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Abstract

Human papillomavirus (HPV) is one of the most common sexually transmitted diseases in the
world and has been associated with several human cancers, like cervical cancer. Thus,
effective vaccination against Human papillomavirus represents an opportunity for the control
of this cancer. The development of therapeutic Human papillomavirus vaccines is required to
facilitate the control and eliminate on of a preexisting Human papillomavirus infection. In the
last years, the expansion of efficient plasmid DNA purification processes has fostered
therapeutics applications like gene therapy and DNA vaccination. Recently, the application of
chromatographic operations based on affinity interactions between plasmid DNA or impurities
with specific amino acids immobilized in stationary phases has demonstrated good results in
the supercoiled plasmid DNA purification. Despite of selectivity achieved with these ligands,
conventional matrices present limitations such as the low binding capacity and diffusivity for
plasmid DNA samples. Owing to bottlenecks associated to conventional matrices, monolithic
supports have emerged as interesting alternatives due to the versatility of their structural
characteristics. The research work present in this thesis describes a new strategy that
combines the selectivity of arginine as affinity ligand with the versatility of the epoxy-based
monoliths to efficiently purify the supercoiled HPV-16 E6/E7 plasmid from other plasmid
isoforms and Escherichia coli impurities present in clarified lysate. Additionally, breakthrough
experiments were designed to compare the dynamic binding capacity of plasmid DNA to the
conventional arginine-agarose matrix with the modified monolithic support. The dynamic
binding capacity obtained for the arginine-epoxy monolith was significantly higher than the
capacity achieved in the arginine conventional support. Quality control tests indicated that
the plasmid sample resultant from the purification step presented a purity degree
approximately 100% and an homogeneity higher than 97% of supercoiled isoform, with an
extremely reduced level of impurities (RNA, proteins, genomic DNA and endotoxins). Overall,
given that the plasmid DNA final product meets regulatory specifications, this combined
support can be the key to obtain an adequate non-viral vaccine against a Human

papillomavirus infection.
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Resumo

O Papiloma Virus Humano é um virus sexualmente transmissivel que esta relacionado com o
desenvolvimento de varios cancros, como o cancro do colo do Utero. Este tipo de cancro é a
segunda maior causa de morte em mulheres, afetando mundialmente cerca de meio milhao
de mulheres, das quais aproximadamente 274 mil morrem. A evidente associacao que existe
entre o Papiloma Virus Humano e o cancro do colo do Gtero torna o Papiloma Virus Humano
um alvo interessante para o desenvolvimento de vacinas, no sentido de prevenir ou tratar o
desenvolvimento do cancro. Atualmente, ja sdao comercializadas duas vacinas preventivas, a
Gardasil da Merck e a Cervarix da GlaxoSmithKline. Apesar de ambas mostrarem ser eficazes e
seguras, possuem algumas limitacdées como elevado custo, nao protegem contra todos os tipos
de Papiloma Virus Humano e trata-se de vacinas exclusivamente preventivas. Assim o
desenvolvimento de vacinas terapéuticas pode ser uma estratégia promissora para colmatar
estas falhas.

A utilizacdo do DNA plasmidico (pDNA) como uma vacina nao viral tem-se tornado numa
potencial estratégia terapéutica para prevenir ou tratar determinadas doencas de forma
menos invasiva e segura comparando com os vetores virais. O mecanismo de actuacao desta
vacina baseia-se na expressdao de proteinas antigénicas que desencadeiam uma resposta
imunologica, evitando a progressao da doenca . A preparacao destas vacinas de DNA
plasmidico requer o desenvolvimento de processos de producéo e purificacdo que permitam
obter grandes quantidades de plasmideo na sua forma biologicamente ativa (isoforma
superenrolada (sc)), cumprindo os requisitos das agéncias reguladoras no que diz respeito ao
grau de pureza. Da ocorréncia natural de complexos proteinas-DNA em sistemas bioldgicos
sugeriu o desenvolvimento de uma estratégia de cromatografia de afinidade, utilizando
matrizes convencionais de agarose com determinados aminoacidos imobilizados que
reconhecem especificamente a isoforma superenrolada do DNA plasmidico. No entanto, as
matrizes convencionais apresentam algumas limitacées quando comparadas com os suportes
monoliticos que possuem excelentes propriedades de transferéncia de massa e elevada
capacidade de ligagdo para moléculas de grandes dimensées como o DNA plasmidico.

Desta forma, o trabalho apresentado nesta tese consistiu na modificacdo de um monolito de
epoxy por imobilizacdo de aminoacidos de arginina, conjugando assim a selectividade deste
ligando com a versatilidade do monolito de epoxy, tendo como finalidade purificar a isoforma
sc do pDNA HPV-16 E6/E7. Numa fase inicial, foram realizados varios ensaios com amostras de
DNA plasmidico pre-purificadas com o kit comercial, no sentido de avaliar e confirmar a
presenca dos ligandos de arginina, comparando o comportamento cromatografico do monolito
modificado com o mesmo suporte nao modificado. Os resultados comprovaram que o monolito
modificado reconhece especialmente o DNA plasmidico, permitindo a separacao das isoformas
superenrolada e circular aberta através de um gradiente por passos de NaCl. O mesmo nao

aconteceu com o monolito de epoxy nao modificado, pois nao ocorreu qualquer tipo de
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interaccao do plasmideo com o suporte. Posteriormente foi realizado um estudo de
capacidade de ligacdo dinamica para completar a caracterizacdo do monolito com ligandos de
arginina e comparar com a coluna convencional de arginina-argarose. Os resultados
comprovaram que, para as mesmas condicoes de caudal e concentracao de pDNA HPV-16
E6/E7, o monolito possui uma capacidade de ligacao significativamente superior em
comparacao com a coluna convencional. Uma vez conseguida a separacao das isoformas e a
caracterizacao do monolito modificado com a arginina, a segunda fase do trabalho consistiu
na purificacao da isoforma sc do pDNA HPV-16 E6/E7 a partir de um lisado complexo de
Escherichia coli. Os testes de controlo de qualidade revelaram que a amostra de sc de pDNA
HPV-16 E6/E7, resultante da purificacdo com o monolito de epoxy modificado, apresentava
um grau de pureza de aproximadamente 100% e uma homogeneidade superior a 97%. Para
além disso, constituintes do hospedeiro como RNA e proteinas nao foram detectados na
amostra purificada e a quantidade de DNA gendomico e endotoxinas estavam a baixo dos
valores referenciados pelas agéncias reguladoras como a Food and Drug Delivery.

Em suma, a combinacao de ligandos de aminoacidos com suportes monoliticos pode ser uma
solucao promissora para obtencao de uma vacina nao-viral baseada na isoforma sc do pDNA
HPV-16 E6/E7, com o grau de pureza requerido para futuras aplicacbes terapéuticas contra a

infeccao por Papiloma Virus Humano.

Palavras-chave

Cromatografia de afinidade, ligando de arginina, monolito de epoxy modificado, Papiloma

Virus Humano, Vacinas de DNA
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Introduction

Human papillomavirus (HPV) is one of the most common sexually transmitted diseases in the
world and has been identified as an etiological factor for several important cancers, including
anogenital cancers, and a subset of head and neck cancers [1]. Among HPV-associated
cancers, cervical cancers have the most significant morbidity, being the second largest cause
of the cancer deaths in women worldwide [2]. Infection with HPV is a key cause of cervical
cancer because the HPV DNA has been detected in 99.7% of patients with cervical cancer [1].
More than 200 HPV genotypes have been identified and are classified into low or high-risk
types, depending on their propensity to cause cervical cancer, being the HPV-16 and HPV-18
the most high risk types associated with the cervical cancer [2]. The clearly association
between infection with high-risk HPV and cervical cancer showed that HPV serves as an ideal
target for development of preventive and therapeutic vaccines. Recently, two licensed
prophylactic HPV vaccines, Gardasil (bivalent vaccine comprising HPV types 16 and 18) and
Cervarix (quadrivalent vaccine comprising HPV types 6, 11, 16 and 18) have been shown to be
safe and capable to generating significant protection against specific HPV types [3]. However,
prophylactic HPV vaccination does not have therapeutic effect against established HPV
infections and HPV-associated lesions [3]. In this way, the development of therapeutic HPV
vaccines can be a promising strategy to accelerate the control of cervical cancer and treat
currently infected patients [4].

