 1

INTRODUCTION

There is a need for discovery and development of therapeutics for treatment of 

diseases caused by Poxviruses. The U.S. terrorist attacks that occurred in 2001 and the 

deliberate release of anthrax shortly afterwards have prompted the Centers for Disease 

Control and Prevention to declare variola virus, the etiological agent of smallpox, a 

category A agent of bioterrorism. Variola virus has been declared a category A agent of 

bioterrorism because the disease is highly contagious, easily transmissible, and has a high 

rate of fatality (30% for ordinary and 90% for hemorrhagic smallpox). Furthermore, 

since the smallpox vaccination campaign ceased in 1972, if deliberate, covert, release of 

variola were to occur, a large population of people (especially younger than 35 years of 

age) would be highly susceptible to infection, and act as a catalyst for the rapid spread of 

the disease.

The smallpox vaccine is made from live Orthopoxvirus vaccinia, which usually does 

not cause disease in healthy individuals. However, there have been complications 

associated with its use in individuals that have skin conditions or are 

immunocompromised (e.g. AIDS, organ transplant recipients on immunosuppressant 

drugs). Though these adverse events occur rarely, they have substantial fatality rates. A 

review of vaccinia-related deaths during a 9 year period (1959-66 and 1968) revealed

15
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deaths occurred among first time vaccinees 18% as result of Eczema vaccinatum and 

28% as a result of Progressive vaccinia (66).

Monkeypox is another Orthopoxvirus disease that warrants concern, as it has been 

endemic to Central Africa, sporadic cases have occurred in Western Africa since 1970, 

and the only U.S. outbreak occurred in 2003. Clinical symptoms are very similar to 

Smallpox; though severe lymphadenopathy is one distinguishing symptom seen in 

Monkeypox patients. The fatality rate of monkeypox (1-10%) is not as high as for 

smallpox (30%), but the duration of the disease lasts for 2-4 weeks; therefore it would be 

beneficial to have some type of therapeutic treatment available for such a serious disease. 

Additionally, there is concern that Orthopoxvirus monkeypox, the etiological agent of 

monkeypox could be used as a bioterrorist agent similar to Orthopoxvirus variola-, since 

the two genomes have high similarity and identity and genetic manipulation of the 

Monkeypox virus genome is feasible.

Previously, homologues to the Poxvirus topoisomerase IB protein, in several species 

of bacteria, have been discovered (27). Conservation of catalytic residues of the active 

site, folds of the protein, and functionality between these homologues not only suggest an 

intimate evolutionary relationship between Poxviruses and bacteria type IB enzymes; 

but, also provoke the idea that there may be antibacterial agents that also have activity 

against Poxvirus topoisomerase. Indeed, a family of antibacterial agents, the 

Fluoroquinolones cause supercoiling of DNA by binding vaccinia topoisomerase I (22). 

The Fluoroquinolones are a family of compounds that have antibacterial activity against 

mycoplasmas, gram-negative and gram-positive bacteria that infect humans. They are 

well absorbed in the tissues and have excellent oral bioavailability; which make them a
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good candidate for treatment of diseases caused by poxviruses. In general these 

compounds are safe in adults, but have shown some associated arthropathies in children 

(67, 68, 69) and in several juvenile animal species (20, 55). For many drugs, biopolymer 

encapsulation (micro-/ nanospheres) can result in increased half-life, reduced dose, and 

reduced drug toxicity. Research presented here tests the efficacy of Fluoroquinolones 

against an Orthopoxvirus and formulates and characterizes biopolymer encapsulation of 

Fluoroquinolones with subsequent testing of anti-viral efficacy in these formulations.



CHAPTER 2 

LITERATURE REVIEW 

Poxviruses

Structure, Genome Organization and Replication

Poxviruses are a family of double stranded (ds) DNA viruses that have brick-shaped 

or ovoid morphology (Figure 1A). They are the largest (140-260 x 220-450 nm) (14) and 

most complex viruses to infect humans. These viruses have a large genome size, which 

ranges between 130-375 kb and is strain-specific (14, 16). Their ds DNA genome is 

covalently joined at the ends by hairpin loops of 101 nucleotides (Figure IB). The 

hairpin loops are AT-rich and lie within the 12kb inverted terminal repetition (ITR). 

Sequences encoding structural and viral enzymes are in the central (approximately 120 

kb) region of the genome; whereas, genes encoding proteins responsible for virulence, 

host range, or immunomodulation are predominately found near the ends. The core 

contains the ds DNA genome and virion enzymes, which include DNA-dependent RNA 

& DNA polymerases and RNA-processing enzymes. Poxvirus capsids are neither 

icosahedral nor helical, but are complex and enveloped. Complex describes the capsid 

symmetry of a virus. Some viruses fit into neither the helical nor the icosahedral 

category. They form complex capsids with structures that are still not well understood. 

Members of the family Poxviridae and some members of the Retroviridae represent 

examples among animal viruses (16). The number of membranes has, historically, been 

of great debate. The controversy, mainly, stemmed from what is realized now as fact-

18
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that there are two infectious particles: the intracellular mature virion (IMV), which has 

one membrane, and the intracellular enveloped virion (IEV) -  which, during the 

replication cycle, will become extracellular enveloped virus (EEV) or cell-associated 

virus (CEV), and has two membranes.
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Figure 1. A) Electron micrograph of poxvirus and corresponding schematic of viral 
components. B) Schematic drawing of Poxvirus genome showing hairpin loops and ITRs 
near the end of the genome, and viral structural proteins and enzymes encoded in the 
center regions (16).

The replication cycle of Poxviruses occurs in the cytoplasm of host cells (Figure 2). 

The mechanism of attachment of the virus to host cellular membrane is not well

understood. A unique cell surface receptor that the virus attaches to has not been



identified. Instead, many attachment factors, have been reported, (e.g. GAG, heparin) 

(16). Once the virus attaches itself to the host cell, fusion of the viral and cellular 

membrane occurs. Then primary uncoating releases the viral core into the cytoplasm.

Neighboring C«N (j8

Figure 2. Poxvirus replication cycle (16).

The core contains viral DNA- processing enzymes that modify viral transcripts, in 

addition to the viral genome; hence, Poxviruses have the necessary enzymes to begin 

transcription of viral mRNA immediately after uncoating. The viral mRNAs exhibit 

features typical of host cellular mRNAs; therefore, they can be translated by host cellular 

protein-synthesizing machinery. Some early viral proteins have sequence similar to host 

cellular growth factors, which can induce proliferation of neighboring host cells
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following their secretion or proteins that counteract the host immune system. Other viral 

proteins produced during early translation, mediate replication of the viral DNA genome. 

Synthesis of these early proteins induces a second uncoating reaction, where the genome 

is released from the core nucleoprotein complex and secondary uncoating leads to 

inhibition of viral early gene expression (16). Viral DNA is replicated into large 

concatemeric molecules that are later resolved into unit length genomes (Qiagen). 

Progeny viral DNA molecules serve as templates for additional cycles of genome 

replication and are the templates for transcription of intermediate and late viral genes. 

Transcription of intermediate genes requires viral transcription factors (products of early 

genes), and a cellular protein called VTF2, which relocates from the infected cell nucleus 

to the cytoplasm (16). Intermediate proteins function in transcription of late genes. Late 

genes encode viral structural proteins and enzymes that are functional in the early phase 

of virus replication, and are packaged into the viral particle during assembly. Initial 

assembly results in formation of an immature virion, which is spherical and possesses a 

membrane. The immature virion develops into the characteristic brick-shaped IMV, 

which is released upon cell lysis. Some viral particles acquire a second membrane as 

they are modified in the trans-golgi, to form the IEV. IEVs are translocated to the cell 

surface by microtubules. When actin polymerization is induced to directly transfer the 

viral particle to a neighboring cell, the IEV is called CEV. If the viral particle dissociates 

from the membrane outside the cell, it is called EEV.
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Taxonomic Classification, Disease and Public Health Significance

There are two subfamilies of Poxviridae: 1) Chordopoxvirinae, which infect 

vertebrate hosts, and 2) Entomopoxvirinae, which infect insect hosts (Table 1). Four of 

the 8 genera of Chordopoxvirinae cause disease in humans, including: Parapoxvirus, 

Molluscipoxvirus, Yatapoxvirus, and Orthopoxvirus. Viruses belonging to these genera 

are zoonotic; except variola virus, the etiologic agent of smallpox and molluscum 

contagiosum virus, the only virus in the Molluscipoxvirus genera. In general, 

transmission of these viruses can occur by direct contact of the mucosal surfaces or a 

break in the skin of the uninfected person, with infected body fluids or carcasses 

(zoonotic poxviruses). Infection can also occur via indirect transmission, by contact with 

the fomites from an infected individual or animal (zoonotic poxviruses). Species 

belonging to Parapoxvirus, Molluscipoxvirus, and Yatapoxvirus cause relatively trivial 

disease in humans, while disease caused by Orthopoxvirus infection is more severe; 

therefore, the focus will be on the latter genera.

Table 1. Poxvirus taxonomy

Vaccinia, Cowpox, M onkeypox, Variola

Orf, Bovine stom atitis virus (BSV), Pseudocow pox

Fowlpoxvirus

Sheeppox virus

M yxoma virus

Sw inepox virus

M olluscum contagiosum  virus

Tanapox virus, Yaba m onkey tum or virus, Yaba d isease  
like virus

B K n  Orthopoxvirus 

M f p f t p - ’ Parapoxvirus
14  (L v '
(■£ t Avipoxvirus
i

Capripoxvirus 

! J teporipoxvirus

Suipoxviruswmmms-:
M olluscipoxvirus 

; Yatapoxvirus

Entom opoxvirus A M elolontha m elolontha entom opoxvirus (MMEV) 

Entom opoxvirus B Amszcta m oorei entom opoxvirus (AMEV)

Entom opoxvirus C Chironomus luridus entom opoxvirus (CLEV)



23

The most prominent member of the genera, Orthopoxvirus, is Orthopoxvirus 

variola, the etiologic agent of smallpox. Variola virus has caused disease since ancient 

times at different times in history, causing epidemics on such a large scale, worldwide, 

and with a high mortality rate (53). The origin of smallpox is not known. Although, it 

has been widely thought that it originated in east Africa (Egypt), and then spread to India 

and China; a more recent theory is that pandemic smallpox originated in East Asia (70). 

The earliest evidence of skin lesions resembling those of smallpox is found on the faces 

of mummies from the time of 18th and 20th Egyptian Dynasties (1570-1085 B.C.). The 

first recorded epidemic occurred in 1350 B.C. during the Egyptian-Hittite war (12). 

Traders carried smallpox from Egypt to India, where Sanskrit medical texts describe 

epidemics as early as 1500 B.C (59). The disease arrived in China by 1122 B.C., 

imported by the Huns and was called hunpox (59). The first stages of the decline of the 

Roman empire, about 180 A.D., coincided with a large scale epidemic, which killed 

between 3.5 and 7 million people. Smallpox followed the Spanish to the Americas 

during the 16th century, where 25 million inhabitants in Mexico declined to 1.6 million 

after an epidemic. Smallpox affected humankind, globally, for generations with 

unparalleled persistence and diffusion (12).

The mortality rate of variola virus depends on which form the individual is 

infected with. There are two epidemiological forms, defined by case fatality rates: 

variola major, which is the form that causes severe disease and has a 30% mortality rate; 

and variola minor, which is less common and has a 1% fatality rate.

Infection with variola major can cause 4 different types of clinical presentation, 

which is dependent on viral dose and host response to the infection. Host response may
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be influenced by vaccination status, level of nutrition and immunity, and possible ethnic 

differences (54). The four clinical presentations are: ordinary, modified, flat and 

hemorrhagic. Ordinary is the most frequent and accounted for 90% of cases. There are 

three distinct phases of the disease: incubation, prodrome illness, and overt illness (39). 

Viral replication occurs during the incubation phase and lasts for approximately 12 days 

(ranges from 7-17 days); the patient has no symptoms. The onset of the prodromal phase 

is sudden with a high fever (39°- 41°C), headache, myalgia, nausea, cramping, vomiting 

and diarrhea (54). This phase lasts for 2-4 days; then the patient goes into the overt illness 

phase, when a rash develops. The lesions begin as discolored spots (not elevated; 

macular), about the face, hands, and forearms. Then they develop into papules, where 

they become elevated as a result of inflammation. Papules develop into vesicles, and 

then pustules, as pus forms. Lastly, scabs form. The scabs continue to shed virus as they 

heal and until they fall off. Depressed, pigmented scars result; the patient experiences 

significant scarring. Lesions are most prominent about the extremities and face 

(centrifugal distribution). There is tendency of lesion density to be greater in areas of 

trauma or inflammation (garter effect). This is called a Koebner phenomenon, in which 

vessels dilated by inflammation are prone to viral invasion and more rapid lesion 

development. It was commonly noted along recent scratches or areas of chemical 

irritation. In one case a confluent eruption of smallpox lesions was observed on a 

patient’s forehead after using alcohol compresses to help ease headaches (15, 54).

Modified smallpox is a more mild presentation and occurs in previously vaccinated 

persons. It follows an accelerated course, where lesions are fewer in number, evolve 

more quickly and have been described as abortive. Papules remain small, with many
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failing to progress to vesicles and pustules. Crusting is complete in 10 days, but the 

prodromal illness tends to be as severe as in ordinary smallpox (54).

Flat and hemorrhagic smallpox are rare and very severe forms, in which the patient 

may die within 2 days. The patient experiences intense systemic toxicity and flat macular 

skin lesions in the flat presentation, or mucosal hemorrhage in the hemorrhagic 

presentation. Both forms have 90% fatality rate.

Most of the understanding relative to the pathogenesis of smallpox is derived from 

investigations using other Orthopoxviruses, especially ectromelia infection of mice (15, 

54). The pathology and histopathology are described as a result of studies of material 

from autopsies of fatal smallpox cases and biopsies from skin lesions (15, 54). When the 

virus is inhaled, it enters the body through the respiratory and oral mucosa; then, travels 

to regional lymph nodes. After several days of replication in lymphatic tissues, 

asymptomatic viremia (usually macrophage-associated) begins, seeding virus to skin and 

reticuloendothelial organs. Ten to 14 days after infection, leukocytes containing viral 

particles pass from dermal or submucosal capillaries and virus begins to enter epithelial 

cells (54). The earliest histological changes occur in dermal vessels with endothelial 

swelling, vascular dilation, and perivascular lymphocyte and dendritic cell infiltration; in 

severe forms of smallpox, dermal and submucosal hemorrhage occurs (54). With other 

types, epidermal changes predominate with formation of eosinophilic cytoplasmic 

inclusions (Guamieri bodies), along with swelling and vacuolation with ballooning 

degeneration of cells in the spinous layer (54). Proliferation and progressive swelling 

and degeneration of these cells produces thickening of the epidermis within which thin- 

roofed, multiloculated vesicles form. Pustulation follows, as neutrophilic infiltration
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occurs. Sebaceous glands appear to be destroyed preferentially, which likely contributes 

to scarring; greater concentration of sebaceous glands on the face account for the large 

number of lesions and the severe facial scarring that occurs. Although upper portions of 

hair follicles may also be destroyed, hair follicles and sweat glands are relatively 

unaffected, compared to sebaceous glands.

Majority of the histopathological studies focused on skin, but all organs are affected, 

especially in the more severe forms. Mucosal lesions resemble those seen in the skin, 

showing Guamieri bodies and reticulate degeneration (54). The absence of a stratum 

comeum layer leads to rapid erosion rather than vesiculation; consequently, early in the 

exanthema phase, oral and pharyngeal ulcerations occur, and pharyngeal shedding can be 

continuous, with virus detectable from 7 to 13 days after onset of fever in nonfatal cases. 

Mucosal lesions are arrayed in descending frequency over pharynx, uvula, tongue, and 

the upper trachea and esophagus. Necrotic foci are sometimes seen in pharyngeal and 

tonsillar lymphoid tissue. Reticuloendothelial system is particularly affected; endothelial 

cells lining sinusoids of the liver can be swollen and sometimes necrotic, and cloudy 

swelling of parenchymal cells is common. Splenic engorgement with increased lymphoid 

development is typical. Renal hemorrhages are often seen in the severe type of smallpox 

and are usually associated with blood seen in the urine (hematuria). Hemorrhage is often 

present also in gastric laryngeal and pharyngeal mucous membranes and in endocardium 

and myocardial tissue. Depletion of megakaryocytes (bone marrow cells that produce 

platelets) accompany the thrombocytopenia in hemorrhagic smallpox. Encephalitis 

occurs occasionally, accompanied by perivascular demyelination and lymphocytic
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infiltration (54). Testes are also affected at times, with small foci of necrosis in all areas. 

The severity of the disease cannot be denied.

Besides the severity, another reason smallpox has been declared a category A 

bioterrorist agent is because of its high transmission rate. In isolated pre-twentieth 

century populations with negligible herd immunity, as well as during 30 sporadic 

outbreaks in 20th century Europe, where pre-existing vaccination levels were about 50%, 

the average number of secondary cases infected by each primary case was between 3.5 

and 6 (13, 18). Spread of smallpox seems to be primarily transmitted by nasal or oral 

secretions rather than from cutaneous lesions (54). Infected persons shed most smallpox 

virus from the epithelium of the naso-oropharynx and salivary glands (3). There is 

discrepancy regarding viral titer shed from the naso-oropharynx and whether there are 

greater titers shed from the naso-oropharynx or the skin. Baron et al. sites that the titer of 

infectious virus shed from the naso-oropharynx is 106- 108 compared with 10- to 100-fold 

lower titers in the lungs and the skin during natural infection (3). Kitamura, et al describe 

an average of 10287, 10461, and 10481 pfu from throat swabs, vesicular-pustular fluid, and 

scabs, respectively, collected from smallpox patients under surveillance in 1975.

Infection can occur by skin inoculation and, rarely through conjunctiva. Infection by skin 

inoculation tends to have an incubation period that is 2 to 3 days shorter than infections 

contracted through the respiratory route, as observed in those individuals who contracted 

the disease after variolation -  an early form of vaccination where smallpox scabs were 

rubbed on the skin of the vaccine (54). Transplacental spread has also been reported 

(54).



Smallpox was declared eradicated by the World Health Organization (WHO) in 1980, 

after a successful worldwide vaccination campaign. The last endemic case occurred in 

1977, in Somalia, and a laboratory associated outbreak occurred in i978 at the University 

of England (12). Today official strains of variola are only housed at two institutions, in 

United States and Russia. However, there is concern that undeclared stocks of variola 

exist elsewhere. After the terrorist attacks that occurred on September 11, 2001, in the 

United States, and the nefarious delivery of anthrax among postal workers, that shortly 

followed the 9/11 terrorist attacks, CDC declared smallpox a category A bioterrorist 

agent.

Orthopoxvirus vaccinia is the virus that is used in the smallpox vaccine; the vaccine 

is made from live virus. Numerous vaccine strains exist, including the more prominent 

ones: New York City Board of Health (NYCBH), Lister, Temple of Heaven (Tian-Tan), 

and Modified vaccinia Ankara (MVA). Though they are referred to by their names, 

many of the smallpox vaccines are a mixed population of genetically varied vaccinia 

virions due to growth and high passage in chick embryos and domesticated animals, and 

to improve vaccine “takes” (clinical presentation of lesion at vaccination site, that 

progresses through standard stages and therefore, confirms that individual has been 

successfully vaccinated) some vaccines were spiked with cowpox (CPXV), or variola 

(VARV) virus (41). Thus, vaccinia viruses are considered to be regarded as manufactured 

(rather than naturally evolved) quasi-species, including genotypes possibly at mutation- 

selection equilibrium (41).

Vaccinia have a broad host range and were used worldwide, which suggests to some 

extent that quasi-species spread by adapting to animals; such adapted vaccinia viruses
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probably include buffalopox virus from river buffalo in India, rabbitpox virus isolated 

from laboratory rabbits, and VACV isolates from dairy cattle and farmers in various 

places (most recently Brazil where vaccination ceased over 25 years ago) (41). Though, 

it has been proposed that ancestral Brazilian vaccinia viruses existed before the beginning 

of the WHO smallpox vaccination campaigns (58).

Vaccinia Western Reserve (WR), which is the strain used in this research, is a 

derivative of the NYCBH strain. It was derived by 18 serial passages in mice, infected 

intracranially, and selected for neural virulence to mimic encephalitis, a rare side effect of 

the vaccine in humans (58). Most of what is known about the biology of 

Orthopoxviruses is a result of analysis of the WR strain as the prototype member. WR 

has never been used in humans as a vaccine strain.

An origin isolate has never been identified for conventional vaccinia strains that have 

been used in vaccines, due to the lack of record-keeping as the virus was repeatedly 

cultivated and passaged in a variety of animals for centuries. Genetic and phylogenetic 

analyses suggest ancestral relationships of horsepox (now so rarely occurring, it is 

considered extinct in nature (60) and cowpox, to vaccinia (60, 58,29, 53).

Dryvax® is the smallpox vaccine that was originally licensed for smallpox 

vaccination in the U.S. and played a key role in the global vaccination campaign by 

WHO in 1967, which led to the eradication of smallpox. It was derived from the 

NYCBH strain by 22-28 passages in young cows (41). During the WHO vaccination 

campaign, it was produced by isolating the virus from bovine calves or sheep lymph, 

following skin scarification with vaccinia virus. This method of production is no longer 

FDA approved. CDC contracted Acambis, Inc to develop a better-characterized vaccine,
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using a clonal derivative of Dryvax produced in a vaccine-certified cell culture (41). 

Cloned isolates were plaque-purified from a pool of 30 vials of reconstituted Dryvax. 

Clone 2 showed equivalence to Dryvax for virulence, immunological properties, and 

protection in animals (41). This clone was further tested in clinical trials and grown in 

large scale quantities, in large bioreactors using serum-ffee culture of Vero cells on 

microcarrier beads. The newly developed vaccine, Acambis-2000, was licensed and FDA 

approved, as a second generation smallpox vaccine in 2007.

In healthy, immunocompetent individuals, vaccination with vaccinia usually causes a 

localized infection, which clinically presents as a single lesion and elicits an immune 

response that protects the individual from disease caused by other Orthopoxvirus 

infection. Virus is inserted into the basal layer of the epidermis for maximum effect. In 

naive, primary recipients, a papule appears within 2 to 5 days (38). Two to 3 days after a 

papule forms, it develops into a vesicle, which reaches it maximum size by day 8-10 (38), 

then develops into a pustule. Erythema may begin to form during vesicle, papule or 

pustule stages and maximizes between days 8-12

(www.usphs.gov/corpslinks/pharmacv/pp/smallpox.pps). A scab forms by 2 weeks and 

falls off around day 21 after vaccination, leaving a typical pitted scar. In individuals that 

have previously been vaccinated, a lesion may not present; if it does, it evolves and 

resolves more quickly. Successful vaccination correlates with the laboratory 

demonstration of the development of a cytotoxic T-cell response, lymphocyte 

proliferation, neutralizing antibodies, and vaccinia virus-specific interferon-y production 

(Nell P et al).

http://www.usphs.gov/corpslinks/pharmacv/pp/smallpox.pps


Virus from the vaccination site may shed until the time at which the scab falls off, 

and therefore, can be transmitted to other parts of the vaccinee’s body (autoinoculation) 

or to other individuals (contact transmission), and cause infection where there are breaks 

in the skin or to mucous membranes (this is the reason covering the sight with a dressing 

and proper handwashing is very important). Certainly, complications associated with 

autoinoculation or contact transmission are more serious in individuals that have not been 

vaccinated than those who have been vaccinated. Vaccinia infection of the scrotum (19), 

vulvar (38, 36, 35), and eye (11, 52, 44) as a result of autoinoculation or contact 

transmission have been reported. Lesion progression similar to what is seen at the 

vaccination site, have been reported for both scrotum and vulvar vaccinia. Patients may 

experience fever and multiple lesions that develop into pustular eruptions, painful 

ulcerated papules, painless fluid-filled papule or shallow ulcerations. Infection is self- 

limiting, but lesions may take up to 3 weeks to heal. There have been 4 (out of > 578,286 

vaccinated) cases of genital vaccinia reported since reinstitution of the smallpox vaccine 

administered to military personnel, in 2002 (38).

Ocular vaccinia is a more frequently occurring complication than genital vaccinia, 

which may be contracted by autoinoculation or contact transmission, though still rare. 

During the WHO vaccination campaign, the incidence of ocular vaccinia was 

approximately one per 40,000 primary vaccinations (44, 52). In previously vaccinated 

individuals, accidental contact transmission into the eye after close contact with a recent 

vaccinee was often limited to combination of conjunctivitis and inflammation of the 

eyelid with discharge (mucopurulent blepharoconjunctivitis). Again, more severe ocular 

complications occur in primary vaccines than in revaccinees, and in accidental primary
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autoinoculation (primary vaccinees that spread virus to their own eyes, from their 

vaccination site).

Vaccinia transmission to the eye may lead to infection of the eyelid (vaccinia 

blepheritis), the conjunctiva (vaccinia conjunctivitis) or cornea (vaccinia keratitis). In 

blepharitis, manifestations of lesions, similar to the one at the vaccination site, may 

occur: progressing from vesicles to pustules that umbilicate and indurate, followed by 

scabs that detach. Lesions can produce profound eyelid swelling and periorbital 

erythema, commonly accompanies by preauricular and/or submandibular 

lymphadenopathy. Conjunctivitis is characterized by an acute papillary reaction and 

serous or mucopurulent discharge (44). Ulceration of the papillary and bulbar 

conjunctiva commonly occurs (44). Keratitis is uncommon (1.2/ million cases) and 

occurs more frequently in primary vaccines than in revaccinees. Direct infection of the 

comeal epithelium may present as multiple lesions, dendritiform lesions, or in geographic 

pattern. Lesions may evolve to ulceration and/or stromal necrosis, or scarring. Ocular 

vaccinia is self-limiting, but may last as long as 3 wks and can be painful for the patient, 

as well as damaging to the eye, depending on vaccination status of the patient.

Although rare, postvaccinial encephalitis (PVE) is a potentially severe and life- 

threatening complication of the smallpox vaccination. The incidence rate in the U.S., 

during the 1960’s, was 9-59 times per 1 million vaccinations; however, the case-fatality 

rate has been reported as 25% (61, 5). Since the smallpox vaccine was reintroduced, 3 

cases of probable PVE were identified among 700,000 vaccinees in the U.S. during 2002- 

2004 (51). There are two types of PVE that can occur: microglial encephalitis and a 

“cytotoxic” postvaccinial encephalopathy. Microglial encephalitis is characterized by
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widespread demyelination, particularly of subcortical white matter, likely corresponding 

to acute disseminated encephalomyelitis (ADEM), an autoimmune demyelinating 

disease. Cytotoxic PVE, with diffuse cerebral edema, lymphocytic meningeal 

infiltration, and perivascular hemorrhage, is thought to be the result of direct 

neuroinvasion by vaccinia, as the virus has at times been detected in samples of CSF or 

brain tissue of patients.

Other serious, possibly life-threatening complications associated with smallpox 

vaccination occur in individuals that are immunocompromised, including Progressive 

vaccinia (PV) and Eczema vaccinatum (EV). PV is a progressive necrosis at the 

vaccination site, with or without metastasis of virus/lesions to distant sites, which occurs 

in people that have an immunodeficiency (humoral or cellular). There is continued 

vaccinia virus replication, with progressive infection of skin surrounding the vaccination 

site or inadvertent inoculation site (Figure 3). During routine vaccination, between 1963- 

1968, the incidence rate of PV was one case per million vaccinated (28); however, the 

fatality rate was 28% (5). Two confirmed cases, by CDC criteria, have been reported, 

since the routine vaccination was discontinued in 1972 and intermittent reinstatement of 

vaccination (1986, then 2002- present) for military personnel thereafter (28). Eczema 

vaccinatum is a localized or generalized popular, vesicular, pustular, or erosive rash 

syndrome that can occur anywhere on the body, with a predilection of areas currently or 

previously affected by atopic dermatitis lesions (Figure 4). Atopic dermatitis is a highly 

pruritic, chronic, multifactorial skin disease predisposing to bacterial and viral infections 

based on abnormalities of the innate and acquired immune system. Individuals with
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Figure 3. Progressive vaccinia patients. A) Fatal Progressive vaccinia (vaccinia 
necrosum), in immunodeficient child (15). B) Progressive vaccinia in women with 
chronic lymphocytic leukemia. C) Progressive vaccinia subsequent to smallpox 
vaccination in a child with leukemia (66).

Figure 4. Eczema vaccinatum patients. A) abdomen and legs of eczema vaccinatum 
patient (Leedom J, et al). B) abdomen and chest of 2 yr old boy with eczema vaccinatum 
(32).

atopic dermatitis (AD) have an epidermal barrier dysfunction that results in increased 

protein allergen penetration through the epidermis and predisposes to secondary skin 

infections, defective upregulation of inducible antimicrobial peptides such as the antiviral 

cathelicidin, and dysfunctional, decreased number of type I interferon producing 

plasmacytoid dendritic cells (64); all of these deficiencies predispose a smallpox vaccinee 

to EV. The cytokine milieu (increased production of IL-4 and IL13) of persons with AD, 

are also implicated in the susceptibility to EV, as IL-4 and IL-13 enhances vaccinia virus
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replication and downregulates cathelicidin LL-37 (64). Persons with a history of atopic 

dermatitis (eczema) are at highest risk for EV; however, other conditions are 

predisposing to EV as well, such as seborrheic dermatitis, impetigo, scabies, bums, and 

pemphigus foliaceus. EV lesions follow the same progression as the vaccination site in a 

vaccinee, and confluent or erosive lesions can occur. Exanthem is often accompanied by 

fever and lymphadenopathy and usually, the patient is systemically ill. Before 1990, the 

incidence rate for EV was approximately 8 to 80 cases per 1 million smallpox 

vaccinations (32, 5). Fatality rate was about 18% (5). EV or PV may occur in vaccinees, 

or in people who have had contact with the vaccination site of a vaccinee (contact 

transmission) and have the respective immunodeficiency. Although, before they are 

vaccinated, prospective vaccinees are screened by interview for any immunodeficiencies 

or skin conditions that may predispose them to EV or PV if vaccinated, the patient may 

not be aware, only to discover their condition after vaccinated. It would be advantageous 

to have therapeutic treatment available in these circumstances.

Orthopoxvirus monkeypox and Orthopoxvirus cowpox are both zoonotic viruses of the 

genera. For both, natural reservoirs are thought to exist in rodents: several species of 

squirrels or other rodents, for monkeypox, since epidemiological investigations 

demonstrate that the virus is endemic in gerbils, squirrels and other rodents of the tropical 

rainforest of Africa; for cowpox, wood bank voles and mice, supported by serological 

studies. The first description of illness caused by O. monkeypox, was in captive 

monkeys, in a zoo, in Copenhagen, in 1957; hence the name monkeypox. Humans 

acquire the disease through contact with the animal’s (usually squirrels, non-human 

primates, or Gambian rats) blood or through a bite. The first human case was identified in
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1970. Historically, monkeypox has been endemic to central Africa, with sporadic cases 

occurring in West Africa. The 1st outbreak in the U.S. occurred in 2003 and cases have 

been reported for the first time, in the Sudan, occurring in 2006. The emergence of 

monkeypox has been partly attributed to the cessation of smallpox vaccination for the 

general public, which provides cross-immunity for monkeypox. Clinically, monkeypox 

infection induces disease similar to smallpox, but less severe (lower fatality rate -  10% 

for monkeypox and 30% for ordinary smallpox). One distinguishing symptom is 

lymphadenopathy seen in monkeypox patients, but not typically seen in smallpox 

patients. The incubation period averaging 12 days is similar to variola. Characterization 

of the monkeypox genome revealed that nucleotide sequence within the central region, 

which encodes the essential enzymes and structural proteins for Orthopoxviruses, is 96% 

identical to variola virus; regions near the ends of the genomes show considerable 

variation (63), as most Orthopoxvirus genomes do. Most of the differences between 

monkeypox and variola are in open reading frames of unknown function; however there 

are several differences in virulence and other genes with known function (COP-A44L, 

COP-B7R, BR-203, BR-209, COP-C3L, COP-C10L, COP-E3L, COP-K3L) (63). 

Person-to-person transmission is by cutaneous inoculation or inhalation of droplets 

containing virus, similar to smallpox transmission. However, transmission rates for 

monkeypox are lower (3%) than for smallpox (approximately 80%).

Similar to variola virus (variola major and variola minor), there are two known 

strains of monkeypox', one that is more virulent, the Central African strain, and one that is 

less virulent, the West African strain. Genome comparison of the two strains revealed a

0.55%-0.56% nucleotide difference (63, 6). They share 170 orthologs and at the protein
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level are about 99.4% identical. The most significant differences between the two strains 

are in the orthologs of BR-203 and COP-C3L, and the differences between these 

orthologs are thought to explain the difference in virulence between the two strains. BR- 

203 is a virulence protein believed to have a role in avoiding apoptosis of infected 

lymphocytes, allowing the virus to thrive in these cells. It was shown that when a 

homolog (MT-4) of the protein in myxoma virus (also a member of Poxvirus family; table 

1) is fragmented, the virus is attenuated and infected lymphocytes undergo apoptosis, 

thus avoiding the primary mechanism of viral spread within the host (63). It was also 

found that the inflammatory response was heightened upon deletion, suggesting a role 

influencing the immune response to viral infection (63). Yokoyama’s studies showed 

that the cowpox orthologs (CPXV203) downregulates MHC class I expression on 

infected cells (77). The Central African strain encodes a full-length protein, but the West 

African strain encodes only an N-terminal fragment. The COP-C3L gene is the 

complement control gene, which inhibits early steps of the host complement cascade.