DNA vaccines have emerged as attractive and potentially effective strategies for treatment of
inherent and acquired diseases. The most advantage of this novel vaccine technology is the
ability to inducing both humoral and cellular immunity [5]. The underlying principle of DNA
vaccines consists in the administration of therapeutic genes for specific proteins that induce
the immune responses against pathogen [6]. Central to the concept of DNA vaccination is the
ability to deliver exogenous nucleic acids to eukaryotic cells of various tissues. However, the
success of DNA vaccination is largely dependent on the development of a vector or vehicle
that can selectively and efficiently deliver therapeutic genes into these cells. On the other
hand therapeutic genes can be transported by viral vectors but this delivery system has
presented higher toxicity and immunogenicity degree [7, 8]. Thus, plasmid DNA (pDNA)-based
vaccines are more safe, stable, easy production and prolonged action if compared to virus-
based vaccines, becoming the most attractive gene-transfer system to be used as
biopharmaceutical product [2].

The successful implementation of clinical approaches using plasmid DNA-based strategies
requires the continuous improvement of production and purification processes of pDNA [9]. In
this way, different chromatographic techniques, including size-exclusion, anion exchange,
hydrophobic interaction, reversed phase and affinity chromatography have been applied for
supercoiled (sc) pDNA isolation from the remaining host impurities, with more or less success
[10]. Recently, a new affinity chromatography approach using some amino acids as specific

binding agents have been efficiently applied in the purification of the sc pDNA from the
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clarified Escherichia coli (E. coli) lysate [11-13]. Despite of the selectivity achieved with
these amino acids, these conventional matrices present some limitations, such as the low
capacity of available supports for pDNA and low diffusivity of pDNA samples [14]. Therefore
the monolithic stationary phase has been extensively investigated for pDNA purification. This
new support has attracted increasing attention because of its easy preparation, structural and
functional properties and high performance compared to conventional columns [14].

Hence, the purpose of this thesis is to develop and implement a new strategy for sc
(supercoiled) pDNA HPV-16 E6/E7 isoform purification. The affinity purification strategy is
based on the combination of the specificity and selectivity achieved with arginine ligand with
the advantages provided by a monolithic support. In addition, the characterization of the sc
pDNA sample obtained is also envisioned since it should be free from the host contents in
compliance with all regulatory requirements and capable of inducing gene expression with

high efficiency.

Thus, the work described in this thesis may be divided in three main stages:

- First comprises the biosynthesis of pDNA HPV-16 E6/E7 in E. coli recombinant
organism;

- The second stage consists on the implementation of an monolithic affinity purification
strategy with immobilized arginine amino acids to separate the sc and oc (open
circular) plasmid isoforms;

- The third stage consists on the purification of the sc plasmid isoform from the

clarified E. coli lysate;

The final research topic consist in analytical characterization of the sc pDNA recovered the

arginine-epoxy monolith.



1. Human papillomavirus

Human Papillomavirus infection represents the most common sexually transmitted disease in
the world [15]. HPV has been identified as an etiological factor in several important cancers,
including a subset of anal, vaginal, vulval, penile, head and neck cancers [1]. Apart from
these cancers, cervical cancer is the second largest cause of cancer deaths in women
worldwide and HPV infection represents the most important risk factor in its development
[16]. HPV DNA has been detected in 99.7% of patients with cervical cancer [15]. It is
estimated that half a million of new cases are diagnosed by year and approximately 270.000
of those patients die [4, 17].

Human Papillomavirus are members of the Papovaviridae family [18]. More than 200 HPV
types have been identified and are classified based on DNA sequence analysis, it being each
one associated with infection in specific epithelial sites [2, 19]. Thus, the HPV types can be
divided in two main HPV genera, Alpha and Beta papillomavirus [20]. Beta papillomavirus are
typically associated with cutaneous infection, whereas Alpha papillomavirus mainly infect the
mucosal/genital areas [21]. Alpha HPV are further subdivided into low, intermediate or high-
risk depending on their propensity to cause cervical cancer [18], as it is presented in Table 1.
However, Alpha HPV also include some HPV types mostly found in cutaneous lesions, such as
HPV-2, which cause common warts [22]. More than 30 HPV types are known to infect cervical
epithelium, associated with high-grade squamous intraepithelial lesions (HSILs), which are
precursors of cervical cancer [4, 20]. These HPV types are classified as high-risk HPV, being
70% of the cervical cancers attributable to HPV-16 and HPV18 [23]. HPV-16 is considered the
most significant high-risk HPV type, being responsible for approximately 50% of cervical
cancer [24]. On the other hand, the low-risk HPV type is associated with benign genital warts
and it is rarely associated with cervical cancer [25]. Since HPV is present in the majority of
cervical cancers, the HPV appearing and infection can be controlled through an adequate

vaccination.

Table 1. Human papillomavirus grouping, according to their risk to cause cervical cancer (adapted from

(18)).

High Risk HPV-16, HPV-18, HPV-45, HPV-56
Intermediate risk HPV-31, HPV-33, HPV-35, HPV-51, HPV-52, HPV-58
Low risk HPV-6, HPV-11, HPV-42, HPV-43, HPV-44



1.1. Molecular biology of HPV

Although there are several differences in the DNA sequence of all HPV types, their structure
and genomic organization are similar. Human Papillomavirus are small, non-enveloped with a
diameter of 55-60 nm and have an icosahedral capsid composed by 72 capsomers [26, 27].
They contain a circular double-strand, covalently closed DNA of around 8000 base pairs (pb)
[7904 bp for HPV16 (GenBank® accession number NC_001526)] in the form of chromatin-like
complex with cellular histones [18, 20, 28]. The viral genome is organized in three regions
(Figure 1): the long control region (LCR) and two protein-encoding regions (early and late

gene regions) [26]. All viral genes are encoded on one strand of HPV genomic DNA.

P670

Figure 1. Structure and genome organization of the HPV-16. The HPV-16 genome (7904 bp) is shown as a
black circle with the early (p97) and late (p670) promoters marked by arrows. Early ORFs (E1, E2, E4
and E5) are represented in green, while the other early ORFs (E6 and E7) are in red. The late ORFs (L1
and L2) are represented in yellow. All the viral genes are encoded on one strand of the double-stranded
circular DNA genome. The long control region is showed between yellow and red regions (adapted from
[20]).

Long control region represents approximately 10% of the genome and unlike other two regions
does not encode for proteins [26, 29]. Indeed, the LCR contains numerous binding sites for
many different transcriptional repressors and transcriptional activators, including activator
protein 1 (AP 1), keratinocyte-specific transcriptional factor 1 (KRF 1), nuclear factor (NF-
I/CTF) and virally derived transcriptional factors encoded by early and late regions [27, 29].
Thus, LCR is responsible by transcription control from early and late regions and controls the
production of viral proteins and infectious particles. LCR also regulates the viral gene
expression, suggesting that it may play a critical role in determining the range of hosts for
specific HPV types [27].

The late gene region encodes 40% of the HPV genome and contains two separate open reading

frames (ORFs), L1 and L2 that are structural components of the viral capsid [2, 26]. The L1
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gene encodes the major (55 kDa) capsid protein and forms the main architectural structure of
the icosahedral viral capsid [21, 26]. This protein is highly conserved among different
papillomavirus species [29]. On the other hand, the L2 gene encodes the minor (70 kDa)
capsid protein and it has more sequence variations than L1 protein [26, 27]. Both capsid
proteins are only expressed in terminally differentiated squamous epithelial cells [28]. The
expression of L1 and L2 proteins is tightly regulated and associated with differentiation of
infected epithelial cells [2].

Finally, the early gene region is the major segment of the viral genome encoding 50% of the
total genome [26]. This region is downstream of the LCR region and is composed of six ORFs,
E1, E2, E4, E5, E6 and E7 [27]. The E genes encode nonstructural proteins that regulate virus
transcription and replication and are expressed in nonproductively infected cells and
transformed cells. Depending upon the HPV type, the E4, E5 and E7 genes usually encode a
single polypeptide, whereas the E1, E2 and E6 genes may be expressed as several related
polyproteins through differential splicing [26]. Thereby, early proteins play a critical role in
regulation of viral DNA replication (E1 and E2), viral RNA transcription (E2), cytoskeletal
reorganization (E4) and cellular transformation (E5, E6 and E7) [2]. In Table 2 are summarized
the functions of each viral protein.