This gene is present in the Central African monkeypox strain (MOPICE; also present in 

variola-called SPICE), but not in the West African monkeypox strain.

The pathology of monkeypox is thought to be very similar to smallpox. It is believed 

that the virus spreads from the initial site of infection (usually the skin or respiratory 

route, as mentioned above), through infected dendritic cells that traffic to the draining 

lymph nodes. Primary viremia is caused by viral replication within the lymph node and 

causes subsequent infection of secondary sites through the blood. Secondary viremia 

from these sites causes other localized infections, which leads to the characteristic pock 

lesions or rash. Animal studies have contributed significantly to what is known about the



pathogenesis of monkeypox. Experimental infection with either strain (Central or West 

African) of monkeypox, in Cynomologus monkeys (65, 50), have been most telling about 

the pathophysiology. The Central African strain replicated in the skin, lymphoid and 

reticuloendothelial systems, genitor-urinary tract organs, respiratory tract organs and 

gastrointestinal tract organs; whereas, the West African strain replicated only in the skin, 

lymphoid and reticuloendothelial systems. The greater tropism and spread of virus to the 

organs, in monkeys inoculated with Central African strain, resulting in organ failure and 

dysfunction, contributes to the stronger virulence of Central than the West African strain.

Like monkeypox, cowpox is somewhat a misnomer, since the virus is rarely found in 

cows. The most commonly detected source of human infection is the domestic cat, and 

in rare cases from rats, dogs or zoo animals (62). Though human infection has been very 

rare in the past, with 54 cases sited over a 25 year period from 1969 to 1993, mainly 

occurring in Europe, former Soviet Union (and adjacent areas of Northern and Central 

Asia), there has been an increased number of reports in Germany recently (62,71, 72, 

73,74). The increased incidence may be due to under reporting in the past and/or to an 

increased population of people who have not been smallpox vaccinated. Human 

infection is fairly severe. It has 1 week incubation period, after which a localized papule 

or papules develop. Papules quickly progress to vesicles, umbilicated pustules (which 

may become hemorrhagic with surrounding edema and erythema), then crust, and an 

eschar or ulcer. Fever and flu-like symptoms present and lymphadenopathy (like 

monkeypox, unlike smallpox) accompany exanthema. Lesions heal in approximately 3 to 

4 weeks, but can take more than 12 weeks and scarring is common. Severe and rarely 

fatal infection, have been reported in atopic patients. Ocular involvement can cause
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severe disease or blindness. Disseminated cowpox occurs rarely and fatalities have been 

reported. Infection has occurred in a recently smallpox vaccinated adult. Person-to- 

person transmission can occur and has been reported involving up to three individuals. 

cowpox virus is antigenically and genetically closest, but not identical to vaccinia virus. 

Analysis of the kelch superfamily of proteins, suggest cowpox as an ancestor of other 

Orthopoxviruses that affect humans. It has been proposed that amplification of variola- 

specific sequences, in German cowpox isolates, suggests that variola virus may have 

evolved from a rodent-transmitted cowpox-\ikQ progenitor (75). Isolate investigation 

display a high and more complex heterogeneity in comparison to other Orthopoxviruses.

Currently, for diseases and complications caused by Poxvirus infection, there is a lack 

of FDA approved antiviral treatments. Only Vaccinia Immunoglobulin (VIG) and 

Cidofovir have been approved to treat only vaccinia associated complications. There is 

no evidence that VIG, alone, would have therapeutic value for treating Monkeypox or 

Smallpox. Cidofovir’s use is restricted under IND (investigational new drug) protocol, 

for use only when VIG is not efficacious, mainly because of its renal toxicity. So, there 

is a need for development of anti-poxviral agents.

Fluoroquinolones as Possible Anti-poxviral Agents

Previously, homologues to the Poxvirus topoisomerase IB protein, in several species 

of bacteria, have been discovered (27). Conservation of catalytic residues of the active 

site, folds of the protein, and functionality between these homologues not only suggest an 

intimate evolutionary relationship between poxviruses and bacteria type IB enzymes; 

but, also provoke the idea that there may be antibacterial agents that also have activity 

against Poxvirus topoisomerase. Indeed, Kamau et al performed in vitro, molecular and
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biochemical assays which showed that a family of antibacterial agents, the 

Fluoroquinolones cause supercoiling of puc 18 DNA by binding vaccinia topoisomerase I 

(22). Their data suggested that the drug compound binds preferentially to DNA that has 

undergone structural distortions due to topoisomerase enzyme binding, that Vaccinia 

topoisomerase I binds and cleaves DNA in the presence of the drug compound and that 

steps thereafter are modulated by the Fluoroquinolone compound, similar to how it has 

been proposed that the Fluoroquinolones target bacterial DNA-gyrase complexes. Kamu 

et al. added varying concentrations of Enrofloxacin, Ciprofloxacin, Norfloxacin, 

Moxifloxacin, or Lomefloxacin to vaccinia topoisomerase and puc 18 DNA in a test tube, 

and demonstrated that different derivatives cause supercoiling at different concentrations 

in comparison to each other. Enrofloxacin, Ciprofloxacin, and Norfloxacin had the same 

supercoiling efficiency (caused complete supercoiling at 250 uM); while higher 

concentrations (1250 uM) of Moxifloxacin and Lomefloxacin were required to cause 

incomplete supercoiling. The differences in their effectiveness were attributed to their 

differences in the substituents on the core structure, a phenomenon also seen in their 

effectiveness against bacteria and historically termed “structural specificity”.

The inhibition of Vaccinia topoisomerase IB to relax DNA, caused by the addition of 

a Fluoroquinolone compound should disrupt the life cycle of the virus, in particular, those 

areas of the life cycle where the unwinding of viral DNA are important, such as viral 

DNA replication and transcription. It has been demonstrated that Vaccinia virus DNA 

topoisomerase knockout mutants exhibit decreased infectivity associated with reduced 

early transcription and a delay in DNA replication (8). As mentioned earlier, Kamu et al, 

performed in vitro, molecular and biochemical assays, in which they tested the
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Fluoroquinolone compounds by adding them to Vaccinia topoisomerase IB enzyme and 

puc 18 DNA, in a test tube. In vitro testing in cell culture and subsequent in vivo testing, 

in poxvirus systemic disease animal models, should be done to help determine whether 

their findings translate into an effective anti-poxviral agent with therapeutic value in 

mammalian systems.

Fluoroquinolones

The Fluoroquinolones are a family of compounds that have known antimicrobial 

activity against mycoplasmas, gram-negative and gram-positive bacteria that infect 

humans. They are well absorbed in the tissues and have excellent oral bioavailability.

The first generation Fluoroquinolones were derived from nalidixic acid, a by-product of 

chloroquin (antimalarial drug) synthesis, in the 1960’s (20). Explosive research and 

development of Fluoroquinolones starting in the 1980’s and thereafter, brought about 

production of hundreds of derivatives and with each generation the derivatives become 

more potent and possess the ability to treat a wider spectrum of bacteria. The core and 

constant structure of the Fluoroquinolones is a bicyclic aromatic core consisting of two 

fused six-membered rings, with variations in substituents that explain differences in 

spectrum of activity, potency and adverse effects (Figure 5). The R1 moiety influences 

anti-bacteria potency and theophylline interaction, with a cyclopropyl substituent optimal 

for anti-bacteria activity (present in ciprofloxacin and in all the new 3rd generation agents 

other than Levofloxacin and Trovafloxacin). A carboxylic acid group at position 3 and a 

carbonyl group at position 4, are present in all Fluoroquinolones and are important in
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binding the DNA/DNA gyrase complex, in cell entry, and for the interaction with 

magnesium, aluminum and iron (49). The R5 substituent influences gram-positive 

bacteria activity; an amino group is optimal (Sparfloxacin). It also influences 

phototoxicity and genetic toxicity. The C6 position has a fluoro- substituent in all of the 

2nd and 3rd generation agents, hence the “fluoro” nomenclature. The R7 substituent 

influences antibacterial potency and spectrum, pharmacokinetics, and controls GABA 

(gamma-amino-butyric acid) binding and hence adverse events in the CNS (central 

nervous system), especially convulsions. Position 8 influences anti-anaerobic activity, 

but also controls phototoxicity, which is greatest with a halogen substituent. Methoxy 

groups at this position give excellent anti-anaerobic activity with low toxicity (49). The 

various structure/function relationships, usually referred to as “structural specificity”, 

provide a framework for understanding the increased antibacterial spectrum and potency 

of new quinolones, as well as unexpected serious adverse events revealed in post

marketing surveillance which necessitated the withdrawal of some of the most promising 

agents soon after licensing in the 1990s.

COOH

Figure 5. Core structure of all Fluoroquinolones (38).
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Bacterial DNA gyrase (topoisomerase II) and topoisomerase IV, which are both type 

II topoisomerases, are the targets of Fluoroquinolones. DNA topoisomerases are 

enzymes that catalyze topological manipulation of DNA, to relax or unwind DNA 

strands, during replication, transcription or recombination. They act by nicking a DNA 

strand (type I topoisomerases) or both strands (type II topoisomerases; type II reactions 

require ATP), using the free end(s) to rotate one strand about the other, and rejoining the 

broken strand(s) (ligation). During this process, Fluoroquinolones trap the reaction 

intermediate -  containing drug, topoisomerase enzyme and broken DNA. The resulting 

tertiary complex blocks DNA replication or transcription and can lead to cell death.

Fluoroquinolones presently marketed are well tolerated. Ones that have been 

associated with serious adverse events have been discontinued pre-launch to the market 

or during post market surveillance. Discontinuation due to adverse events has been used 

as a marker of those Fluoroquinolones causing severe adverse events. The most 

frequently reported side effects of those that are on the market are gastrointestinal, 

including nausea, dyspepsia, vomiting, abdominal pain, flatulence, diarrhea, constipation, 

and anorexia. Renal toxicity is uncommon. Reported cases of acute renal failure 

associated with Fluoroquinolones have involved patients older than 50 years of age. The 

incidence of elevated serum creatinin levels related to therapy with Ciprofloxacin, 

Norfloxacin, Ofloxacin, or Pefloxacin is estimated to range from 0.25-0.3% (20). 

Fluoroquinolones have been noted to have immunomodulatory effects, which are not 

necessarily adverse. One side effect that is common to all Fluoroquinolones, some less 

than others, is arthropathy. Arthropathy occurs when toxicity causes damage in articular 

cartilage, which has been observed in several species of juvenile animals, after
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administration of all Fluoroquinolones tested so far. For this reason, the 

Fluoroquinolones are contraindicated for children. There are reports of children 

experiencing pain in the joints and abnormal gait, after Fluoroquinolone treatment. The 

mechanism has not been totally elucidated, but consensus thought is that this adverse 

effect occurs because of the high affinity of the Fluoroquinolones for magnesium, which 

will inherently bind to the 3, 4 position, present in all Fluoroquinolone compounds. High 

levels of the compounds tend to accumulate in the bone and cartilage because of the 

normal abundance of magnesium in these tissues. Binding of the magnesium, by the 

Fluoroquinolones, results in depletion in the matrix and induces radical formation. 

Consequently, lesions form in the extracellular matrix of cartilage and the chondrocytes 

separate from the matrix. The condition is non-inflammatory. By redirecting the 

Fluoroquinolones away from the articular cartilage the condition potentially may be 

circumvented.

Biopolvmer Encapsulation of Drugs

Biopolymer encapsulation of a drug, to form drug carriers, is a drug delivery tool 

that can be used to modify pharmacokinetics and targeting of a drug (2, 4, 25), while 

allowing release of the drug in a controlled, sustained manner, at concentrations that can 

be maintained within the therapeutic window. Disposition of the drug carrier depends on 

its physiochemical characteristics, such as polymer material, size, surface charge, dose, 

and route of administration. Polymer material is one of the most common ways to vary 

drug targeting. For instance, poly(methylvinylether-co-maleic anhydride) nanoparticles 

(NP), coating NP with albumin (BSA-NP), and coating NP with albumin and 1,3-



diaminopropane (BD-NP), dictates targeting to stomach/jejunum, stomach and ileum, 

respectively; thus conferring different bioavailability of the loaded drug (79% for BSA- 

NP, 21% for NP, 11% drug in solution and 2% for BD-NP), depending on the polymer or 

coating material (2). Many polymer materials have been used and are under investigation 

for use as a nanoparticle, including: alginate, chitosan, dextrane, gelatin, gold, polylactic 

acid (PLA), polyethylene glycol (PEG), poly (D, L-lactic-co-glycolic) acid (PLGA), and 

albumin.

Albumin is a natural protein component of blood and theoretically, is an ideal 

drug carrier in the application of medicine, since it is biocompatible, biodegradable, and 

non-toxic (26). To date, there is one drug loaded-albumin nanoparticle formulation 

which has been FDA approved (Abraxane, 2005), for treatment of metastic breast cancer 

(26). This Paclitaxel-loaded albumin nanoparticle formulation (nab-paclitaxel) has 

shown 33% higher tumor uptake and increased maximum tolerated dose in preclinical 

studies; toleration of administration without premedication (required with solvent 

Cremphor-based Paclitaxel), increased response rates (33% vs. 19%), prolonged time to 

tumor progression, increased survival and reduced risk of death by 28% in patients 

receiving it as a second line of therapy, have been reported in phase III clinical trials (26). 

Data have been collected revealing that nab-paclitaxel is transcytosed into cells by initial 

binding of albumin to a cell surface, 60-kDa glycoprotein receptor (albondin). Albondin 

then binds to an intracellular protein (caveolin-1) and subsequent invagination of the cell 

membrane to form transcytotic vesicles occurs. The use of this transcytotic pathway is 

another property of albumin that makes it favorable as a transport protein and a drug 

carrier that can be used to target intracellularly, especially for those drugs that are
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lipophilic. Abraxane is an IV formulation and no orally administered formulations have 

been approved, to date.

Hypromellose acetate succinate (HPMCAS), also known as hydroxyl propyl 

methyl cellulose acetate succinate, is a hydrophilic enteric coating agent. It is a cellulose 

derivative bearing succinoyl groups (Figure 18). Cellulose derivatives and copolymers of 

methacrylic acid and its ester bearing free carboxyl groups are traditionally utilized as 

enteric coating agents. Their solubility is controlled by the dissociation of carboxyl 

groups in the polymer backbone. The level of dissociating groups in the polymer (and 

formulation amount of the agent) affects disintegration of the dosage form. The 

succinoyl group content of HPMCAS determines the pH-solubility profile: the higher the 

succinoyl group content, the lower the pH at which it will begin to dissolve (56).

As mentioned earlier, disposition of the drug carrier also depends on size and this 

is also a fairly common and passive way of targeting. Regarding size, in particulate drug 

delivery, particles are usually classified as micro- or nanoparticles (or -spheres). 

Microspheres are those particles that measure 1-1000 microns (um); nanospheres are 

ones that measure < 1 um. The difference in size has numerous targeting effects. 

Microparticles injected into tissues tend to stay where they are placed. When injected 

into the vasculature microparticles can embolize vessels with the same diameter; whereas 

nanoparticles are generally too small to cause embolic phenomena and can circulate 

throughout the vasculature. Hydrophobic nanoparticles are cleared rapidly from the 

bloodstream by the reticuloendothelial system (25). Microparticles cannot cross the 

blood brain barrier; whereas nanoparticles will and are particularly preferred when the 

brain is the target of therapeutic interest. Microspheres will be taken up by those cells
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that can phagocytes; whereas nanoparticles well be taken up by cells that execute 

phagocytosis (take up material <10 um) and pinocytosis (take up sub-micron material). 

When the particles are formed by emulsion, the smaller the particle, the greater the 

proportion of drug that will have access to the external aqueous phase, which can lead to 

substantial loss of payload, or to a lower maximal drug loading for smaller particles. If 

non-specific adsorption of drugs to the particle surface occurs during formation, loss of 

payload or lower maximal drug loading may be enhanced for smaller particles. The 

smaller the particle the more likely water can penetrate more rapidly, which will result in 

increased “burst release” and generally, more rapid release kinetics (25). In polymers 

that are degraded hydrolytically, water penetration will result in particle deterioration, 

which will further accelerate drug release. Lastly, smaller particles are more likely to 

aggregate, and will have better binding for a unit of particle mass than a larger one (25).

In addition to targeting, biopolymer encapsulation of drugs, as colloidal drug 

carriers, allows sustained and controlled release and therefore, can reduce dose frequency 

and toxicity of a drug. A typical concentration-time profile of a drug exhibits a first 

order increase of drug into the therapeutic range, then above the therapeutic range, which 

may be toxic; then the drug has a first order decrease back into the therapeutic range, then 

below minimum effective concentrations, the time at which another dose is given (Figure 

6). Doses are repeated to achieve therapeutic levels until the therapy is finished. Side 

effects of a drug are commonly caused by the repeat levels of drug reaching above the 

therapeutic range, into the toxic range. This problem can be circumvented via the 

sustained and controlled release of biopolymer encapsulated drugs. Kinetics for the 

sustained and controlled drug carrier, is closer to zero order (Figure 7), as concentration
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levels are maintained in the therapeutic range for a longer period of time; therefore, 

reducing the dosing frequency, frequency of concentration levels reaching into the toxic 

range, and overall toxicity of the drug. Control of the release of the drug can be managed 

by changes in the percent composition of the biopolymer material that the drug carrier is 

prepared from.

Figure 6. Typical concentration-time profile of conventional drug products after oral 
administration.

Sustained Release Controlled Release -  Ideal Case

Figure 7. Concentration-time profile of sustained and controlled release drug products 
after oral administration
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Goals and Specific Aims

In this literature review we have exhibited the public health significance of 

Poxvirus disease, particularly Orthopoxvirus, and the supercoiling effect that 

Fluoroquinolones have on puc 18 DNA by inhibiting Vaccinia topoisomerase IB, 

demonstrated in previous molecular studies. The purpose of this dissertation is to further 

evaluate the potential of Fluoroquinolones as anti-orthpoxvirus agents, in vitro and in 

vivo. Additionally, this dissertation presents a method for formulation of biopolymer 

encapsulated Fluoroquinolones, and evaluates albumin micro- and nanospheres as a 

Fluoroquinolone delivery strategy.

Specific aims are as follows:

1. In vitro (cell culture) testing and comparison of multiple Fluoroquinolone 

compounds (FQ) to determine which have the most potent antiviral activity 

against Poxviruses.

2. To formulate and characterize (in vitro) Fluoroquinolone loaded microspheres 

(FQ-ms) and nanospheres (FQ-ns).

3. To compare pharmacokinetics and biodistribution of FQ and FQ-ns, in vivo, in 

mice.

4. To evaluate the efficacy of FQs and biopolymer encapsulated FQs to clear 

poxvirus infection in vivo, in a systemic vaccinia infection mice model, in a dose 

dependent manner.



CHAPTER 3

IN VITRO ANTI-POXVIRAL TESTING OF FLUOROQUINOLONE COMPOUNDS

Abstract

Previously, it was demonstrated that a family of antibiotics, the Fluoroquinolones, 

cause supercoiling of DNA by binding vaccinia topoisomerase I (22). This research was 

done to study the efficacy of Fluoroquinolones against vaccinia virus in ceil culture. A 

standardized in vitro assay was developed to test and compare multiple Fluoroquinolones 

and their antiviral potency. Using this assay, it was determined that Clinafloxacin, 

Sarafloxacin, Gatifloxacin, and Sparfloxacin have the greatest potency, amongst the ten 

that were tested. They have approximately 10-fold greater anti-orthopoxviral activity 

than Fluoroquinolones that are most widely used (as antibacterial agents) in hospitals, 

currently. Additionally, an amino acid sequence alignment of other Orthopoxviruses, 

Molluscipoxvirus, and Parapoxvirus topoisomerase to the vaccinia, WR sequence was 

performed, that revealed 99% amino acid identity to other Orthopoxviruses, and 70% 

amino acid similarity (only 50% identity) to Molluscipoxvirus, and the Parapoxvirus. 

Ninety nine percent identity suggests that the Orthopoxviruses would have similar 

susceptibility to Fluoroquinolones as vaccinia, WR does. It is difficult to predict whether 

the amino acid changes that confer approximately 70% similarity for Molluscipoxviruses 

and Parapoxviruses would cause these viruses to have more or less susceptibility than

50
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WR. Results from this study suggest the potential of certain Fluoroquinolones, which are 

currently licensed antibacterial drugs, to be used in additional in vivo, animal studies 

as anti-Orthopoxviral agents. If the in vivo studies demonstrate protection, these results 

could be used to support off-label or labeled use of these compounds as Orthopoxvirus 

antivirals.

Introduction

Poxvirus is a family of double stranded, DNA viruses that have brick shaped or 

ovoid morphology. They are the largest viruses known to infect humans; their genome is 

approximately 200kb and has about 200 open reading frames (ORF). The ORFs of the 

central region of the genome encode structural and vital enzymes functional in 

transcription or replication of the virus; while the sequence at the ends of the genome 

code for virulence proteins, which are involved in modulating the host immune system, 

and include the inverted terminal repeat regions (ITR; function unknown). The termini of 

the genome are covalently linked, so that they from a hairpin loop. Unlike other viruses 

which depend on the host machinery to replicate, Poxviruses have their own DNA- 

dependent RNA polymerase, mRNA capping enzymes, and poly (A) polymerase, which 

allows them to replicate in the cytoplasm. Their taxonomy includes two subfamilies: 

Chordopoxvirus, which infect vertebrate host, and Entomopoxvirus, which infect insects. 

The subfamily Chordopoxvirus has 8 genera, 4 of which have viruses that cause disease 

in humans: Orthopoxvirus, Molluscipoxvirus, Parapoxvirus, and Yatapoxvirus. Four 

species of virus in the genus Orthopoxvirus cause the most serious human disease, that 

have public health significance: variola, monkeypox, vaccinia, and cowpox virus.
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Variola virus is the etiological agent of Smallpox disease. Though it was eradicated in 

1980, disclosure (by a former Russian official) of covert propagation of the virus in 

preparation for use as a bioweapon, the 2001 terrorist attacks in the U.S., and the delivery 

of anthrax via the U.S. mail, that shortly followed, all raised the concern that it may be 

used as a agent of bioterrorism. CDC declared it a category A agent of bioterrorist 

because of its high fatality rate (30%) and transmission rate (80%). Monkeypox is a 

clinically, very similar disease to smallpox, but as studied in DRC in the 1980’s, less 

severe (lower fatality rate of 10%, and transmission rate of 3% (79, 80). It is endemic to 

central Africa, sporadic cases have occurred in West Africa, and the 1st outbreak in the U.

S. occurred in 2003. vaccinia virus is the virus that the smallpox vaccine is made from; 

the vaccine is made from live virus. Vaccine associated complications occur rarely, but 

can be severe in individuals that have an immunodeficiency or atopic dermatitis.

Cowpox is also a rare disease, but can cause fairly serious localized disease as well.

Only Vaccinia Immunoglobulin (VIG) has been approved to treat only vaccine 

complications associated with incompletely restricted growth or dissemination of the live 

virus vaccine (eczema vaccinatum, progressive vaccinia and certain cases of generalized 

vaccinia). There is no evidence that VIG, alone, would have therapeutic value for 

treating Monkeypox or Smallpox. Cidofovir’s use is restricted under IND 

(investigational new drug) protocol, for use only when VIG is not efficacious, mainly 

because of its renal toxicity. So there is a lack of FDA approved, broad spectrum 

antiviral for the treatment of Poxviruses, in particular Orthopoxviruses.

Previously, homologues to the Poxvirus topoisomerase IB protein, in 

several species of bacteria, have been discovered (27). Conservation of catalytic residues
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of the active site, folds of the protein, and functionality between these homologues not 

only suggest an intimate evolutionary relationship between poxviruses and bacteria type 

IB enzymes; but, also provoke the idea that there may be antibacterial agents that also 

have activity against Poxvirus topoisomerase. Indeed, it has been demonstrated that 

Fluoroquinolone compounds (Enrofloxacin, Norafloxacin, Lomefloxacin, and 

Moxifloxacin) cause supercoiling of puc 18 DNA by inhibiting Vaccinia topoisomerase 

IB (22). The Fluoroquinolones are a family of compounds that have antibacterial activity 

against mycoplasmas, gram-negative and gram-positive bacteria that infect humans.

They are well absorbed in the tissues and have excellent oral bioavailability; which make 

them a good candidate for treatment of diseases caused by Poxviruses.

The purpose of this study was to develop a standardized in vitro assay that can be 

used to determine the antiviral activity of multiple Fluoroquinolones, in cell culture, at 

multiple concentrations, against Vaccinia, WR strain; secondly, to use the assay to 

determine which Fluoroquinolone derivatives have the most potent activity; and lastly, to 

construct an amino acid sequence alignment to determine how much homology exists 

between Vaccinia WR and other Poxvirus topoisomerase sequence. This will help to 

predict if the Fluoroquinolones will have similar antiviral activity against other 

Poxviruses.

Materials and Methods

Virus. Working stocks of virus were prepared from a seed stock vial of

Orthopoxvirus vaccinia, Western Reserve (WR) strain, which was received from 
v

National Institutes of Health (NIH).
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Cells. Cells used were African Green Monkey kidney cells (BSC-40) received 

from Centers for Disease Control, Division of Scientific Resources, Biologies Branch. 

They were seeded on a 96 well plate, in DMEM media, supplemented with 10% fetal 

bovine serum (FBS), 1% penicillin, and 1% L-glutamine. When infecting with Vaccinia, 

2% FBS was used.

Fluoroquinolone compounds. Enrofloxacin (Biochemika), Ofloxacin (Sigma), 

Levofloxacin (LKT laboratories, Inc), Lomefloxacin (LKT laboratories, Inc), Pefloxacin 

(LKT laboratories, Inc), Clinafloxacin (LKT laboratories, Inc), Sarafloxacin (LKT 

laboratories, Inc), Gatifloxacin (LKT laboratories, Inc), Sparfloxacin (Biochemika), and 

Fleroxacin (LKT laboratories, Inc) are Fluoroquinolone derivatives that were tested. The 

powder form of each Fluoroquinolone compounds was purchased. Two fold dilutions (1, 

2, 4, 8, 16, 31, 62, 125, 250, 500, 1000 ug/ml) of each compound was prepared in DMEM 

media, supplemented with 2% FBS, 1% penicillin, and 1% L-glutamine.

ICsn assay for testing potential antiviral agents, in vitro. The concept of the assay 

is a 96 well format, spectrophotometric assay that exploits CPE and determines IC50 by 

measuring the amount of absorbance present, after adding virus to cells, then staining 

with crystal violet. A similar assay has been described previously (81), but here it was 

developed and performed with modifications. Linear range and the appropriate standards 

to use, were determined by adding varying titers (10° -  109 pfu/ml) of O. vaccinia, WR, 

to confluent BSC-40 cells, allowing virus to propagate for 1 hr (at 37°C), removing the 

inoculum and replacing with fresh media, further allowing propagation for 48 hrs. Crystal 

violet stain was added for 20 minutes and washed off. Absorbances were read at 570 nm. 

Experimental wells used to test the antiviral activity of the drug contained 103 pfu/ml
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virus, the upper limit of the linear range; drug was added after removing viral inoculum, 

then incubated for 48 hrs. Drug concentrations ranged from 1 -lOOOug/ml.

In vitro cytotoxicity testing of Fluoroquinolones. The Cytotox96 non-radioactive 

cytotoxicity assay (Promega) was used to determine cytotoxicity. It is a colorimetric 

assay that measures lactate dehydrogenase (LDH) release from cells. All cells produce 

LDH; however, if a cell is necrotic, the LDH will be released into the supernatant. An 

assay buffer and substrate mix is added to the supernatant that allows the following 

chemical reactions:

LDH

NAD+ + lactate — ► pyruvate + NADH 

Diaphorase

NADH + INT — ► NAD+ + formazan (red)

LDH is an enzyme that will catalyze reaction between NAD and lactate to produce 

pyruvate and NADH. This reaction is coupled with a second reaction, when the substrate 

is added, to convert a tetrazolium salt to form a red formazan product. The red formazan 

product is proportional to the number of lysed cells, and is measured 

spectrophotometrically, at 490 nm.

The protocol was adapted from the Promega kit instructions (part # TB163). 

Briefly, BSC-40 cells (African green monkey kidney) were seeded in 10% FBS DMEM 

media (supplemented with 1% L-glutamine and penicillin/streptomycin, in a 96 well 

plate. They were allowed to grow to confluency, incubated at 37° C. When the cells 

were confluent, 10% FBS DMEM media was removed and the appropriate drug 

concentration in 2% FBS DMEM media was added. The cells were incubated for 48
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hours with the drug, since this is the length of time the drug was allowed to incubate with 

the cells in the antiviral testing. After 48 hours, to determine the fraction of cells affected 

by the Fluoroquinolone, that spontaneously released LDH when the drug was added, the 

supernatants were collected, centrifuged at 250 g, at 4° C, for 5 minutes, and incubated 

with the substrate mix 30 minutes. To determine the remainder amount of LDH that 

could be released, after the supernatant was removed, fresh media was added and the 

cells were lysed by freezing and thawing. Supernatants were collected, centrifuged at 

250 g, at 4° C, for 5 minutes, and incubated with the substrate mix 30 minutes. Stop 

solution was added each time, after the 30 minute incubation with the substrate mix, to 

stop the reaction. Absorbances were read at 490 nm. % Cytotoxicity was calculated 

using the following equation:

% Cytotoxicity = spontaneous LDH release/ total amount of LDH release 

Total amount of release = remainder LDH release + spontaneous LDH release

Results

In Vitro Anti-viral Testing, in Cell Culture, of Fluoroquinolone Compounds

A 96 well format, spectrophotometric assay was standardized and developed to determine 

relative inhibition concentrations. The linear range of the assay is 3 logs, ranging from 

101 - 103 pfu/ml (Figure 8). As the number and growth of virus increases, the amount of 

the absorbance decreases, as can be seen by observing the positive control (BSC-40 cell,

1 “J ^virus, no drug) and standards, 1 0 , 1 0 ,  and 10 pfu/ml (Figure 8).
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Viral P laques and BSC-40 cell A bsorbance

1 100 10000 1000000 100000000 

Virus titer (x 7.3) pfu/ml

Figure 8 . Linear range of IC50 assay.

Visible reduction in the density and size of plaques seen on the plates correspond to 

reduction in absorbance values as quantitated by the plate reader, at 250 pg/ml for 

Enrofloxacin and 500 ug/ml for Ofloxacin (Figure 9, 10); Enrofloxacin has greater 

antiviral activity than Ofloxacin. In wells where 1000 pg/ml of Enrofloxacin and 

Ofloxacin were added, no plaques were observed, but the intensity of the staining of the 

cells decreases also, suggesting cytotoxic concentrations of the drugs (Figure 9).

Absorbance values were read on a plate reader, at 570 nm and the following equation 

was used to determine the % inhibition of vaccinia growth:

%  inhibition = (Drug concentration absorbance -  negative control absorbance) x 100
(positive control absorbance -  negative control absorbance)
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Figure 9. Assay plates from testing Enrofloxacin and Ofloxacin antiviral activity using 
the IC50 assay.

Fluoroquinolone inhibition of vaccinia growth
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Figure 10. Viral growth inhibition by Enrofloxacin and Ofloxacin.
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The calculated value of % inhibition of viral growth was plotted on a graph, as a function 

of drug concentration (Figure 10). The upside of the curve represents inhibition of 

vaccinia growth, while the downside of the curve represents cytotoxic concentrations.

Using the assay and the methods mentioned above to calculate percent inhibition of 

viral growth, multiple FQs were tested, at multiple concentrations (1-1000 ug/ml). The 

graphs generated for Levofloxacin, Lomefloxacin, Pefloxacin, Clinafloxacin, 

Sarafloxacin, Gatifloxacin, Sparfloxacin, and Fleroxacin are shown in figure 11 and 12. 

All of the Fluoroquinolones inhibited vaccinia viral growth.

Fluoroquinolone inhibition of vaccinia viral growth
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Figure 11. Viral growth inhibition by Levofloxacin, Lomefloxacin, Pefloxacin, 
Clinafloxacin, and Sarafloxacin

Fifty percent inhibition of viral growth was extrapolated from the graph and a 

table was generated (Table 2), which ranks the Fluoroquinolones that were tested in order 

of decreasing activity against Vaccinia virus, from top to bottom; Clinafloxacin and 

Sarafloxacin have the greatest potency and Fleroxacin has the least. Clinafloxacin is 10 

fold more potent than some of the Fluoroquinolones that are most widely used in the
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hospitals (highlighted in red), Levofloxacin and Ofloxacin. The exact IC50 could not be 

determined for Lomefloxacin, since 250 ug/ml of the drug displayed approximately 25% 

viral growth inhibition and 500 ug/ml of the drug showed cytotoxicity to the cells.

Fluoroquinolone inhibition of vaccinia viral growth
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Figure 12. Viral growth inhibition by Gatifloxacin, Sparfloxacin, and Fleroxacin. 