The E1 gene encodes polypeptides of 68 and 27 kDa required for extrachromosomal DNA
replication and conclusion of the viral life cycle [26, 27]. The 68 kDa protein encodes
adenosine triphosphate (ATPase) and helicase activity that binding to a specific sequence in
LCR region will initiate DNA replication [26]. The E2 gene also encodes two proteins that
together with E1 protein are responsible for regulation of extrachromosomal DNA replication.
One of the E1 and E2 proteins inhibits the transcription of the early region whereas the other
protein increases the transcription of the early region [29]. By acting as transcriptional
activators and repressors due to the binding to a specific sequence in LCR region, E2 proteins
regulate virus transcription and genome replication [30].

Such as L1 and L2 capsid protein, the E4 protein is expressed late in virus replication when
complete virions are being assembled [31]. The E4 protein is associated with cellular
membranes and accumulates in the cell cytoplasm [32]. Despite this protein does not seem to
possess transforming proprieties, it has an important role for the virus maturation and
replication [32].

The functional role of E5 protein is less known because this protein is not expressed in most
HPV-positive cancers, suggesting that the E5 protein is not essential in maintaining the
malignant transformation of the host cells [29]. When present, the E5 protein interacts with
cell membrane receptors, such as epidermal growth factor (EGF) and platelet-derived growth
factor (PDGF) and this may stimulate cell proliferation in HPV-infected cells [27]. Therefore,

the E5 protein possesses a weak transforming activity in HPV-infected cells [27].



Table 2. A brief description of the functions of human papillomavirus open-reading frames (adapted
from [26])

‘L1 Major capsid protein
L2 Minor capsid protein
E1 Viral DNA synthesis
E2 Transcription regulatory protein
E4 Disrupts cytokeratins, late protein
E5 Interacts with growth factor receptors
E6 Transforming protein, binds and initiates p53 degradation
E7 Binds retinoblastoma gene family members (Rb1, p107, p103)

1.1.1. Human papillomavirus E6 oncoprotein

Papillomavirus E6 protein consists in 150 amino acids with approximately 18 kDa and it is
localized in the nuclear matrix and non-nuclear membrane fraction [21, 33]. At the structural
level, the E6 protein is composed by two zinc finger domains and in the base of each zinc
finger are two motifs containing two cysteines (Cys-X-X-Cys, where x is any amino acid),
which are conserved throughout all HPV types [34]. In the second zinc finger domain exists an
LXXLL motif, which is required to mediate interactions between the E6 protein and other
proteins, namely the cellular E3 ubiquitin-ligase known as E6-associated protein (E6AP) [21].
E6 protein can form a complex with E6AP that is required for the association of E6 and p53
proteins, resulting in loss of p53 activity within cells [35]. In this case, the p53 degradation
occurs through a ubiquitin-dependent mechanism, in contrast to the large T antigen of simian
virus 40 (SV40) and E1B protein of adenovirus 5, which will inactive the p53 protein by
sequestration into a complex [36]. This mechanism has been reported for the high-risk HPV-16
and 18, while in the case of low-risk HPV, E6 also binds p53 but with reduced efficiency, it
being not capable of inducing p53 degradation [35].

P53 tumor suppressor can sense damage or potential damage in the cellular DNA and invoke a
protective response (by blocking the cell cycle or inducing apoptosis in the affected cell), it
being extremely important to maintain the genome integrity [37]. When the p53 protein
detects damage in the cellular DNA, it activates the WAF1/Cip1 gene, which is an inhibitor of
cyclin-dependent kinases. High cellular levels of WAF1/Cip1 inhibit cyclin-dependent kinases,
which are essential for progression through the cell cycle. Thus, the cell cycle stops in the G;
phase in order to repair the damage in the DNA and maintain genome integrity [38].
Meanwhile, inactivation or mutation of p53 function leads to continued replication of cells
with damaged DNA promoting mutation, chromosomal instability and carcinogenesis of the

host genome (as it is showed in Figure 2) [26].
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Figure 2. Effect of the interaction between E6 protein and p53 tumor suppressor. (Left) In normal
physiologic conditions when p53 detects damage in the cellular DNA, it activates WAF1/Cip1, which
inhibits cyclin-dependent kinases and consequently stops the cell cycle in G; phase. (Right) When an
infection occurs with a high-oncogenic risk HPV type, the presence of E6-p53 complexes promotes the
p53 inactivation, leading to uncontrolled cell replication (adapted from [27]).

1.1.2. Human papillomavirus E7 oncoprotein

Papillomavirus E7 protein consists in 98 amino acids that were localized to the nuclear matrix
[34]. This protein is composed by three functional domains designated by Conserved Regions
(CR1, 2 and 3), knowing that CR1 and CR2 domains are structural and functionally related to
the E1A protein of adenovirus and the large T-antigen of simian virus 40 [39]. The CR1 domain
plays a crucial role in cellular transformation independent of pRb-binding, whereas the CR2
domain exits Leu-X-Cys-X-Glu (LXCXE) motif act as a pRb-binding site [21, 40]. Thus, E7
proteins form complexes with the retinoblastoma (Rb) protein, which is related with proteins
p107 and p130, being negative regulators of cell growth [26].

In physiological conditions, the Rb protein forms complexes with transcription factors, such as
E2F, which regulate the expression of cellular genes that function in DNA synthesis. The Rb
protein binds to E2F transcription factor, becoming phosphorylated by one or more cyclin-
dependent kinases, and together with the hypophosphorylated Rb are responsible to block
cell cycle progression in Gy and G, phases [41]. Other Rb-related proteins, p107 and p130,
also form complexes with E2F and regulate the cell cycle progression [27]. In the case of
progression from G; into S phase, E2F-Rb complexes are dissociate and the free E2F
stimulates the transcription of the genes required for transition into S phase [41]. In contrast,
the E7 protein binds to Rb, p107 and p130 proteins and releases free E2F transcription factors
in the cells, which can stimulate the transcription of the E2F-dependent genes necessary for

DNA replication and cellular cycle progression [27, 42] (as it is show in Figure 3). The ability



of E7 protein for disrupt E2F-Rb complexes has been reported to high-risk HPV types, while
the low-risk HPV-E7 protein have demonstrated a low Rb, binding affinity [27, 42].
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Figure 3. Effect of the interaction between the E7 protein and pRB protein (Left) In normal physiologic
conditions, the pRB protein forms complexes with E2F by phosphorylation of the pRB with cyclin-
dependent kinases and consequently the Rb stays hypophosphorylated leading to the cell cycle stop in
Gy or G; phases. (Right) When the infection with a high-oncogenic risk HPV type occurs, the presence of
E7-pRB complexes releases free E2F, which stimulate the transcription of the genes responsible for DNA
replication and cell cycle progression (adapted from [27]).

1.2. Preventive HPV vaccines

As the HPV viral DNA has been detected in more of 99% patients with a cervical cancer, the
vaccination with fragments of HPV genomic DNA can be a potential solution for this
pathology, it being essential a basic understanding of the HPV biology. Two vaccination types
can be used against the cervical cancer. Preventive vaccines prevent the infection by
generating neutralizing antibodies to block HPV viral infection and therapeutic vaccines
eliminate the infection by inducing a virus-specific T cells-mediated response [2].

Recently, two HPV preventive vaccines (quadrivalent and bivalent) were developed and have
been licensed for use in many countries. The quadrivalent vaccine of HPV L1 virus-like
particles (VLP) was called Gardasil, developed by Merck (NJ, USA) and approved by the USA
Food and Drug Administration (FDA). This vaccine is produced in Saccharomyces cerevisiae (S.
cerevisiae) and protects against four of the most medically relevant HPV genotypes: HPV-16
and HPV-18 for cervical cancer, and HPV-6 and HPV-11 for benign genital warts [1, 24]. The
bivalent vaccine HPV L1 VLP was called Cervarix and developed by GlaxoSmithKline
(GlaxoSmithKline Biologicals, Rixensart, Belgium). This vaccine uses an insect cell expression
system and protects against two HPV genotypes, HPV-16 and HPV-18 [1, 24].