Table 2. Comparison of Fluoroquinolone inhibition of vaccinia growth

Fluoroquinolone IC50 (ug/ml)

Clinafloxacin 42
Sarafloxacin 80
Gatifloxacin 140
Soarfloxacin 140
Pefloxacin 252

Lomefloxacin 250-500
Enrofloxacin 339
Levofloxacin 369

Ofloxacin 419
Fleroxacin 785
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In Vitro Cytotoxicity Testing of Fluoroquinolone Compounds

To confirm that viral growth inhibition was not due to cytotoxicity of the drug, 

Fluoroquinolone compounds were assayed, for in vitro cytotoxicity (Figure 13). Notice 

that 7 of 10 Fluoroquinolones demonstrated no cytotoxicity at the drug concentrations 

that caused inhibition of viral growth (upside of the curves). Only Sarafloxacin (3%), 

Fleroxacin (5%), and Levofloxacin (3%) showed minimal cytotoxicity at peak viral 

growth inhibition drug concentrations, with prior concentrations showing no 

cytototoxicity. This suggests that the viral growth inhibition at the IC50 is due to the anti

viral properties of the Fluoroquinolone and is not a result of cytotoxicity.
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Figure 13. In vitro cytotoxicity of Fluoroquinolone compounds
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Homology of the topoisomerase protein between different species of Poxviruses

The topoisomerase amino acid sequence of vaccinia, cowpox, monkeypox, 

variola, molluscum contagiosum, and orf virus were aligned to compare and determine 

the identity and similarity to the vaccinia, WR strain enzyme (Figure 14 and 15). All of 

the Orthopoxviruses show > 99% identity to the Vaccinia, WR amino acid sequence. As 

expected the Molluscipoxvirus, molluscum contagiosum, and the Parapoxvirus, orf, show 

much less identity (-50%); but, their similarity is approximately 70% to the vaccinia,

WR sequence.

Conclusion

In this study we tested the antiviral activity of Fluoroquinolone derivatives: 

Enrofloxacin, Ofloxacin, Levofloxacin, Lomefloxacin, Pefloxacin, Clinafloxacin, 

Sarafloxacin, Gatifloxacin, Sparfloxacin, and Fleroxacin, against Vaccinia WR, in cell 

culture. All of the derivatives showed antiviral activity. Clinafloxacin and Sarafloxacin 

have the greatest potency and Fleroxacin has the least. Clinafloxacin is 10 fold more 

potent than some of the Fluoroquinolones (Levofloxacin and Ofloxacin) that are most 

widely used in the hospitals. It is a very potent anti-bacterial agent, but has been 

associated with phototoxicity (20). Biopolymer encapsulation could potentially reduce 

phototoxicity. Sarafloxacin is predominately used in veterinary medicine; therefore, if it 

proves to be therapeutic in in vivo, animal studies, it may be a good choice to treat 

animals for zoonotic Orthopoxviruses. Our studies showed that Sarafloxacin it is 4 times 

more effective than Enrofloxacin, a more commonly used veterinary Fluoroquinolone.



Figure 14. Topoisomerase amino acid sequence alignment of other Orthopoxviruses, 
Molluscipoxvirus, and Parapoxvirus to the Vaccinia, WR sequence. Alignment includes, 
from top to bottom: Vaccinia- WR, Cowpox- Brighton, Cowpox- GRI, Monkeypox- 
Congo, Monkeypox- USA, Variola- Bangledesh, Brazilian Vaccinia- Cantagalo, Brazilian 
Vaccinia -  Mur, Brazilian Vaccinia -  Serro, O rf (Parapoxvirus), Molluscum 
Contagiosum.

Poxvirus Identity Similarity

BRZ2200 MUR 100 99.7

BRZ1999 CTGV 99.7 99.4

BRZ SERRO 103 99.7 99.4

CPX BR 118 99.7 99.7

MPX COG 99.7 99.7

MPX USA 99.4 99.7

VARV BGD75MAJ 99.4 99.7

ORF 55.9 74.1

MOC 52.8 71.3

Figure 15. Topoisomerase amino acid sequence identity and similarity other 
Orthopoxviruses, Molluscum Contagiosum, and Parapoxvirus to Vaccinia WR enzyme. 
Comparison includes, from top to bottom: Brazilian Vaccinia -  Mur, Brazilian Vaccinia- 
Cantagalo, Brazilian Vaccinia -  Serro, Cowpox- Brighton, Monkeypox- Congo, 
Monkeypox- USA, Variola- Bangledesh, Orf (Parapoxvirus), Molluscum Contagiosum.
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The amino acid sequence alignment shows that other Orthopoxviruses, including 

Brazilian vaccinia, Cowpox, Monkeypox and Variola viruses have >_99% identity to the 

vaccinia, WR topoisomerase sequence; suggesting that these Fluoroquinolones would 

demonstrate the same anti-poxviral effects against other Orthopoxviruses, as we have 

demonstrated against vaccinia WR, in this study. Though, the sequence identity for 

molluscum contagiosum (MC) and orf compared to vaccinia, WR were only 50%, 

similarity was at approximately 70%. This means that 70% of the amino acids substituted 

in the MC and Orf sequence would function similarly (though they are not identical) to 

the corresponding amino acid in the vaccinia WR sequence. Therefore, there is the 

possibility that these Fluoroquinolones would have the same effect against Poxviruses 

belonging to genera other than Orthopoxvirus. It is difficult to predict whether the drug 

compounds would be more or less effective against Molluscipoxviruses or 

Parapoxviruses, than they are against Orthopoxviruses. Given the difficulty to grow 

these viruses in standard tissue culture systems, other approaches would have to be 

utilized to demonstrate in vitro efficacy.

These studies show that the supercoiling of DNA by inhibiting vaccinia 

topoisomerase IB, revealed in Kamu’s studies, translate to Fluoroquinolone antiviral 

inhibition of vaccinia growth in cell culture. In Kamu’s in vitro, molecular study 250 uM 

(89.85 ug/ml) of Enrofloxacin (and Norafloxacin) was enough to effectively cause 

supercoiling of puc 18 DNA by vaccinia topoisomerase (22). In our in vitro, cell culture 

studies, it required 339 ug/ml of Enrofloxacin to inhibit vaccinia viral growth by 50% 

( I C 5 0 ) .  This difference in effective concentrations demonstrates that it takes 

approximately 4 times more of the drug compound for supercoiling of viral DNA to
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translate into inhibition of viral growth, in a living system. Amount of drug crossing the 

cell membrane, to get into the infected cells, and amount of viral DNA being replicated 

or transcribed may be factors affecting the increase in drug needed.

The exact IC50 could not be determined for Lomefloxacin, since 250 ug/ml of the 

drug displayed approximately 25% viral growth inhibition and 500 ug/ml of the drug 

showed cytotoxicity to the cells. This finding is in accordance with Kamu’s finding -  

that Lomefloxacin was ineffective at causing supercoiling (22), as it is unlikely that there 

is an effective concentration that will produce at least 50% inhibition of viral growth, in 

cell culture, between 250 and 500 ug/ml.

These data display the anti-orthopoxviral activity and suggest the potential 

of certain Fluoroquinolones to be used in the treatment of Orthopoxvirus disease. 

Additional in vivo, animal studies will help to determine their therapeutic value. These in 

vivo results could be used to support off-label or labeled use o f these compounds 

as Orthopoxvirus antivirals.



CHAPTER 4

FORMULATION AND CHARACTERIZATION (IN VITRO) OF 
FLUOROQUINOLONE-LOADED MICROSPHERES AND NANOSPHERES

Abstract

In this study, albumin microspheres, containing Ofloxacin (a Fluoroquinolone 

derivative commonly used in hospitals), were formulated by the spray dry method, using 

a peristaltic pump and conventional spray dryer processing parameters. By changing to a 

syringe pump and decreasing the pump feed rate or the total polymer concentration, 

albumin/HPMCAS nanospheres (containing Ofloxacin), were formulated. Microspheres 

and nanospheres were characterized, in vitro (particle size, zeta potential, and 

encapsulation efficiency) and trends are reported. These findings are valuable because 

they can be used to optimally prepare desired microspheres or nanospheres, containing 

Ofloxacin, as well as other biopolymer encapsulated formulations, and reduce the time 

needed to produce trial formulations. Biopolymer encapsulation of Fluoroquinolones 

may reduce associated arthrotoxicity.

Introduction

As reviewed in chapter 1, Fluoroquinolones are an expanding class of synthetic 

antibiotics that are currently used to treat numerous diseases because of their broad- 

spectrum antibacterial activity. They are effective against gram-negative, gram-positive 

bacteria, and mycobacteria, by inhibition of topoisomerase.

67
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Overall, they are well tolerated; however, are contraindicated for use in children and 

adolescents in the growing phase. Children often complain of pain in their joints and 

some present with an abnormal gait after use of the antibiotics. Additionally, many 

studies have reported arthrotoxicity in juvenile animals of several different species, 

including rats, mice, gerbils, dogs, and horses, associated with the use of all 

Fluoroquinolones that have been tested, so far (20). The exact mechanism by which 

Fluoroquinolones cause arthropathy has not been fully elucidated, but there is substantial 

mounting data that implicates the high affinity that these drugs have for magnesium as a 

crucial and important initial step (20, 34, 55). High levels of these drug compounds tend 

to accumulate in the bone and cartilage, because of the normal abundance of magnesium 

in these tissues (23, 55). Binding of the magnesium, by the Fluoroquinolones, results in 

depletion in the matrix and induces radical formation. Consequently, lesions form in the 

extracellular matrix of the cartilage and the chondrocytes become necrotic and separate 

from the matrix; the condition is non-inflammatory. By redirecting the Fluoroquinolones 

away from articular cartilage the condition, potentially, may be circumvented.

Biopolymer encapsulation of drugs, to form drug carriers, such as microspheres 

and nanospheres, is a drug delivery tool that can be used to modify targeting of a drug 

and reduce toxicity (45,4). In most cases, the drug carrying foreign particles will 

inherently target the drug to the lymphatic system (45, 4, 40). If administered orally, they 

are taken up by Peyer’s patches, which are specialized areas of the gut-associated 

lymphatic system. Disposition of biopolymer drug carriers also depends on its 

physiochemical characteristics, such as polymer material, size, and surface charge, dose, 

and route of administration. Albumin is a natural protein component of blood and
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theoretically, is an ideal drug carrier in the application of medicine, since it is 

biocompatible, biodegradable and non-toxic (26). Hypromellose acetate succinate 

(HPMCAS), also known as hydroxyl propyl methyl cellulose acetate succinate, is a 

hydrophilic enteric coating agent. It is a cellulose derivative bearing succinnoyl groups. 

Cellulose derivatives and copolymers of methacrylic acid and its ester bearing free 

carboxyl groups are traditionally utilized as enteric coating agents. Their solubility is 

controlled by the dissociation of carboxyl groups in the polymer backbone. The level of 

dissociating groups in the polymer (and formulation amount of the agent) affects 

disintegration of the dosage form. The succinoyl group content of HPMCAS determines 

the pH-solubility profile: the higher the succinoyl group content, the lower the pH at 

which it will begin to dissolve (56).

This study was done to formulate and characterize albumin and 

albumin/HPMCAS microspheres and nanospheres, containing Ofloxacin, a 

Fluoroquinolone derivative commonly used in hospitals.

Materials and Methods

Formulation of microparticles and nanoparticles. Microparticle or nanoparticle 

formulations, made of: 1) 5% albumin, 2) 5% albumin and HPMCAS, or 3) 1% albumin 

and HPMCAS; containing varying concentrations of Ofloxacin, (0 (blank), 1,5, 10 or 

20% of total polymer composition), were prepared using a Mini Spray Dryer (Model 191, 

Buchi, Flawil, Switzerland). Spray drying is a process in which solutions containing the 

drugs and polymer matrices are atomized into fine aerosol by using compressed air. The
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aerosols are then dried using warm air with the help of cyclone movement created by the 

aspirator (Figure 16).

out

Figure 16. Schematic of spray dryer. (1) feeding liquid; (2) dry gas flow; (3) heater for 
drying gas; (4) nozzle; (5) drying chamber; (6) dried product and process gas flow; (7) 
cyclone; (8) product collection vessel; (9) aspirator; (10) exhaust gas (Peltonen L, et al).

The spray drying process parameters were as follows: inlet temperature = 110°C, 

outlet temperature = 57°C, air pressure flow = 700 psi, and aspirator = 65%. Formulation 

1 was fed through using a peristaltic pump, at a feed rate of 5%. Formulation 2 and 3 

were fed through using a syringe pump, at a feed rate of 0.5 ml/min. The final products 

were collected from the collection vessel and stored at 4°C.
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Scanning electron microscopy. The shape and morphology of the microspheres 

and nanospheres was determined by using scanning electron microscope (SEM). SEM 

was performed by using an Environmental Scanning Electron Microscope XL 30 (FEI 

Company, Hillsboro, Oregon). Microspheres samples were placed on holders and coated 

with 30 nm of gold in a Sputter Coater. Coated samples were placed in SEM chamber, 

where vacuum, in the order of 10'6 mbar, is applied. Micro- and nanosphere surface 

scanning and imaging was done at 30 KV resulting in a magnification of 40,000 times. 

The surface characteristics of microspheres were observed at various magnifications.

Particle Size Determination. Particle size was measured using the Nano Zetasizer 

(Malvern Instruments, UK). Particles were suspended in deionized water (2 mg/ml) in a 

cuvette. The cuvette was placed in the instrument for measurement reading. An average 

of three measurements was recorded.

Zeta potential. The liquid layer surrounding a particle exists as two parts: an 

inner region (stem layer) where the ions are strongly bound and an outer region (diffuse 

layer) where ions are less firmly associated (Figure 17). Within the diffuse layer there is 

a notional boundary inside which the ions and particles form a stable entity. When a 

particle moves (e.g. due to gravity), ions within the boundary also move. Those ions 

beyond the boundary stay with the bulk dispersant. The potential at this boundary 

(surface of hydrodynamic shear) is the zeta potential.

The magnitude of the zeta potential gives an indication of the potential stability of 

a colloidal system. If all the particles in suspension have a large negative or positive zeta 

potential then they will tend to repel each other and there will be no tendency for the
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Figure 17. Schematic representation of zeta potential
(http://www.malvem.de/LabGer/technology/zeta_potential/zeta_potential_LDE.htm).

particles to flocculate. However, if the particles have a low negative or positive zeta 

potential, then there is no force present to prevent the particles from flocculating. 

Colloidal suspensions are stable when zeta potential is more negative than -30 or more 

positive than +30 (Malvern instruments). The zeta potential of the Ofloxacin loaded 

micro-/nanoparticle was measured at pH 7.4, so that the colloidal stability of the particles 

could be determined at physiological pH.

In this study, the zeta potential of the micro-/nanoparticles was measured using 

the Malvern Nano zetasizer (Malvern Instruments, UK). Ofloxacin loaded microparticles 

or nanoparticle were suspended into PBS. The sample was transferred into the 

measurement cuvette and loaded into the instrument for zeta potential measurement. The

http://www.malvem.de/LabGer/technology/zeta_potential/zeta_potential_LDE.htm
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Malvern Nano Zetasizer measures by using the M3-PALS (phase analysis light scatter) 

technology.

Encapsulation efficiency. Each sample of micro- or nanospheres was weighed and 

added to deionized, distilled water, to generate a 1 mg/ml sample. To release Ofloxacin 

from the micro- or nanospheres, the sample was crushed in a mortar with a pestle, then 

sonicated for 1 minute. The absorbance of the drug was measured by the Nanodrop 

spectrophotometric instrument, using the UV-vis application. A standard curve of 

Ofloxacin (7.8 -  125 ng/ml; 2 fold dilutions) was prepared and used to compare the 

absorbance values of sample. The encapsulation efficiency was calculated by using the 

following equation:

Encapsulation Efficiency = Actual drug loading *100%
Theoretical drug loading

Drug loading is the ratio of the amount of drug in the microspheres to the amount of 

microspheres.

Results

Particles, containing Ofloxacin, were prepared from a combination of albumin and 

HPMCAS. Most particles are spherical, with a smooth surface (Figure 18). A few
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Figure 18. SEM micrographs of biopolymer encapsulated Ofloxacin

A) 1% albumin/HPMCAS, blank

B) 1% albumin/HPMCAS, 10% Ofloxacin

C) 5% albumin/HPMCAS, blank

D) 5% albumin/HPMCAS, 5% Ofloxacin

E) 5% albumin/HPMCAS, 10% Ofloxacin

F) 5% albumin/HPMCAS, 20% Ofloxacin
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Table 3. In vitro characterization of Ofloxacin loaded microspheres and nanospheres.

Polymer OFLX
concentration

Particle 
Size range 

fim

Zeta 
Potential 
(pH 7.4)

E E (% )

5% Albumin Blank 3 - 5 -36 -

FI

1% 3 - 6 -47 100

5% 3 - 6 -41 100

10% 3 - 7 -20 97

20% 3 - 7 -16 65

5% Albumin/HPMCAS Blank 0.2 -  5.5 -26
F2

5% 0.2 -  4.2 -25 97

10% 0.3 -  5.0 -23 97

20% 0.5 -1 9 -19 56

1% Albumin/HPMCAS Blank 0 .1 -3 .5 -33
F3

10% 0.3 -  2.7 -31 97

particles in the 10% and 20% Ofloxacin formulations were irregular shaped and the 

number of irregular shaped particles increased as the amount of Ofloxacin 

increased from 10 to 20%. By changing the pump setting or varying the total polymer 

concentration, microspheres and nanospheres were formulated (Table 3). Changing the 

pump setting to the slower feed rate, decreased the particle size range to include 

nanospheres. Diluting the total polymer concentration, further decreased the particle size. 

When comparing 5% albumin and the 5% albumin/HPMCAS blank formulations, the
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addition of HPMCAS causes the zeta potential to become less negative. Notice with all 3 

polymer formulations (5% albumin, 5% albumin/HPMCAS and 1% albumin/HPMCAS), 

the zeta potential becomes less negative as the amount of Ofloxacin increases. The 5% 

albumin/HPMCAS formulation, containing 1 and 5% Ofloxacin and the 1 % 

albumin/HPMCAS formulation, containing 10% Ofloxacin, have colloidal stability, since 

the zeta potential for these formulations are more negative than -30 and colloidal 

suspensions are stable when zeta potential is more negative than -30 or more positive 

than +30. Encapsulation efficiency is 97-100% for all 3 polymer formulations, 

containing any amount of Ofloxacin, except 20%. The 20% Ofloxacin formulation 

probably becomes saturated and therefore reduces encapsulation efficiency of the drug 

during the spray drying process.

Conclusions

Here, microspheres and nanospheres were formulated, made from albumin or 

albumin and HPMCAS, and containing Ofloxacin. It was shown that particle size can be 

controlled by changing the pump feed rate or diluting the total polymer concentration. A 

slower pump feed rate decreases the particle size. Recent experiments varying all of the 

spray dryer processing parameters (inlet temperature, airflow, pump feeding rate, 

aspirator velocity, and the formulation concentration), during preparation of budesonide 

and formoterol fumerate microspheres, sites similar results, regarding the relationship 

between particle size and pump feeding rate; it was also noted that increase in airflow and 

aspirator velocity, and a decrease in inlet temperature and feed concentration 

(formulation concentration), results in a decrease in particle size (57). Accordingly, in
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our studies, we have also shown that a decrease in total polymer concentration results in 

decreased particle size range.

The amount of Ofloxacin influences particle size; there is a trend towards increase 

in particle size, as the concentration of Ofloxacin is increased. This trend has been 

reported when preparing polyethylcyanoacrylate (PECA) nanoparticles, containing 

Ofloxacin, by emulsion polymerization (incorporation method), as well (33). In 

comparison to that method, the encapsulation efficiency is much higher preparing the 

nanoparticles by spray drying. Finally, particle size is significantly increased when 

Ofloxacin concentration reaches 20%, and encapsulation efficiency drops significantly, to 

between 50 and 60%. At this concentration, the suspension becomes saturated and 

therefore reduces encapsulation efficiency of the drug during the spray drying process. 

The very large (19 um) particles seen in the 20% Ofloxacin formulation are probably 

drug precipitate processed by the spray dryer. All other formulations, reach an 

encapsulation efficiency of 97-100%, dictating that the spray drying process of these 

formulations, is highly efficient.

The zeta potential of the particles becomes less negative, with increased addition 

of either HPMCAS or Ofloxacin. For the zeta potential to be influenced by the addition 

of Ofloxacin, it is suggestive that the drug compound must be present at the surface as 

well as contained within the particle. Additionally, the less negative zeta potential, with 

the addition of HPMCAS and Ofloxacin, signifies the dissociation of acidic groups for 

both chemicals, at the surface of the particle. Since colloidal suspensions are stable when 

zeta potential is more negative than -30 or more positive than +30, both 5% albumin 

microspheres, containing 1 or 5% Ofloxacin, and 1% albumin/HPMCAS nanospheres,
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containing 10% Ofloxacin, are formulations that would have colloidal stability at 

physiological pH, in the body.

The findings in this study are valuable because they can be used to optimally 

prepare desired microspheres or nanospheres, containing Ofloxacin, as well as other 

biopolymer encapsulated formulations, and reduce the time needed to produce trial 

formulations.



CHAPTER 5

COMPARISON OF PHARMACOKINETICS AND BIODISTRIBUTION OF 
OFLOXACIN LOADED NANOSPHERES AND OFLOXACIN IN SOLUTION

Abstract

In the previous chapter, albumin/HPMCAS nanospheres, containing Ofloxacin 

were formulated. In this chapter a comparison of the pharmacokinetics and 

biodistribution of aqueous Ofloxacin and Ofloxacin loaded nanospheres was done to 

determine the effect of biopolymer encapsulation. Peak concentrations were reduced in 

serum, liver, spleen and brain, and more sustained release was observed in the serum and 

all of the organs tested (lung, liver, spleen, brain), for Ofloxacin released from the 

nanosphere formulation, than for aqueous Ofloxacin. In comparison to aqueous 

Ofloxacin, the nanosphere formulation allowed extended release by 24 hours, in the liver 

and by more than 48 hours, in the brain. Concentrations of Ofloxacin released from the 

nanosphere formulation were reduced in the serum, as the drug is redirected to the 

lymphatic system. In the serum, the elimination rate of Ofloxacin, when released from 

the nanospheres is slower and the half life is longer, than for aqueous Ofloxacin. 

However, AUC is decreased and volume of distribution is increased, in serum, for the 

nanosphere formulation; again, reflecting redirection of Ofloxacin from the circulation to 

the lymphatic system.

79
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Introduction

Fluoroquinolones are broad-spectrum antibiotics and are successfully used to treat 

many infections in clinical and veterinary medicine. Overall, they are well tolerated; 

however, are contraindicated for use in children. Children often complain of pain in their 

joints and some present with an abnormal gait after use of the antibiotics. A number of 

research studies have reported lesions in the extracellular matrix of articular cartilage and 

the disassociation of chondrocytes from the matrix, after Fluoroquinolone administration, 

to several different species of juvenile animals. Consensus thought is that these 

manifestations are a result of the high affinity for and binding of all the Fluoroquinolones 

tested so far, to Mg2+, which causes a depletion of the ion in bones and articular cartilage. 

Pharmacokinetics of Ofloxacin is such that concentrations in the articular cartilage are 

three times higher than the corresponding concentrations in plasma (23, 55). 

Modifications in drug delivery to redirect it from the circulation and target it to cells, 

tissues, or organs where infection occurs may lessen the chance for the Fluoroquinolone 

to travel to bone and cartilage.

Nanospheres are a drug delivery tool that can be used to modify pharmacokinetics 

and targeting of a drug (2, 4,25). Disposition of nanospheres depends on its 

physiochemical characteristics, such as polymer material, size, surface charge, dose, and 

route of administration. Polymer material is one of the most common ways to vary drug 

targeting. For instance, poly(methylvinylether-co-maleic anhydride) nanoparticles (NP), 

coating NP with albumin (BSA-NP), and coating NP with albumin and 1,3- 

diaminopropane (BD-NP), dictates targeting to stomach/jejunum, stomach and ileum, 

respectively; thus conferring different bioavailability of the loaded drug (79% for BSA-
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NP, 21% for NP, 11% drug in solution and 2% for BD-NP), depending on the polymer or 

coating material (2). Many polymer materials have been used and are under investigation 

for use as a nanoparticle, including: alginate, chitosan, dextrane, gelatin, gold, polylactic 

acid (PLA), polyethylene glycol (PEG), poly(D, L-lactic-co-glycolic)acid (PLGA), and 

albumin.

We have chosen to compose our nanospheres of albumin and HPMCAS. Albumin 

is a natural protein component of blood and theoretically, is an ideal drug carrier in the 

application of medicine, since it is biocompatible, biodegradable, and non-toxic (26). To 

date, there is one drug loaded-albumin nanoparticle formulation has been FDA approved 

(Abraxane, 2005), for treatment of metastic breast cancer (26). This Paclitaxel-loaded 

albumin nanoparticle formulation (nab-paclitaxel) has shown 33% higher tumor uptake 

and increased maximum tolerated dose in preclinical studies; toleration of administration 

without premedication (required with solvent Cremphor-based paclitaxel), increased 

response rates (33% vs. 19%), prolonged time to tumor progression, increased survival 

and reduced risk of death by 28% in patients receiving it as a second line of therapy, have 

been reported in phase III clinical trials. Data have been collected revealing that nab- 

paclitaxel is transcytosed into cells by initial binding of albumin to a cell surface, 60-kDa 

glycoprotein receptor (albondin). Albondin then binds to an intracellular protein 

(caveolin-1) and subsequent invagination of the cell membrane to form transcytotic 

vesicles occurs. The use of this transcytotic pathway is another property of albumin that 

makes it favorable as a transport protein and a drug carrier that can be used to target 

intracellularly, especially for those drugs that are lipophilic. Abraxane is an IV 

formulation and no orally administered formulations have been approved, to date.
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Hypromellose acetate succinate (HPMCAS), also known as hydroxyl propyl 

methyl cellulose acetate succinate, is a hydrophilic enteric coating agent. It is a cellulose 

derivative bearing succinoyl groups (Figure 19). Cellulose derivatives and copolymers of 

methacrylic acid and its ester bearing free carboxyl groups are traditionally utilized as 

enteric coating agents. Their solubility is controlled by the dissociation of carboxyl 

groups in the polymer backbone. The level of dissociating groups in the polymer (and 

formulation amount of the agent) affects disintegration of the dosage form. The 

succinoyl group content of HPMCAS determines the pH-solubility profile: the higher the 

succinoyl group content, the lower the pH at which it will begin to dissolve (56).

R: H, -CHjCH(CH^OH,-COCH,, 
COCHjCHjCOOH, 

•CH}CH(CII|)OCOC&|, 
-CH2CH(Cli5 oCOCHjCH2COOH

Figure 19. Structure of HPMCAS (52).

Ofloxacin and Pefloxacin loaded polyethylcyanoacrylate nanoparticles (33), 

Ciprofloxacin adsorbed gold particles (47), and Polyamidoamine dendrimers used as a 

carrier for Nadifloxacin and Prulifloxacin (7) have been described in vitro; though, how 

these different carriers or polymers affect the pharmacokinetics or biodistribution of the 

quinolone, in vivo, have not been evaluated. In the previous chapter we evaluated in
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vitro characteristics of Fluoroquinolone loaded albumin/HMPCAS colloidal carriers; 

here, we focus on in vivo evaluation of how albumin/HMPCAS nanospheres change the 

pharmacokinetics and biodistribution of Ofloxacin, a Fluoroquinolone derivative 

commonly used in hospitals at present.

Materials and Methods

Animals. 8 week old Balb/c mice were obtained from Charles River Laboratories. 

Animal husbandry and experimental procedures were in accordance with PHS policy and 

approved by the Institutional Animal Care and Use.

Pharmacokinetics study. In this single dose study, 36 mice were divided into two 

groups: group 1 was administered Ofloxacin in solution and group 2 was administered 

Ofloxacin-ns. Drug was administered 50mg/kg, by oral gavage. Three mice, from each 

group, were euthanized and blood was collected by exsanguination at each time interval - 

1, 2, 8, 24, 48, & 72 hours after drug administration. Blood samples were collected in 

serum separator tubes, and the serum from these samples was processed, then analyzed 

by HPLC.

Biodistribution study. Forty eight, 8 week old Balb/c mice, weighing 17 + 0.6 g, 

were divided into two groups: group 1 was administered Ofloxacin in solution and group 

2 was administered Ofloxacin-ns. Drug was administered lOmg/kg, once, by oral 

gavage. Four mice, from each group, were euthanized and blood was collected by 

exsanguination, then necropsies were performed to collect the liver, spleen, lung, and 

brain, at each time interval. Organs were collected at 1, 2, 8, 24, 48, & 72 hours after 

drug administration. Organ samples were processed and analyzed by HPLC.
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Sample processing in preparation for HPLC. Displacement reagent (30% v/v 

acetonitrile, 0.5% sodium dodecyl sulfate, .07M phosphate buffer) was added to serum 

and organ samples to precipitate proteins. Serum samples in an equal volume of 

displacement reagent were added to Centrifee Ultrafiltration Devices (Millipore) and 

centrifuged at 2,000 rpm, for 30 min, to further separate proteins from free drug in the 

micro-solute. Organ samples in 1 ml of displacement reagent were homogenized with the 

Spex Geno Grinder, at a setting of 600 rpm, for 5 min. Homogenates were centrifuged 

twice, at 20,000 rpm, for 20 min, at 4° C; then, supernatant was added to the Centriffee 

Ultrafiltration Device, to collect a filtrate ready to assay by HPLC.

HPLC. Processed serum and organ samples were assayed to quantitate free drug 

by HPLC. A fluorescent detector (Jasco FP 1520 Intelligent Fluorescence Detector) was 

used to detect the drug in the samples. Samples were injected onto a Discovery Cis 

column (Supelco, Sigma-Aldrich; particle size 5 pm, 15 cm x 4.6 mm). The mobile phase 

was isocratic and consisted of acetonitrile-water (42:58, v/v), 0.04 M H3P04, 0.01 M 

NaH2P04, 0.04% sodium dodecyl sulfate, and .005 M Acetohydroxamic acid.

Pharmacokinetic analysis. Pharsight Winnonlin noncompartmental analysis 

program, version 5.2 was used to analyze data and calculate pharmacokinetic parameters.

Results

Biodistribution of Ofloxacin Loaded Nanospheres

Ofloxacin concentrations were determined by HPLC (Figure 20). Ofloxacin was 

detected in all organ samples tested (lung, liver, spleen, & brain) (Figure 20 and 21). In 

serum, concentrations of Ofloxacin released from nanospheres are reduced (Figure 20
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and 22), in comparison to Ofloxacin in solution, as the nanospheres are sequestered by 

macrophages, enter into the lymphatic system and then into organs. In the lung, 

concentrations of Ofloxacin released from the nanospheres are similar to those found 

when the drug is given in solution.
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Figure 20. Biodistribution of Ofloxacin in mice, when administered A) in solution or B) 
loaded into nanospheres.
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Figure 21. Biodistribution of Ofloxacin in the brain of mice, when administered in 
solution or loaded into nanospheres.
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Figure 22. Serum levels of Ofloxacin in mice, when administered in solution or loaded 
into nanospheres.
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In the liver, spleen, and brain, peak concentrations are lower when released from 

nanospheres (Figure 20 and 21), in comparison to Ofloxacin in solution. Also, 

concentrations are more sustained when released from the nanospheres. Ofloxacin in the 

liver and brain is detected for longer time periods when released from nanospheres (up to 

48 hrs in liver and past 72 hrs in the brain), than when administered in solution (up to 24 

hrs in both organs).

Pharmacokinetics of Ofloxacin Loaded Nanospheres.

The concentration-time profile of Ofloxacin loaded nanospheres fits a two 

compartmental model for oral administration; after serum concentrations reach a 

maximum, they decrease rapidly, initially, then more slowly (see Figure 22). PK 

parameters, as calculated using Winnolin (Pharsight), are listed in table 4. In comparison 

to the Ofloxacin solution, the nanosphere formulation has a slower elimination rate and 

longer half-life. Comparison of AUC and volume of distribution reveal that total serum 

concentration levels for the nanospheres are reduced and distribution into the tissues is 

increased, both by approximately 30-fold. Clearance of nanospheres from the blood is 

significantly increased, as the nanospheres are taken up by the mononuclear phagocytic

Table 4. Comparison of pharmacokinetic parameters for Ofloxacin in solution or the 
nanosphere formulation.

Elimination 

rate (hr"')
T ,/2 (hr)

Tmax

(hr)

Cmax

(ug/ml)

AUC

(ug-hr/ml)

Volume of 

Distribution

Clearance

(ml/hr)

OFLX 0.31 2.24 1.0 4.40 9.89 15 4.76

OFLX-ns 0.20 3.43 1.0 0.26 0.35 547 142.85
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system, then delivered to the various organs, reflecting the significantly increased 

distribution of the nanospheres in comparison to the Ofloxacin given in solution.

Conclusions

The Fluoroquinolones are known to have very good oral bioavailability and tissue 

distribution. In this study we compared tissue distribution and pharmacokinetics for 

Ofloxacin administered in solution and loaded into an albumin nanosphere formulation. 

Our results corroborate with previous findings, concerning good tissue distribution, as 

they show that Ofloxacin was detected in all tissues tested, when administered to Balb/c 

mice in solution; and good tissue distribution is maintained when loaded into the albumin 

nanosphere formulation. Release of Ofloxacin from the nanospheres is more sustained in 

all organs tested (liver, lung, spleen, and brain), than Ofloxacin in solution. In the liver 

and brain, release from the nanospheres is extended, by 24 and 48 hours, respectively. 

This characteristic may make the nanosphere formulation more favorable for treatment of 

diseases that affect the liver and brain, as dosing regimens would be improved by less 

frequent dosing. Peak concentrations in the organs are reduced, for the nanosphere 

formulation. Since side effects of many traditional formulations are attributed to peak 

concentrations that reach toxic levels, a reduction in the peak concentrations (nanosphere 

formulation) may reduce risk of tissue/organ toxicity, particularly in the organs for which 

we have tested in this study. Ofloxacin is one of the Fluoroquinolones that has less 

association with adverse reactions in these organs; but the implications are for those 

Fluoroquinolones that have greater anti-microbial activity than Ofloxacin, but may have
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been withdrawn from the market or their use restricted because of associated toxicities. 