Both Gardasil and Cervarix vaccines are based on the use of HPV VLP to generate neutralizing
antibodies against the major capsid protein, L1. Despite of L1 is not expressed in the infected
basal cells, this protein has been largely studied as target for the preventive vaccine
development. These vaccines only induced the humoral response, by promoting the
production of specific antibodies. Moreover, the ability of HPV-16 L1 VLP vaccination to
generate memory B cells has been reported. In this way, memory B cells provide a rapid
response of antibodies upon secondary exposures [43]. Although Gardasil and Cervarix
vaccines have been applied with some success as preventive vaccines, they also present some
limitations, such as high manufacturing cost, type-restricted protection and no present

therapeutic effects which are displayed in Table 3.

Table 3. Disadvantages of current licensed human papillomavirus vaccines - Cervarix® and Gardasil®
(adapted from [44]).

Limitation Impact

Cost of manufacturing, trials ' Developing countries that do not have the economic means
and intellectual property to afford the vaccine continue to bear the burden of cervical
leads to high vaccine price cancer

Vaccine does not protect against all HPV types causing

Type restriction cervical cancer, thus screening must continue for HPV-
vaccinated women
No therapeutic value No effect on individuals with pre-existing HPV infection

1.3. Therapeutic HPV vaccines

Because of limitations from current HPV vaccines previously mentioned, the development of
therapeutic vaccines to facilitate the control of cervical cancer and others HPV-associated
malignances becomes increasingly necessary. The choice of target antigen is the key of the
therapeutic vaccines design. HPV early proteins are potential target antigens because they
are involved in the regulation of virus transcription and replication and can be expressed in
both nonproductively infected cells and in transformed cells. Particularly, HPV E6 and E7 viral

genes are mainly responsible for malignant transformation [4].
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2. Gene Therapy and DNA Vaccines

Millions of people die each year from hereditary, degenerative and infectious diseases, or
cancer [45]. These diseases are considered untreatable by conventional clinical methods. In
last decades, the determination of relationships between genes and the maintenance and
regulation of the organism, and the decoding of the Human Genome in 2000, led to the
conclusion of the existence of wide range of diseases depending on the gene [46, 47]. Thus, it
emerged the opportunity for the development of therapeutic strategies based on the gene
intervention such as gene therapy and DNA vaccination [48].

The Human Gene Therapy is defined as the introduction of genetic material that encodes a
desired gene into human target cell with the aim of correcting phenotypic or genotypic
abnormalities or providing new functions to the cells [49, 50]. This therapeutic strategy may
be divided into somatic and germ gene therapies [49]. However, only somatic cells are
targeted for treatment because genetic modifications in somatic cells affect the individual
patient, while alterations in germ cells have potential to affect the future generations [49].
DNA vaccination is other innovative human DNA therapeutic strategy based on the gene
intervention for the treatment of inherited and acquired diseases [51]. DNA vaccination is
based on the administration of therapeutic genes in human target cells nucleus [52]. When
administrated, therapeutic gene is transcribed and translated in the cytoplasm of the cell and

the resultant protein will induce the immune response [52, 53].

2.1. DNA vaccination

As previously mentioned, millions of people die at each year due to incurable diseases that
often provide drug resistance. In this way, the research of more stable and efficient vaccines
has been increasingly important to treat some infectious pathologies. DNA vaccines are new
therapeutic strategies that consist in the synthesis of DNA vector-encoded therapeutic genes
for specific proteins, which induce the immune responses against the pathogen [6]. DNA
vaccination might provide several important advantages over conventional vaccines, such as

facilitated development and production (more advantages are presented in Table 4) [54].
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Table 4. Advantages of DNA vaccines (adapted from [55]).

Advantages of using DNA vaccines compared with conventional protein vaccines

Immunogenicity ¢ Can induce both humoral and cellular immune responses
¢ Low effective dosages (micrograms) in animal models
Safety ¢ Unable to revert into virulence unlike live vaccines
¢ Efficacy does not require the use of toxic treatments unlike some
killed vaccines
Engineering ¢ Plasmid vectors are simple to manipulate and can be rapidly
tested
¢ Combination approaches are easily adapted
Manufacture Low manufacturing cost
¢ Produced at high frequency in bacteria and easily isolated
Stability ¢ More temperature-stable than conventional vaccines
0 Long shelf-life
Mobility ¢ Ease of storage and transport
¢ Likely not to require a cold chain

DNA vaccination has become an attractive immunization strategy due to the ability to induce
strong and long-lasting cellular and humoral immune responses with high efficiency [5]. The
DNA vaccine encoding therapeutic genes enters the cell nucleus, where the gene initiates the
transcription, followed by protein production in the cytoplasm [6]. These proteins generate
peptides that have been processed and presented by professional antigen-presenting cells
(APCs), like macrophages and dendritic cells (DCs), in the context of major histocompatibility
complex (MHC) class Il molecules that then are exhibited on the surface of the cell [56].
Specific helper T cells (CD4" T cells) recognize this antigen peptide/MHC Class Il molecule
complex and are activated [45]. CD4" T cells play a central role in immune response. CD4* T
cells secrete cytokines that have a myriad activities including, depending up on the cytokine,
promoting B cell survival and antibody production and helping cytolytic T lymphocyte (CTL)
responses [56]. In order to induce cytotoxic T lymphocyte response, CD8" T cells recognize
peptides derived from endogenous proteins presented in the context of MHC class | molecules
[54]. The presence of co-stimulatory molecules produced by activated CD4" T cells is another
requirement for the activation of CD8" T cells, resulting in a potent antitumor effect against
antigen-expressing tumors [55, 57]. On the other hand, DNA vaccines are capable to induce
humoral immune response. In this way, B cells recognize antigens that are either present
extracellularly, or exposed extracellularly by being transmembrane proteins inducing a strong
antibody response to the respective proteins [56]. Figure 4 illustrate, the simplified form, the
generation of both cytotoxic and helper T-cells responses and antibody generation by the DNA
vaccines.

On the other hand, DNA vaccines are highly effective at inducing long-lived memory
responses, so that upon subsequent exposure to the pathogen a rapid and specific immune

response is mounted to prevent and/or clear infection [58].
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Figure 4. DNA vaccines stimulate the induction of both cellular and humoral responses. Professional
antigen presenting cells take up an exogenous antigen into its endolysosomal degradation pathway,
which convert proteins in peptides. These peptides are present in association with MHC class Il
molecules. After, CD4" T cells recognize the peptide/MHC Class Il molecule complex and are activated
to produce cytokines. These cytokines help B cells activate into antibody producing cells, and help
cytolytic T lymphocyte responses. Despite the action of this cytokines in cytolytic T lymphocyte
responses, the recognition of the peptide/MHC class | molecules by the CD8" T cells is necessary. For
antibody responses, B cells recognize and respond to antigens that can present in transmembrane of the
APC or present extracellularly (adapted from [45]).

2.2. Viral and Non-viral vectors

Gene medicines or nucleic acid drugs can be categorized on the basis of their therapeutic
relevance as gene inhibitors or gene inductors [59]. Gene inhibitors (i.e. oligonucleotides,
ribozymes, DNAzymes, aptamers, and small interfering RNAs (siRNAs)) are potent drugs that
interfere with mRNA leading to silencing of the defective genes [60]. On the other hand, gene
inductors (cDNA (complementary DNA) and plasmids containing transgenes) can be divided
into gene vaccines and gene substitutes [59]. Gene vaccines are antigens of specific
pathogens encoding either the genes or RNA that have the ability to induce T cell-mediated
response and humoral immune response, as well as production of antibodies [61]. Gene
substitutes are transcriptionally fully competent genes introduced into cells to reimburse

deficiency of a specific protein or its insufficient protein production [60].
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Central to the concept of gene therapy is the ability to deliver exogenous nucleic acids to
wide variety of cells, tissues, and organs [50]. However, one of the problems associated to
DNA vaccination is to develop the delivery vehicle of therapeutics genes that brings together
3 major criteria: (1) it should protect the gene against degradation by nucleases in
intercellular matrices, (2) it should bring the gene across the plasma membrane and into the
nucleus of target cells, and (3) it should have no detrimental effects [62]. Two major groups

of vehicles for delivering genetic material exist, the viral and non-viral vectors [63].