The use of Trovafloxacin has been restricted since 1999 because of liver toxicity and 

Sparfloxacin, Grepafloxacin, and Moxifloxacin have high incidence of adverse events in 

the CNS (18). Perhaps loading of these Fluoroquinolones into the nanosphere 

formulation may reduce or altogether abolish these toxicities and allow better use of these 

more potent quinolone derivatives.

The pharmacokinetics reveals that the nanosphere formulation has a slower 

elimination rate, longer half-life, reduced total serum concentration (AUC), increased 

blood clearance, and increased distribution into the tissues. Reduced total serum 

concentration (AUC), increased blood clearance, and increased distribution into the 

tissues are a consequence of uptake of the nanospheres by the mononuclear phagocytic 

system (MPS), then delivery to various organs, particularly the liver and spleen.

Targeting to the MPS should redirect the Fluoroquinolone away from the bones and 

extracellular matrix of cartilage; thereby, reducing the possibility of causing 

arthrotoxicity.



CHAPTER 6

EVALUATION OF FLUOROQUINOLONE COMPOUNDS AND 
FLUOROQUINOLONE-LOADED NANOSPHERES TO CLEAR SYSTEMIC

VACCINIA INFECTION

Abstract

Previously our in vitro studies, in cell culture, have shown that Fluoroquinolones 

inhibit the growth of Orthopoxvirus vaccinia. The present studies were done to evaluate 

the antiviral activity of aqueous and biopolymer encapsulated Fluoroquinolones, in vivo, 

against systemic vaccinia infection, modeled using intranasal vaccinia infection of mice.. 

Various Fluoroquinolone derivatives at various concentrations were tested. Ofloxacin at 

2g/kg showed a significant reduction (80% decrease) in blood levels of viral DNA at an 

early time point (day 5), after the last dose (given on day 4); but 3 out of 6 mice died 5 

days after the last dose, when viral DNA began to increase again. At 200mg/kg 

Ofloxacin in solution and loaded into nanospheres, viral DNA was reduced, but not 

significantly, and viral DNA began to increase again, 5 days after cessation of drug 

treatment, in the group administered the nanosphere formulation. At the trough of weight 

loss, on day 9, mice treated with 200mg/kg lost approximately 20% of their body weight 

(bw), in comparison to untreated animals that lost about 24% of their bw. Animals 

treated with the highest dose, 2000 mg/kg, had an initial faster rate of weight loss, but by 

day 7, the rate of weight loss stabilized, and they lost a total of 18.8% of their bw by day 

9. There was mortality benefit in the treatment group that was given 200 mg/kg aqueous
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Ofloxacin, as none of the mice died in this group, in comparison to a 20% mortality rate 

for the sham-treated mice. These results suggest that there may be an effective 

therapeutic dose between 200 mg/kg and 2g/kg, with a longer dosing period. Future 

testing should include administration of Ofloxacin in solution and loaded into 

nanospheres, at concentrations between 200-2000mg/kg, administered for 7-10 days.

Introduction

Orthopoxviruses can cause human disease with significant public health 

importance. Orthopoxvirus human diseases include monkeypox, smallpox, vaccinia- 

associated complications from the smallpox vaccine, and cowpox. There has been 

increased concern about monkeypox, following importation to the U.S. in 2003 and 

recent epidemiologic studies in Africa demonstrating a higher burden of disease than 

anticipated from 1980’s data. Also, the concern remains, regarding preparedness in case 

of an intentional covert reintroduction of Orthopoxvirus variola (etiologic agent of 

smallpox) into the human population, where an increased population of completely 

susceptible individuals, due to the suspension of childhood smallpox vaccination, for the 

past 30 years.

Only Vaccinia Immunoglobulin (VIG), has been approved to treat vaccine 

complications associated with incompletely restricted growth or dissemination of the live 

virus vaccine (eczema vaccinatum, progressive vaccinia and certain cases of generalized 

vaccinia). There is no evidence that VIG, alone, would have therapeutic potential for 

treating monkeypox or smallpox. Cidofovir’s use is restricted under IND (investigational 

new drug) protocol, for use only when VIG is not efficacious, mainly because of its renal
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toxicity. So there is a lack of FDA approved, antivirals for the treatment of Poxviruses, 

in particular Orthopoxviruses.

Previously, homologues to the Poxvirus topoisomerase IB protein, in several 

species of bacteria, have been discovered (27). Conservation of catalytic residues of the 

active site, folds of the protein, and functionality between these homologues not only 

suggest an intimate evolutionary relationship between poxviruses and bacteria type IB 

enzymes; but, also provoke the idea that there may be antibacterial agents that also have 

activity against Poxvirus topoisomerase. Indeed, it has been demonstrated that 

Fluoroquinolone compounds cause supercoiling of DNA by inhibiting vaccinia 

topoisomerase IB (22). Additionally, in chapter 2 of this dissertation, our studies showed 

that the Fluoroquinolones inhibit Vaccinia viral growth in cell culture and an amino acid 

sequence alignment of Poxvirus topoisomerase predicts that the Fluoroquinolones may 

have similar effects on other Orthopoxviruses. The Fluoroquinolones are a family of 

compounds that have antibacterial activity against mycoplasmas, gram-negative and 

gram-positive bacteria that infect humans. They are well absorbed in the tissues and have 

excellent oral bioavailability; which make them a good candidate for treatment of 

diseases caused by Poxviruses. In general, these compounds are safe in adults, but have 

shown some arthrotoxicity in children. For many drugs, biopolymer encapsulation 

(micro-/ nanospheres) can result in increased half-life, reduced dose, and reduced drug 

toxicity. In chapter 3 and 4 of this dissertation, we formulated and characterized 

Ofloxacin microspheres and nanospheres. The purpose of this study was to evaluate the 

antiviral activity of Fluoroquinolones in solution and loaded into micro- and nanospheres, 

in vivo, against Vaccinia systemic infection, in the intranasal mice model.
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Materials and Methods

Virus. Working stocks of virus were prepared from a seed stock vial of 

Orthopoxvirus vaccinia, Western Reserve (WR) strain, which was received from the 

National Institutes of Health (NIH). Virus used to inoculate animals, was semi-purified 

from the working stocks, by density gradient centrifugation. Briefly, 8 flasks of BSC-40 

cells were inoculated with Vaccinia, WR strain, at a MOI of 1. Inoculum was removed 

after 1 hr incubation, at 37°C. Virus was allowed to propagate for 48 hrs, at 37°C; then, 

viral cultures were harvested using a cell scraper and collected into 250 ml centrifuge 

bottles. Virus, cells and cell debris was pelleted, by centrifuging bottles in Beckman 

Avanti J-25 at 100000 rpm, for 1 hr at 4°C. After discarding media, pellet was 

resuspended in 10 mis of 1 mM TrisHCL pH9.0, then sonicated, to further disrupt cells 

and release virus. Cell debris was pelleted by centrifuging in a Jouan GR412, at 2500 

rpm for 10 minutes, at 4°C. This was repeated. Supernatants were collected and 

Genetron (1,1,2- trichlorotrifluoroethane), which separates the nuclei and membrane 

fractions from the virus (stays in the aqueous phase), was added. Samples were vortexed, 

then centrifuged in a Jouan GR412, at 2500 rpm for 5 minutes, at 4°C. The aqueous 

phase was carefully collected and transferred to clean tubes. Treatment with Genetron 

was repeated (2-3 x ’s) until samples were clear. Genetron isolated virus was underlayed 

with 36% (w/v) sucrose/1 mM Tris HCL (pH9), then centrifuged in a Beckman Avanti J- 

25 centrifuge at 12,000 rpm (in Beckman JS13.1 rotor), for 80 minutes, at 4°C. Visible 

pellets were combined and resuspended in 8 mis of ImM TrisHCL pH9, then sonicated at 

40% power for 1 min. 36% sucrose/1 mM TrisHCL was added and samples were 

centrifuged in Beckman L8-55M ultracentrifuge at 18,000 rpm (in a Beckman SW55Ti
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rotor), for 80 min, at 4°C. Purified virus, in the form of a white pellet was visible and 

supernatant was discarded. Purified virus was resuspended in 1ml ImM TrisHCL pH9, 

transferred to a cryovial, and stored at -80°C. Virus was titered, simultaneously, for each 

experiment, to ensure animals were inoculated with 104 pfu.

Animals and study design. 8 week old female Balb/c mice were obtained from 

Charles River Laboratories. Animal husbandry and experimental procedures were in 

accordance with PHS policy and approved by the Institutional Animal Care and Use. In 

the Fluoroquinolone derivative study, 40 Balb/c mice were divided into 8 groups, as 

follows:

Group Virus Drug No. of mice

1 - - 3
2 O. vaccinia - 3
3 O. vaccinia OFLX 5
4 O. vaccinia OFLX-ns 7
5 O. vaccinia OFLX-ms 7
6 O. vaccinia Clinafloxacin 5
7 O. vaccinia Moxifloxacin 5
8 O. vaccinia Ciprofloxacin 5

Each Fluoroquinolone was administered at 20 mg/kg, except Clinafloxacin, which was 

given at lOmg/kg. In the dose dependent study, 50 Balb/c mice were divided into 9 

groups, as follows:

Group Virus Drug (mg/kg) No. of mice
1 - saline 4
2 O. vaccinia saline 5
3 O. vaccinia OFLX 10 5
4 O. vaccinia OFLX 20 6
5 O. vaccinia OFLX 200 6
6 O. vaccinia OFLX 2000 6
7 O. vaccinia OFLX-ns 20 6
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In both studies mice were administered 104pfu Orthopoxvirus vaccinia, Western Reserve 

strain, by intranasal inoculation. Five microliters of viral inoculum was deposited into 

each nare using a pipette. Then drugs were administered by oral gavage, daily for 5 days 

(day 0 - 4  past viral inoculation). In a study where mice were inoculated by tail vein with 

vaccinia, then treated with 10 mg/kg Ofloxacin, daily for 5 days, the number of lesions 

on the tails of mice was reduced by 84% (76); therefore, we decided to use the same 

dosing regimen of treating daily, for 5 days. Weight was recorded every other day, for 15 

days. Blood was drawn on days 0, 5, 9, and 15 post infection, to quantify viral DNA, 

using a real-time PCR assay. Serum was separated from blood samples drawn on day 0, 

7, & 15, to quantify cytokines, using Bioplex assays.

Real-time PCR assay. The E9L non-variola Orthopoxvirus real-time PCR assay 

(30) was used to quantitate viral DNA loads in the blood of the mice. This assay is a 

fluorogenic 5' nuclease real-time PCR assay (i.e. TaqMan® assay), that uses a 

fluorogenic probe (5 ’ TET-CCATGCAATATACGTACAAGATAGTAGCCAAC-3 ’) 

and a forward (5 ’ -T C AACTG A A AAGGCC AT CTAT G A-3 ’) and reverse primer (5’- 

GAGTATAGAGCACTATTTCTAAATCCCA-3 ’) specific to a region of the 

Orthopoxvirus E9L gene (Genbank L22579). The fluorogenic probe is an 

oligonucleotide with a reporter dye attached to the 5’ end and a quencher dye attached at 

or near the 3’ end. The probe anneals to E9L gene between the forward and reverse 

primers. During the extension phase of the PCR cycle, the 5' nuclease activity of Taq 

polymerase degrades the probe, causing the reporter dye to separate from the quencher 

dye and generate a fluorescent signal. With each cycle, additional reporter dye molecules
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are cleaved from their respective probes, and the fluorescence intensity is monitored 

during the PCR, by the ABI 7900 thermal cycler instrument (ABI, Foster City, CA).

DNA was extracted from 100 ul whole blood, for each sample. Each PCR 

reaction (50 ul) contained 5 uL of sample DNA, 1 x TaqMan Universal PCR master mix 

(ABI, Foster City, CA), 0.4 umol/L each primer, and 200 nMol/L Taqman probe. 

Thermacycler conditions included: one cycle of 95°C for 10 min; followed by 40 cycles 

of 95 °C for 10s, and 60°C for 40s.

Bioplex assays. Serum levels of IL-la, IL-ip, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, 

IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-17, eotaxin, G-CSF, gm-CSF, IFN-y, KC, 

MCP-1, MIP-la, MIP-ip, RANTES, & TNF-a were assayed using the Bio-Plex Pro 

Mouse Cytokine 23-plex Assay (BioRad Laboratories, Inc) and protocol. Briefly, serum 

samples were diluted 1:4 with sample diluent; then, 50 ul of the diluted serum samples 

were incubated with the coupled magnetic beads. The beads were previously coupled to 

23 antibodies with affinity for the cytokines, for which we assayed. After incubation for 

30 minutes with sera, beads were washed to remove anything that is nonspecific. Then 

biotinylated detection antibody, specific to an epitope different from that of the capture 

antibody was incubated with beads for 30 min, resulting in a sandwich of the captured 

target cytokine. After washing, a streptavidin-phycoerythrin reporter complex is then 

added to bind to the biotinylated detection antibodies. Data from the reaction was 

acquired using the Bio-Plex instrument, which is a dual-laser, flow-based microplate 

reader system. The contents of the well were drawn up into the reader. The lasers and 

associated optics detected the internal fluorescence of the individual dyed beads as well 

as the fluorescent reporter signal on the bead surface, which identifies each assay and
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reports the level of target protein in the sample. Intensity of fluorescence detected on the 

beads indicates the relative quantity of target molecules in the tested sample.

Statistical analysis. The program SPSS was used for statistical analysis. A test of 

normality (Shapiro-Wilk) was run to determine if the data had normal distribution. Since 

the data did not have normal distribution, Mann-Whitney (Wilcoxon rank sum), which is 

a nonparametric test was used to determine statistical significance.

Results

Testing Various Fluoroquinolone Derivatives.

Animals were inoculated intranasally, with vaccinia, WR, at day 0, and 

Fluoroquinolone treatment began at day 0. Fluoroquinolones were given for 5 days, every 

24 hours. In comparison to infected mice that did not receive Fluoroquinolone treatment 

(negative control), blood levels of viral DNA were elevated in the treatment groups on 

day 5 post infection (Figure 23). By day 9, mice that were treated with Ofloxacin 

solution, had 50% less viral DNA detected in blood than the sham-treated mice.

However, mice that were treated with OFLX-ms, Clinafloxacin, Ciprofloxacin or 

Moxifloxacin had significantly more viral DNA in the blood samples than animals treated 

with other Fluoroquinolones and untreated animals. Animals treated with OFLX-ms, 

Clinafloxacin, and Ciprofloxacin also had a high incidence of death between day 8 and 

11; all of the animals in these treatment groups died or had to be euthanized per 

predetermined, IACUC approved endpoint criteria. One mouse (14%) died in the 

treatment group given OFLX-ns and one (20%) was euthanized (in accordance with
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endpoint criteria) in the treatment group given Moxifloxacin. No animals died or had to 

be euthanized in the treatment group given aqueous OFLX or in the sham-treated control 

group.

Weight loss correlated with viral DNA load (Figure 24). Initially animals treated 

with Ofloxacin lost weight at a greater rate than the untreated animals; but, weight loss 

stabilized two days (day 7) sooner for animals treated with Ofloxacin, compared to 

untreated animals (day 9). At the trough of weight loss, on day 9, the animals treated 

with aqueous Ofloxacin loss 19.5% of their bodyweight, compared to 22.6%, for the 

untreated animals. Other treatment groups lost more weight than the untreated group. To 

determine if the drug was causing the weight loss, a separate study was done, where non

infected animals were administered the drug alone (Figure 25). Animals loss less than 

5% of their weight when given drug alone, not significantly different from the control 

animals, who were given the vehicle.

■  1 -u n in f e c te d  

□  2 - in f e c te d ,  n o  tx

■  3 - in f e c te d ,  O FLX

■  4 - in f e c te d ,  O F L X -n s

■  5 - in fe c te d , O F L X -m s

■  6 - in fe c te d , CLX

■  7 - in f e c te d ,  MX

■  8 - in f e c te d ,  CPX
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Figure 23. Viral DNA loads in the blood of Balb/c mice after Vaccinia, WR infection 
and Fluoroquinolone treatment.
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Figure 24. Weight loss of Balb/c mice after infection and Fluoroquinolone treatment.
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Figure 25. Weight loss in non-infected Balb/c mice after Fluoroquinolone administration 
alone.