2.2.1. Viral delivery systems

Viruses have numerous biological proprieties that allow them to recognize and enter in
eukaryotic cells, expressing their genes and consequently infecting the host cell. These
proprieties led to the use of viruses as gene delivery vectors [64]. Viral vectors encapsulate
the viral sequences that are required for the assembly of viral particles, the packaging of the
viral genome into the particles and the therapeutic gene [46]. Table 5 represents the main
viral vectors (Retroviruses, Lentiviruses, Adenoviruses and Adeno-associated virus) and their

advantages and disadvantages.
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Table 5. Advantages and disadvantages of main viral vector groups (Adapted from [47]).

Vector Advantages " Disadvantages

Adenovirus o Hich transfection ¢ Strong immune responses
g‘ . anstectio ¢ Insert size limit of 7.5 kbp (kilo
efficiency .
base pairs)

¢  Transfects proliferating
and nonproliferating cells
¢ Substantial clinical

Difficult to manufacture and
quality control
¢ Poor storage characteristics

experience
P ¢ Short duration of expression
Retrovirus . ¢ Low transfection efficiency in-
¢ Fairly prolonged .
expression vive
. . ¢ Insert size limit of 8 kbp ex-vivo
¢ High transfection . .
. ¢ Transfects only proliferating
efficiency
¢ Substantial clinical cells
. ¢ Difficult manufacture and
experience

uality control
¢ Low immunogenicity 9 y

¢ Safety concerns (mutagenesis)
Lentivirus . . ¢ Very difficult manufacture and
¢ Transfects proliferating .
quality control
and non-cells —
o Transfect ¢ Poor storage characteristics
ranstects . ¢ Insert size limit of 8 kbp
haematopoietic stem .. .
cells ¢ No clinical experience
¢ Safety concerns (origins in HIV)
Adeno- ¢ Efficient transfection of ¢ Difficult manufacture and
associated wide variety of cell types quality control
virus in-vivo ¢ Insert size limit of 4.5 kbp
¢ Prolonged expression ¢ Limited clinical experience
¢ Low immunogenicity ¢ Safety concerns (mutagenesis)

In general, viral vectors are very efficient gene delivery vectors, however this delivery system
also presents some disadvantages. These include safety concerns (mutagenesis and
carcinogenesis), induction of immune responses (which abolishes the therapeutic gene, if
consecutive administrations are made), the low DNA amount that can be loaded and the high
commercial cost [63, 65]. Considering these limitations, the use of non-viral DNA-based

therapy has emerged as a convincing approach in medical science.

2.2.2. Non-viral delivery system

Non-viral vectors are being developed to overcome problems associated with viral gene
delivery, such as capacity for insertional mutagenesis [66]. In fact, non-viral vectors are less
pathogenic and may have reduced toxicity by comparing to the existing viral vector, being
safer and easier to manufacture under low cost. On the other hand, non-viral vectors also

include as advantage the capacity of delivering larger genetic units without limited size.
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Non-viral delivery systems for gene transfer can be classified into physical (carrier-free gene

delivery) and chemical categories (synthetic vector-based gene delivery). Physical approaches

employ a physical force that permeates the cell membrane and facilitates intracellular gene

transfer. On the other hand, chemical approaches use synthetic or naturally occurring

compounds as carriers to deliver nucleic acids into the target cells [60]. Although a significant

progress has been made in the basic science and applications of various non-viral gene

delivery systems, the non-viral approaches also present some limitations. In Table 6, briefly

discuss the advantages and limitations of the non-viral gene delivery systems

Table 6. Advantages and limitations of several non-viral gene delivery systems (adapted from [62]).

Method

Advantages

Physical methods

Disadvantages

Needle injection

Simplicity and safety

Low efficiency

Tissue damage in some

Gene gun Good efficiency e
applications
Limited working range; need for
Electroporation High efficiency surgical procedure for

nontopical applications

Hydrodynamic delivery

High efficiency, simplicity,
effectiveness for liver gene
delivery

Extremely effective in small
animals; surgical procedure may
be needed for localized gene
delivery

Ultrasound

Good potential for site
specific gene delivery

Low efficiency in vivo

Chemical methods

Cationic lipids

High efficiency in vitro; low
to medium high for local
and systemic gene delivery

Acute immune responses;
limited activity in vivo

Cationic polymers

Highly effective in vitro; low
to medium high for local
and systemic gene delivery

Toxicity to cells; acute immune
responses

Lipid/polymer hybrids

Low to medium-high
efficiency in vitro and
in vivo; low toxicity

Low activity in vivo
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3. Plasmid DNA as non-viral vector

In therapeutic applications, plasmid DNA is used as vector or vehicle that can selectively and
efficiently deliver a gene to target cells and induce the production of relevant proteins. In
the last years, the use of plasmid-DNA-based delivery vectors has gained popularity (14% of all
trials in 2004 and 18% in 2007), being the most popular non-viral system used in clinical trials
[67]. This fact is probably due to the low toxicity and immunogenicity when compared with
viral vectors [68].

Plasmids are circular, double stranded DNA molecules with a size range of 0.8 to 120 kilo base
pairs, being considered very large biomolecules when compared to proteins. Plasmid DNA
structure is divided into hydrophilic backbone (sugar and phosphate group) and hydrophobic
interior of double helix (planar bases stacked on each other) [10]. For pH higher than 4, the
phosphate groups are negatively charged, resulting in a negative DNA molecule [10, 69].

The supercoiled plasmid isoform is considered the most appropriate and active form for
therapeutic applications due to its functional, compact and undamaged structure. However,
other isoforms can be generated from the sc pDNA isoform by either single strand nick (open
circular isoform) or double strand nick (linear isoform) [70]. The existence of different pDNA
isoforms depends on factors such as DNA sequence, supercoiling stress or unfavorable
environment conditions (extreme pH or high temperature) [10]. High temperatures promote
the extended thermal motion, which leaded a gradual unwinding of the double DNA helix [10,
69]. In this way, several studies of transfection efficiency have been performed to investigate
the biological effects of the pDNA topology and have revealed higher transfection efficiency
with sc plasmid isoform [13, 71]. On the other hand, the application of plasmid DNA naked for
transfection of eukaryotic cells results in lower transfection efficiency than comparing to viral
vectors. Estimates indicate that only one in every thousand plasmid molecules presented to
the cells can perform an efficient transfection [68]. The use of chemical or physical methods
has significantly improved the gene delivery efficiency [72]. Hence, the best option is to
develop adequate strategies to produce high copy number of sc pDNA, to obtain this plasmid
isoform from the host avoiding its degradation, to eliminate the host impurities by an
efficient purification method and to combine with a good physical or chemical-gene delivery

system.

3.1. Plasmid DNA manufacturing

The simplicity of production methods is also one of the advantages of non-viral pDNA vectors
for clinical applications instead of viral vectors. Over the years, several effective techniques
for pDNA manufacturing have been developed, although the major challenge remains to
achieve scalable and economical means of producing large quantities of sc pDNA fulfilling the

requirements of regulatory agencies such as the Food and Drug Administration and the
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European Agency for the Evaluation of Medical Products (EAEMP). In general, the
manufacturing process starts by the plasmid vector construction and selection of appropriate
bacterial host, followed by the choice and optimization of the fermentation conditions and

subsequent isolation and purification steps [68], as it is presented in Figure 5.

‘ Upstream processing ‘ | Fermentation ‘ | Downstream processing ‘
C o
/:T: @ @"d @'
Vector (( o) o
construction \\\\\x,_ J D o) Cell lysis

Strain selection ] (

0.00 o

) l
@Q 00 —_— —_— E Purification
Media
optimization l l
& D__D Pure

DQ@ supercoiled
a \—./ @_@_?". plasmid
O 0O pna

frands in Biotachnology

Figure 5. Three necessary stages to obtain a pure supercoiled plasmid DNA (adapted from [68]).

The design and engineering of pDNA is an important step to ensure the successfully pDNA
manufacturing and to obtain the maximum degree of transfection. The basic structure of the
most plasmid DNA applied in gene therapy and DNA vaccination includes: (1) an origin of
replication for efficient propagation in an adequate host such as Escherichia coli, (2) an
antibiotic resistance gene for growth selection, (3) a strong promoter to drive expression in
eukaryotic cells, (4) a polyadenylation termination sequence, and (5) a gene insert coding for
the antigen of interest [58].

Posteriorly, the choice of bacterial strain and selection of fermentation conditions are
important factors to enable the production of large quantities of sc pDNA under stable
conditions [68].

3.2. Downstream process
After fermentation, the specific plasmid content is only about 3% W/W of the E. coli extract

[73]. Thus, a sequence of unit operations is essential for the release of plasmids from the host

cells and their separation from other cellular constituents [58]. Although this downstream
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process is critical for impurities elimination, also it is considered the critical step of the pDNA
manufacturing process [74].

The first step in the pDNA downstream processing consists in E. coli cells recovery from the
broth by centrifugation or microfiltration [74]. Thereafter, plasmid molecules can be released
from host cells by several disruption techniques, although the alkaline lysis is the most
applied technique [69]. Bearing this in mind, the alkaline lysis is based on cell disruption by
using a buffer containing sodium hydroxide (NaOH) as alkali-promoted hydrogen bond
disruption, followed by the release of all intracellular components (plasmid DNA, RNA,
genomic DNA (gDNA), endotoxins and proteins). NaOH with high pH levels promotes the
denaturation of genomic DNA, cell wall material and most of the cellular proteins.
Peculiarly, sc pDNA isoform also unwinds as a consequence of the NaOH, but if the pH is lower
than 12.5 prevents the separation of the complementary strands [69]. Following the lysis
step, a precipitate containing cell debris, denatured gDNA and proteins is formed by adding
the neutralizing solution with potassium acetate and finally the precipitate is removed by
centrifugation [68].

Although most gDNA and proteins have been denatured and precipitated during alkaline lysis,
the clarified sample resultant from alkaline lysate still contains proteins, RNA, gDNA,
endotoxins and less than 1% (w/w) of pDNA. Concentration and clarification steps should be
also performed to remove proteins, endotoxins and host nucleic acids and increase the
plasmid mass fraction [69, 74]. The reduction of RNA and proteins are usually achieved by

precipitation with a chaotropic salt, such as ammonium sulfate [69].

3.3. Plasmid DNA Purification

The purification of pDNA for research or clinical applications requires efficient technologies
to obtain a final product constituted only by the biologically active supercoiled isoform
(higher than 97%), according to guidelines established by regulatory agencies [68, 75]. Liquid
chromatography is the central operation to separate the sc pDNA isoform from the others
plasmid isoforms such as open circular (oc), linear (ln) and denatured isoforms together with
the removal of host remaining impurities [75]. In addition, the physical and chemical
similarities between impurities and pDNA, such as negative charge (RNA, gDNA and
endotoxins), hydrophobicity (endotoxins) and molecular mass (gDNA and endotoxins)
represent one of the major bottlenecks in the sc pDNA obtaining process [69]. Several
chromatographic methods based on properties such as size, charge, hydrophobicity or affinity

has been developed with more or less success in sc pDNA purification [10].
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3.3.1. Size-exclusion chromatography (SEC)

Size-exclusion chromatography allows the plasmid fractionation and purification from other
molecules present in a clarified lysate based on differences of their molecular size. Smaller
molecules, such as RNA and endotoxins, have greater ability to penetrate inside the pore
space, retarding the movement through the column. While, larger molecules ,such as gDNA
and different forms of pDNA, travel around the particles of the packing material and are first
eluted [76]. Thus, SEC can be used with high productivity in separation of pDNA from RNA and
the other smaller impurities. However, the capacity of SEC to differentiate plasmid isoforms

and isolate sc pDNA in one single step is limited [10].

3.3.2. Anion-exchange chromatography (AEC)

The simplest explanation of anion-exchange chromatography of nucleic acids is based on the
attraction of oppositely charged molecules. Indeed, nucleic acids are considered polyanionic
molecules that will interact with positively charged ligands immobilized in the stationary
phase [68]. Variations in the salt concentration have been explored for binding/elution of
different nucleic acids. According to general principles of anion-exchange, the binding should
preferably occur at low salt concentration. After binding, the different nucleic acids should
elute by increasing order of overall net charge, which in turn is dependent on the chain
length and conformation of several molecules [69]. With an optimized gradient, the
separation of supercoiled and open circular forms of pDNA in an anion-exchange column can
be possible, because sc isoform is more compact and has a higher charge density than the
open circular pDNA form. However, due to the existence of physical and chemical similarities
between impurities and pDNA, like chemical composition and structure (gDNA and RNA) or

charge (endotoxins), their separation can in some cases be insufficient [10].

3.3.3. Hydrophobic interaction chromatography (HIC)

Hydrophobicity is another physiochemical property that can also be explored in the
purification of the sc pDNA isoform. This technique recognizes differences in hydrophobicity
between double-strand and single-strand nucleic acid and endotoxins. In this way, the sample
binding is achieved by column loading at a high salt concentration. The elution of different
species is achieved by increasing order of hydrophobicity and by reducing the salt
concentration, which weakens hydrophobic interactions. HIC technique showed to be efficient
in the separation of pDNA from the RNA and endotoxins, nonetheless the ability to separate
pDNA isoforms is weak. Moreover, the need for application of high salt concentrations is also

view as a disadvantage [10].
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3.3.4. Affinity chromatography (AC)

Affinity chromatography is the unique technique that uses specific binging agent to recognize
and purify biomolecules based on their biological function or chemical structure [75]. Affinity
chromatography has become a popular method for biomolecules purification due to
advantages of eliminating additional steps, increasing yields and improving process
economics. However this chromatographic method presents some limitations mainly in regard
to the biological origin of ligands that tend to be fragile and associated to low binding
capacity [10]. In this way, synthetic ligands, combining the selectivity of natural ligands with
high capacity and durability of synthetics systems, have been developed [10].

Affinity chromatography separates biomolecules on the basis of reversible interactions
between the target biomolecule and its specific ligand immobilized in the stationary phase
(as it is showed in Figure 6). Thus, a sample containing the target biomolecule is injected
onto the stationary phase, with appropriate pH and ionic strength in the buffer, allowing the
binding between the target biomolecule and the specific ligand [77]. After binding, the
elution steps can be performed either specifically, with competitive ligand, or non-
specifically by changing buffer conditions, such as pH, ionic strength or polarity depending on

the characteristics of the biomolecules [10].
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Figure 6. Principle of affinity chromatography. Firstly, a sample containing the target molecule is
injected onto the column. After binding of molecules with specificity for immobilized ligands, a wash
was applied for elution of the unbound species. Finally, alterations in elution buffer lead to elution of
bounded species (adapted from [77]).

Several affinity chromatography types have been utilized in the sc pDNA purification with
more or less success, among which, immobilized metal-ion affinity chromatography, triple-

helix affinity chromatography, polymyxin B affinity chromatography, protein-DNA affinity
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chromatography and more recently amino acid-DNA affinity chromatography [10]. Table 7

summarizes advantages and limitations of these affinity chromatography types.

Table 7. Affinity chromatography methods for plasmid DNA purification (adapted from [10]).
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In the last years, amino acids have been used in biotechnological applications like solvent
additives for protein purification due to their natural and safe composition [78]. On the other
hand, atomic evidences suggested the existence of favorable interactions between some
amino acids and nucleic acid bases as well as the natural occurrence of protein-DNA
complexes in biological systems [79, 80]. Based on these facts, the use of amino acids as
affinity ligands has proven to be a promising strategy to efficiently isolate pDNA with high
yield and purity [10]. Thus, our research group has applied a new affinity chromatographic
methodology by using some amino acids immobilized on conventional agarose matrix for the
isolation and purification of supercoiled pDNA isoform. In fact, histidine and lysine amino
acids have been explored as affinity ligands and the sc pDNA isoform was specifically isolated
from a clarified E. coli lysate, however they also presented relatively low yield [11, 12]. On
the other hand, arginine amino acid revealed the involvement of specific interactions with
plasmid molecules, namely sc pDNA isoform, being purified from a clarified E. coli lysate with
high yield and purity degree [13]. Although the amino acid ligands have increased the
specificity and recognition by the sc pDNA isoform, these conventional stationary phases
present some limitations, related to the low capacity and diffusivity of pDNA samples [14].
Furthermore, conventional supports can lead to extended chromatographic residence time
and back pressure that affects the plasmid structural integrity, recovery and peak resolution
[81].