100

Fluoroquinolone Immunomodulatory Effect

It has been reported that Fluoroquinolones can have immunomodulatory effect in 

animal disease and infection models, as well as in human clinical patients, by modulating 

cytokine response (9, 10, 20). In order to evaluate the cytokine response, and its possible 

relation to weight loss and blood levels of viral DNA in animals during the efficacy 

study, a panel of 23 cytokines were assayed (Bio-Plex Pro Assays, Bio-rad Laboratories 

Inc.) from the serum of the animals at day 7, to understand if the Fluoroquinolones were 

affecting the host response. Cytokine levels in the serum of animals that were just given 

saline were compared to cytokine levels in the serum of animals that were given the drug 

alone; also, cytokine levels of animals that were infected and untreated (given saline) 

were compared to animals that were infected, then treated with a Fluoroquinolone. None 

of the changes in the levels of cytokines were statistically significant; however, trends 

were observed. A trend of decreased serum levels of the cytokine RANTES was observed 

(Figure 26) in infected animals that were treated with OFLX-ms, CLX, and CPX, in 

comparison to infected animals that were just given saline (negative control animals); 

these are the same three treatment groups that had the most viral DNA (Figure 23) and all 

died or had to be euthanized during the efficacy study previously mentioned. RANTES 

levels in these 3 groups were decreased by 17%, 18%, and 13%, respectively. Serum 

levels of RANTES in infected animals treated with OFLX-ns were also decreased, 

compared to infected, sham-treated animals; but, error bars overlap. There was no change 

of RANTES in non-infected animals that were administered Fluoroquinolones alone, 

compared to non-infected animals that were given saline; signifying that the 

Fluoroquinolone alone does not cause a change in RANTES. These data suggest that the
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Fluoroquinolones only causes changes in the serum levels of RANTES in the presence of 

the virus.

RANTES

Figure 26. Serum levels of RANTES in the mice. Significant decreases of RANTES in 
infected animals treated with OFLX-ms, CLX, and CPX, compared to infected animals 
given saline (negative control). Red - comparison of animals that were given saline 
(vehicle) to animals that were given Fluoroquinolone alone. Blue - comparison of 
infected animals to animals infected, then treated with a Fluoroquinolone.

Serum levels of the other 22 cytokines were analyzed in the same regard as 

RANTES and the findings were compiled into table 5. Bar graphs for each cytokine are 

in the Appendix. The Fluoroquinolones tested in this study, promote a Thi response, as 

many of them, except CPX, showed a trend of increased serum levels in Thi cytokines 

(IFN-a, IL-la, IL-ip, IL-2, IL-12 & TNF-a). IL-4 and IL-10 play very important roles 

in the upregulation of TI12 responses and inhibiting Thi responses. There is no detection 

of IL-4 and no changes in IL-10, further suggesting that the Fluoroquinolones stimulate a 

Thi response. IL-5 is also a TI12 cytokine. No changes were observed when the
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Table 5. Fluoroquinolone immunomodulatory effect (FQ IME) in healthy and in 
vaccinia infected mice.

Cytokine FQ IME-in uninfected animals FQ IME-in infected

Thi cytokines IL-la no changes no changes

IL-lp |  all FQ, except CPX t all FQ, except ms

IL-2 t all FQ, except CPX t all FQ, except CPX

IL-12(p40) 1 OFLX, CPX no changes

IL-12(p70) t CLX T OFLX & CPX

IFN-y t all FQ, except OFLX & CPX t all FQ

TNF-a t all FQ, except CPX T all FQ

Th2 cytokines IL-4 no detection no detection

IL-5 no changes t  all FQ except CPX

IL-10 no changes no changes

IL-3 t all FQ, except OFLX & CPX |  all FQ, except CLX

IL-6 no changes t  CPX

IL-9 t all FQ, except ns & CPX |  all FQ, except CPX

11-13 no changes t  OFLX

IL-17 t all FQ t OFLX-ns

G-CSF t all FQ, except ns & CPX I ms

GM-CSF |  all FQ, except ns & CPX f all FQ, except ns & CLX

chemokines eotaxin no detection no detection

KC no changes T ns & CPX

MCP-1 |  all FQ, except ms & CPX T all FQ

MIP-la t all FQ, except CPX T OFLX & CPX

MIP-ip t all FQ, except CPX t all FQ

RANTES no changes 1 ms, CLX, CPX
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Fluoroquinolones were given to non-infected animals, but a trend of increased serum 

levels were observed in infected animals when given any one of the Fluoroquinolones 

tested, except CPX. IL-5 stimulates B cell growth and immunoglobulin secretion. 

Perhaps the antibody that is secreted is IgG2a, which would corroborate induction of a 

Thi response.

A trend of increased serum levels of other cytokines (IL-3, IL-9, IL-17, G-CSF, 

GM-CSF), which may occur in Thi or TI12 response, are noted. IL-3 and IL-9 are 

cytokines that promote proliferation and differentiation of hematopoietic cells into 

myeloid cells (erythrocytes, thrombocytes, granulocytes, monocytes and dendritic cells). 

G-CSF and GM-CSF are cytokines that stimulate proliferation and differentiation of 

granulocytes(neutorophils, basophils and eosinophils). IL-17 induces production of 

many other cytokines (IL-6, G-CSF, GM-CSF, IL-1 (3, AND TNF-a) and chemokines 

(KC and MCP-1). IL-6 promotes proliferation and differentiation of B-cells into plasma 

cells, and IL-13 functions overlap with IL-4, to induce antibody class switching from 

IgG2a to IgGl and IgE. There is no change in IL-6 and IL-13 in non-infected animals, 

when given any of the Fluoroquinolones; this gives credence to the theory that these 

Fluoroquinolones induce a Thi response.

There is no detection of eotaxin, which is an expected result, since eotaxin is a 

chemotactic for eosinophils and would be more prevalent in a Th2 response. Chemokines 

that are more associated with Thi response are MCP-1 (chemotactic for monocytes, 

memory T-cells and dendritic cells), M IP-la and MIP-ip (both activate granulocytes 

which can lead to neutrophilic inflammation and induced synthesis and release of IL-1, 

IL-6, TNF-a); a trend of increased serum levels for each of these chemokines was



104

observed in non-infected animals, when given any of the FQs, except CPX, and in 

infected animals, when any of the FQs were given.

Dose Dependent Fluoroquinolone Study

Since animals that were treated with Ofloxacin showed a two-fold decrease in 

viral DNA (which was used as a surrogate marker of viremia) at day 9, log increases of 

Ofloxacin were tested to determine if there is a concentration that would cause complete 

elimination of infection. Animals were treated daily, beginning at day 0 when animals 

were initially infected through day 4. In the group that was treated with 2000 mg/kg, 

there are minimal amounts (approximately an average of 15 fg/ul) of viral DNA in blood 

on day 5; however, viral DNA increases in samples taken at later time periods, on day 9 

and 15, more than 5 days after the last dose was given (Figure 27). Also, 3 out of 6 in 

this group die between day 9 and 11,. Animals treated with 200 mg/kg Ofloxacin in 

solution or loaded into nanospheres, have reduced levels of viral DNA, though not 

statistically significant because of variability within the group. Perhaps in a study with a 

larger number of animals, decreased levels of viral DNA may become statistically 

significant. None of the animals died, that were given 200 mg/kg.

Animals treated with 20 or 200 mg/kg Ofloxacin lost weight at a rate that was less 

than that seen in untreated infected animals (Figure 28). At the trough of weight loss, on 

day 9, they lost approximately20% of their body weight (bw), in comparison to untreated 

animals that lost about 24% of their bw. Animals treated with the highest dose, 2000 

mg/kg, had an initial faster rate of weight loss, but by day 7, the rate of weight loss 

stabilized, and they lost a total of 18.8% of their bw by day 9. Recovery (days 9 -15) is
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Figure 27. Viral DNA in blood of Balb/c mice after Vaccinia infection and treatment 
with Ofloxacin in solution of loaded into nanospheres, at varying concentrations.
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enhanced in the three groups of animals that were given 20, 200, and 2000 mg/kg, 

compared to the untreated groups. Animals treated with 10 mg/kg loss more weight 

(27%) and at a faster rate than untreated controls. Mice treated with the 200 mg/kg ns 

formulation showed no appreciable difference in weight loss kinetics from the untreated 

infected animals In previous characterization of this model (data not shown), we showed 

that mice may experience weight loss up to 2 days after viral DNA increases; the 2 day 

lag correlation between viral DNA and weight loss data is demonstrated in this study, as 

well. As mentioned earlier 3 of 6 mice (50%) died in the treatment group, administered 

2000mg/kg Ofloxacin, between day 9 and 11, more than 5 days past last drug dose and at 

a time when viral DNA began to increase again. At the same time period (between day 9 

and 11), this is 30% more than the number of animals that died (1 of 5 in each group) in 

the sham-treated animals and the treatment group given 10 mg/kg Ofloxacin. No animals 

died in any of the remaining treatment groups (20 or 200 mg/kg Ofloxacin, or 200 mg/kg 

OFLX-ns).

Conclusions

These data show that oral administration of Ofloxacin in solution and loaded into 

nanospheres, for 5 days, beginning at the time of infection, at concentrations greater than 

200 mg/kg, reduce the viral DNA load in the blood of vaccinia infected Balb/c mice. The 

load is significantly reduced by day 5, when given aqueous Ofloxacin at 2000 mg/kg, 

daily for 5 days. However, 5 days after the last dose viral DNA begins to increase. One 

explanation for this is not all of the virus in tissues is inactivated after 5 days of dosing, 

Alternatively, this could represent clearance of virus (82, 83). If this is due to incomplete



inactivation of virus, an extension of the dosing regimen, or a change in the periodicity 

may enhance viral clearance as measured by viral DNA in blood. This suggests that the 

dosing regimen may need to be extended for a longer period of time, perhaps for 7 or 10 

days, rather than 5 days. Also, when Ofloxacin was given at 2000 mg/kg, half of the 

animals in the group died between day 9 and 1 l,this is also when viral DNA in blood 

measurements began to increase. Since the animals began to die 5 days after the last drug 

dose and when viral DNA measurements in blood began to increase, it is difficult to 

definitively say whether their death is a result of toxicity from the drug or from infection, 

or a combination of both. The LD50 of Ofloxacin in mice has been reported as 5450 

mg/kg; yet, 30% more animals died in the 2g/kg treatment group than the sham-treated 

control group, where the only difference is drug administration. There was some 

mortality benefit for the treatment groups given 20 or 200 mg/kg Ofloxacin, or 200 

mg/kg Ofloxacin. None of the animals in these groups died, compared to 20% mortality 

rate (1 out of 5 mice) in the sham-treated group. Future testing should include a lower 

dose than 2000mg/kg, perhaps 500, 1000 or 1500 mg/kg, for 7 or 10 days. A lower dose 

may be less toxic and still reduce viral DNA significantly, especially if given over an 

extended period of time (7-10 days).

Comparison of aqueous Ofloxacin to the nanosphere formulation, at 200 mg/kg, 

reveals a trend (though not statistically significant) of more reduced viral DNA, when the 

nanosphere formulation is administered; the average amount of viral DNA in the blood of 

the animals treated with the nanospheres formulation was 32 fg/ul, compared to 53 fg/ul 

in animals treated with aqueous Ofloxacin. This is promising since a higher dose of the 

nanospheres will probably be more effective. Ofloxacin-nanospheres administered at



2000mg/kg was not tested in this study due to constraints on the capability to work with a 

larger number of mice; however, it is likely that it would be more effective than the 

Ofloxacin in solution at 2000 mg/kg, which almost eliminated viral DNA by day 5. 

Additionally, since it is a sustained and controlled release formulation, it is probable that 

it would be less toxic than Ofloxacin in solution. Future testing should include treatment 

of the animals with Ofloxacin-nanospheres, administered between 200 and 2000 mg/kg, 

for 7-10 days.

The cytokine data displayed a trend of decreased serum levels of RANTES in 

infected animals that were treated with OFLX-ms (20 mg/kg), CLX (10 mg/kg), and CPX 

(20 mg/kg), in comparison to infected, sham-treated animals. RANTES is a 

chemotractant for T-cells, monocytes, neutorophils, basophils, and eosinophils (78). The 

trend of increased serum levels of RANTES in infected animals, compared to non- 

infected animals suggests that an increase in RANTES is beneficial and aids in the 

recovery of the animals in this infection model; since in this infection model viral titers in 

the tissues of the mice begin to decline after cytokine serum levels peak at day 7 (prior 

characterization of infection model), which is when these samples were collected. If 

RANTES aids in recovery of mice by recruiting leukocytes in this infection model, it is 

conceivable that a suppression of RANTES, as seen when infected animals were treated 

with OFLX-ms, CLX, and CPX, might cause a decrease in leukocyte recruitment and 

perhaps render the animals more susceptible to the viral infection. This may be the reason 

that these same 3 treatment groups (OFLX-ms, CLX, and CPX) had the most viral DNA 

and all the animals died or had to be euthanized, compared to control animals and other 

infected animals that were treated with OFLX and OFLX-ns during the first efficacy
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study, testing Fluoroquinolone derivatives. The suppression of RANTES, when infected 

animals were treated with OFLX-ms, CPX, and CLX, may play a role in their more 

virulent disease manifestation. Vaccinia virus challenge of transgenic mice that are 

deletion mutants for RANTES, may give credence to this theory. The differences 

between serum levels of RANTES detected in infected sham-treated mice and treatment 

groups -  OFLX-ms, CLX, and CPX (17%, 18%, and 13%, respectively) are small, but 

there may be a threshold for chemotaxis. If the levels o f RANTES are above the 

threshold, chemotaxis would occur and you would see an improvement in viral infection; 

below the threshold, chemotaxis would not occur and you would see more virulent 

disease manifestation.

The cytokine assays revealed that the Fluoroquinolones tested in this study at 20 

mg/kg, or 10 mg/kg in the case of CLX, have immunomodulatory effect in healthy 

animals as well as in infected animals, and the effect in healthy or infected animals is 

independent of each other. The immunomodulatory effect induced by some 

Fluoroquinolones may be beneficial (i.e. increased levels of RANTES, when animals 

administered OFLX and correlating significant decrease in viral DNA seen in those 

animals); while the IME induced by other Fluoroquinolones may be disadvantageous 

(suppressed levels of RANTES, in infected animals that were given OFLX-ms, CPX, and 

CLX, and correlating increased viral DNA loads, and higher mortality rate in those 

animals). The serum levels of RANTES, was the only cytokine that completely 

correlated with the efficacy data, for each administered Fluoroquinolone. . 

Fluoroquinolone immunomodulation has been described previously, in other infection 

and disease animal models, and in clinical patients (48, 24 10, 9). Other studies have
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reported that the effect is dose dependent, describing a decrease in cytokine production 

(TNF-a and IL-12) as the Fluoroquinolone (Ciprofloxacin) concentration is increased 

(10). It would be interesting to determine if this holds true for increased Fluoroquinolone 

concentrations in this animal model. If it proves to be true, then it may be possible to 

attain an increased concentration level of OFLX-ms, CPX, and CLX, that is therapeutic, 

but does not induce the immunomodulatory effect that we have seen with RANTES.

In conclusion, these studies have shown that Fluoroquinolones have 

immunomodulatory effect in healthy animals and vaccinia infected animals, which are 

independent of each other. The immunomodulatory effect may be beneficial or 

unfavorable depending on which Fluoroquinolone is administered. The effect on 

RANTES induced by Ofloxacin may be beneficial; for OFLX- ms, CPX, and CLX, the 

effect may be unfavorable. The suppression of RANTES when infected animals were 

treated with OFLX- ms (20 mg/kg), CPX (20 mg/kg), and CLX (10 mg/kg), may have 

played a role in the more virulent disease seen at those drug concentrations. Further 

studies testing RANTES suppression causality and virus susceptibility, as mentioned 

above, can be done to prove or disprove these theories. Most importantly, treatment with 

Ofloxacin reduced viral DNA measured in blood at 200 and 2000 mg/kg, shortly after 

cessation of treatment and treatment groups administered 200 mg/kg displayed improved 

mortality. Treatment with Ofloxacin-ns at 200 mg/kg reduced viral DNA, even more 

than aqueous Ofloxacin at the same concentration. The therapeutic potential of these 

drugs should be further explored to determine if the viral infection can be eliminated at 

concentrations between 200 and 2000 mg/kg, and for a longer dosing interval (7-10 

days), without causing toxicity to animals.
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SERUM LEVELS OF INDIVIDUAL CYTOKINES

IL-2

80 
70 
60 

50 
I  40O)
a  30 

20 
10 
0

IL-12(p40)

111



x X x
✓ wX
X  4 +

<y /. & 
<V<r

w
X  '%

% %

>%

pg/ml
N3 W  ^o o o oo o o o

Oloo
o>oo

*n(oo

I s
IK*- « f «
nr** ± ty>.r
I« a M :,

' i

,f

■‘ ■ >;• 
vw*

,  r1*11 Vv “•?. 
' '%l ■( -1



pg/ml



pg/ml
N ^ O ) O O O N ) ^ O C O Oo o o o o o o o o o o

v ,f n n ^ \ u '3



pg/ml
-»■ ro ro
01 o 01o o o

7k
i ^
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