3.4. Monolithic Technology

Monolithic chromatographic supports are considered satisfactory alternatives to conventional
supports due to their advantageous structural characteristics. Monolithic support is a
continuous bed prepared by polymerization of different materials, resulting in a single piece
of highly porous solid material, whose pore size depends on the polymerization process [81].
This structural appearance of the monolithic support eliminates some problems related to the
scale-up and scale-down variations in packing quality and the need to repack a column due to
the inadvertent introduction of air bubbles [81]. As the monolithic material can be directly
polymerized into the column forming a three-dimensional network, all mobile phase is forced
to flow through the channels via convection, resulting in a very fast mass transfer [71]. The
large channels of monolithic supports allow the easily accommodate of large pDNA
biomolecules in their internal surface area, under reduced pressure drops even at high flow
rates [81]. The association between excellent mass transfer and easy accommodation of the
pDNA in large porous of monolith justifies the high binding capacity for pDNA [14]. Thus, the
monolithic technology brings great improvements of the speed, resolution and capacity to the

chromatographic performance in the sc pDNA isoform purification.
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Chapter Il
Material and Methods



2.1. Materials

All experiments were carried out in the 0.34 mL (3 mm thick and 12 mm diameter) modified
monolith packed into a CIM™ disk housing, kindly prepared and provided by BIA Separations
(Ljubljana, Slovenia). Arginine-Sepharose 4B gel was obtained from Amersham Biosciences
(Uppsala, Sweden). The Qiagen Plasmid Purification Maxi Kit was from Qiagen (Hilden,
Germany). Sodium chloride and ammonium sulfate were purchased from Panreac (Barcelona,
Spain) and tris(hydroxymethyl) aminomethane (Tris) from Merck (Darmstadt, Germany). All
solutions used in chromatographic experiments were freshly prepared using deionized water
ultra-pure grade, purified with a Milli-Q system from Millipore (Billerica, MA, USA) and
analytical grade reagents. The elution buffers were filtered through a 0.20 pm pore size
membrane (Schleicher Schuell, Dassel, Germany) and degassed ultrasonically. The iQ SYBR

Green Supermix (Bio-Rad, Hercules, CA, USA) was used for genomic DNA quantification.

2.1.1. Plasmid DNA

The 8.702 kbp HPV-16 E6/E7, Addgene plasmid 8641 [82] was obtained from Addgene
(Cambridge, USA). The vector encodes for the human HPV 16 E6/E7 proteins. The vector
contains the human beta-actin mammalian expression promoter and the ampicillin resistance

gene (Figure 7).
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Figure 7. Plasmid HPV-16 E6/E7 backbone.

The 6.05-kbp plasmid pVAX1-LacZ was obtained from Invitrogen (Carlsband, CA, USA).
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2.2. Methods

2.2.1. Plasmids and bacterial growth conditions

The amplification of HPV-16 E6/E7 and pVAX1-LacZ plasmids was obtained by E. coli DH5a
fermentation. Growth was carried out 37 °C under 250 rpm shaking, using Terrific broth
medium (20 g/L tryptone, 24 g/L yeast extract, 4 mL/L glycerol, 0.017 M KH,PO, and 0.072 M
K,HPO,4) supplemented with 100 pg ampicillin/mL for cells with HPV-16 E6/E7 and 30 pg
kanamycin/mL for cells with pVAX1-LacZ. Growth was suspended at the late log phase
[ODgo~11] and cells were recovered by centrifugation, at 4500 g for 10 min at 4 °C, and

pellets were stored at -20 °C.

2.2.2. Alkaline lysis with Qiagen Kit

The plasmid DNA was obtained by alkaline lysis using the Qiagen plasmid maxi kit according to
the manufacturer’s instructions. Initially, the protocol was based on a modified alkaline lysis
procedure for cellular debris elimination. Then, the binding of pDNA to Qiagen Anion-
Exchange columns was promoted under appropriate low-salt and pH conditions. RNA, proteins
and low-molecular-weight impurities were removed by a medium-salt wash while the pDNA
was eluted in a high-salt buffer and then concentrated by isopropanol precipitation. The final
plasmid DNA sample was applied in preparative chromatography and dynamic binding capacity

studies.

2.2.3. Alkaline lysis and primary isolation of plasmids

After the bacterial growth, cells were lysed through of a modification on the alkaline method
[83] as described by Diogo et al., 2000 [84]. Bacterial pellets resulting from centrifugation
were resuspended in 20 mL of solution | (50 mM glucose, 25 mM Tris-HCl and 10 mM ethylene-
diamine tetraacetic acid (EDTA) at pH 8.0). Alkaline lysis was performed by adding 20 mL of
solution Il (200 mM NaOH and 1% (w/v) sodium dodecylsulfate (SDS)) and 5 minutes incubation
at room temperature. The solution Il was neutralized by adding 16 mL of solution Ill (3 M
potassium acetate at pH 5.0) and followed by 20 minutes incubation in ice. Cellular debris,
gDNA and proteins were eliminated by centrifuging twice at 20 000 g (30 minutes, 4 °C) with a
Allegra™ 25R centrifuge (Beckman Coulter).

The concentration and reduction of impurity content was performed according to a previously
published method [84]. Briefly, DNA present in supernatant was precipitated by adding 0.7

volumes of isopropanol. After 30 minutes incubation in ice, the precipitated was recovered by

26



centrifugation at 16 000 g (30 minutes, 4 °C). The pellet was then redissolved in 4 mL of 10
mM Tris-HCl and 10 mM EDTA buffer, pH 8.0. Proteins and RNA were precipitated by adding
ammonium sulfate at pDNA solution up to a final concentration of 2.5 M. After 15 minutes
incubation in ice, impurities were removed by centrifugation at 16 000 g (20 minutes, 4 °C).
The supernatant was desalted by passing through PD-10 desalting columns according the
manufacturer’s instructions, using 10 mM Tris-HCl and 10 mM EDTA (pH 8.0) solution as the

elution buffer.

2.2.4. Affinity chromatography

Chromatographic experiments were performed using an AKTA Purifier system (GE Healthcare
Biosciences Uppsala, Sweden) consisting of a compact separation unit and a personal
computer with Unicorn control system version 5.11. A CIM™ arginine-epoxy disk with the
column bed volume of 0.34 mL and average pore sizes of 1500 nm was prepared from a CIM™
epoxy disk. The immobilization procedure consisted of pumping the arginine solution through
the monolithic disk (2 g arginine dissolved in 8 mL of HCl) followed by 72 h thermostating of
the column at 60 °C. Finally, the monolithic disk was washed with water and the remaining
epoxy groups were hydrolyzed by soaking with 0.5 M H,SO, for 30 min.

In the isoforms separation step of the HPV-16 E6/E7 plasmid, the monolithic column was
equilibrated with 560 mM NaCl in 10 mM Tris-HCl and 10 mM EDTA buffer (pH 8.0) at a flow
rate of 1 mL/min. Plasmid sample resulting from alkaline lysis with Qiagen Kit was injected
into the column using a 200 pL loop in same flow conditions. After elution of unbound species,
the ionic strength was increased stepwise to 2 M NaCl in 10 mM Tris-HCl and 10 mM EDTA
buffer (pH 8.0) for elute the bound species. Fractions were pooled, according to the
chromatograms obtained, concentrated and desalted with visvapin concentrators
(Vivascience) for further electrophoresis analysis.

In the sc HPV-16 E6/E7 pDNA purification from a complex E. coli lysate sample, the
monolithic column was equilibrated with 600 mM NaCl in 10 mM Tris-HCl and 10 mM EDTA
buffer (pH 8.0) at 1 mL/min. Complex lysate sample resulting from alkaline lysis was injected
into the column using a 500 pL loop. After elution of unbound species the ionic strength was
increased stepwise to 740 mM NaCl in 10 mM Tris-HCl and 10 mM EDTA buffer (pH 8.0), to 795
mM NaCl in 10 mM Tris-HCl and 10 mM EDTA buffer (pH 8.0) and then to 1 M NaCl in 10 mM
Tris-HCl and 10 mM EDTA buffer (pH 8.0) in order to gradually elute bound species. Fractions
were pooled, according to the chromatograms obtained, concentrated and desalted with
visvapin concentrators. Fractions were also used for electrophoresis analysis and impurities
(gDNA, proteins and endotoxins) quantification.

All experiments were accomplished at room temperature and the absorbance was
continuously monitored at 260 nm. After chromatography runs the column and AKTA Purifier

system were cleaned with MiliQ water.
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2.2.5. Agarose gel electrophoresis

Pooled fractions from each chromatographic experiment were analyzed by horizontal
electrophoresis using 15-cm-long 0.8% agarose gels (Hoefer, San Francisco, CA, USA) stained
with greensafe (1 pg/mL). Electrophoresis was carried out 110 V, for 30 minutes with TAE
buffer (40 mM Tris base, 20 mM acetic acid and 1 mM EDTA, pH 8.0). The gel was visualized
under UV light in a Vilber Lourmat system (ILC Lda, Lisbon, Portugal). Hyper Ladder | (Bioline,

London, UK) was used as a DNA molecular weight marker.

2.2.6. Dynamic binding capacity

In order to compare the dynamic binding capacity between a conventional matrix and a
monolith, these two supports were prepared and connected to an AKTA Purifier system. A 10
x 7 mm glass column (GE Healthcare Biosciences, Uppsala, Sweden) was packed with the
commercial L-arginine-agarose gel (Sigma, St Louis, MO, USA) giving a total bed volume of 500
pL. A CIM™ epoxy monolith was modified by immobilization of arginine ligands. These
experiments were performed at the same flow rate and pDNA concentration (1 mL/min and
50 pg/mL respectively). The HPV-16 E6/E7 plasmid solution was obtained by several alkaline
lysis processes using the Qiagen Kit following by homogenization in 10 mM Tris-HCl and 10 mM
EDTA buffer (around 130 mL). Each column was equilibrated with 10 mM Tris-HCl and 10 mM
EDTA buffer (pH 8.0) and thereafter, the columns were overloaded with the plasmid solution
under the same equilibrium conditions. Determination of dynamic binding capacity was
carried out by recording breakthrough curves and calculating the amount of bound pDNA per
mL support at 10%, 50% and 100% breakthrough curve. Dynamic binding capacity was

calculating according to equation (1) [85]

_ (Vbreakthrough - Vd)CO
Ve

(1)

where Vp,cqrtnrougn i the volume corresponding to the feedstock loaded at 10% or 50%
breakthrough based on recorded absorbance (mL), V, is the void volume determination from
bypass run in milliliter (dead volume), C, is the pDNA concentration in the feedstock (mg/mL)

and finally, V. represents the monolith bed volume (mL).
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Afterwards, the elution of the bound plasmid was achieved by incre asing the ionic
strength to 1 M NaCl in 10 mM Tris-HCl and 10 mM EDTA buffer. Finally, both supports were

cleaned and regenerated with a 0.1 M NaOH solution.

2.2.7. Plasmid quantification

The pDNA concentration and purity of the pooled fractions from the monolithic
chromatographic experiment and samples collected throughout of the alkaline lysis process
were evaluated, according to an adaptation of the analytical method based on hydrophobic
interaction chromatography previously described [86]. A 4.6/100 mm HIC source 15 PHE PE
column (Amersham Bioscience) was connected to an AKTA Purifier system (GE Healthcare
Bioscience) and equilibrated with 1.5 M (NH,4),S0, in 10 mM Tris-HCl buffer (pH 8.0). Then, 20
pL of the sample suitably diluted in the equilibrium buffer was injected and eluted at 1
mL/min. After 4 minutes, the elution buffer was instantaneously changed to 10 mM Tris-HCl
buffer pH 8.0 without ammonium sulfate. This elution condition was maintained for 6 minutes
until all retained species have been eluted. Finally, the column was re-equilibrated for 10
minutes with the equilibrium buffer to prepare the column for the next run. The absorbance
of the eluate was record at 260 nm. The pDNA concentration in each sample was calculated
by using a calibration curve constructed with pDNA standards of 1 to 100 pg/mL (as it is
presented in Figure 8), purified with a commercial Qiagen kit (Hilden, Germany). The purity
degree was defined as the percentage of the pDNA peak area related with the total area of

all chromatographic peaks.
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Figure 8. Reference curve plasmid DNA standards (1-100 pg/ml).
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2.2.8. Protein quantification

Protein content was assessed by the micro-BCA (bicinchoninic acid) protein assay kit from
Pierce (Rockford, USA). Brief, 50 uL of each sample was added to 200 puL of BCA reagent in a
microplate. After 30 minutes of incubation ate 60 °C, absorbance was recorded at 595 nm in
microplate reader. The calibration curve (Figure 9) was constructed with Bovine Serum
Albumin (BSA) as a standard protein (0.01-0.1 mg/ml).
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Figure 9. Reference curve Bovine Serum Albumin standards (0.01-0.1 mg/ml).

2.2.9. Genomic DNA quantification

Genomic DNA measurements were obtained by real-time polymerase chain reaction (PCR) in a
iQS Multicolor Real-Time PCR Detection System (BioRad), such as described previously [87].
Sense (5’-ACACGGTCCAGAACTCCTACG-3’) and antisense (5’-
CCGGTGCTTCTTCTGCGGGTAACGTCA-3’) primers were used to amplify a 181-bp fragment of
the 16S rRNA gene. PCR amplicons were quantified by following changes in fluorescence of
the DNA binding dye Syber Green I. The calibration curve to achieve the gDNA concentration
was constructed by a serial dilutions of the E. coli DH5a gDNA sample (purified with the
Wizard gDNA purification kit; Promega) in the range of 0.005 to 50 ng/pL, as it is presented in
Figure 10.
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Figure 10. Reference curve E. coli DH5a genomic DNA standards (0.005 - 50 ng/pL).

2.2.10. Endotoxin quantification

Endotoxin contamination was evaluated by using the ToxinSensor™ Chromogenic Limulus
amoebocyte lysate assay kit from GenScript (USA, Inc.) according to manufacturer’s
instructions. The calibration curve (Figure 11) was constructed with 10 EU/mL stock solution
provided with the kit (0.01-0.1 EU/mL). All tubs and tips or diluents used to perform this
quantification must be endotoxin-free. In this way, entire procedure was performed inside of
a laminar flow cabinet. Samples to analyze and samples from the kit were diluted, or

dissolved respectively, with non-pyrogenic water, which was also used as the blank.
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Figure 11. Reference curve endotoxins standards (0.01-0.1 EU/mL).
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Chapter Il

Results and discussion



In order to improve the use of therapeutics based on plasmid DNA, the development of new
approaches capable of efficiently produce and purify the supercoiled plasmid isoform is
increasingly required. Several chromatographic processes have been exploited in the pDNA
purification, making affinity chromatography an attractive purification strategy due to
advantages of eliminating additional steps, increasing yields and improving processes
economics [10]. Recently, the use a novel approach based on interactions between amino
acid and nucleic acids has showed a specific biorecognition by the sc plasmid isoform,
allowing the elimination of impurities and achieving the desired purity degree [13]. However,
this strategy only ensures the specific recognition of the sc plasmid isoform [14]. In addition,
other factors like dynamic binding capacity, fast isolation and high resolution between sc
pDNA sample and host impurities should be considered. Thereby, monoliths have emerged as
an excellent solution for pDNA purification, ensuring the fast and efficient separation process
with low back pressure, high binding capacity and maintaining the stability and productivity
for plasmids [81].

In this way, the main goal of this thesis is to combine the specificity and selectivity achieved
by the arginine amino acid as affinity ligand with the versatility of the epoxy-based
monolithic support to attain large amounts of homogeneous preparations of sc HPV-16 E6/E7
DNA vaccine. A posterior characterization of the modified monolith was performed in order to
determine available binding sites for the pDNA and to compare with a conventional arginine-
agarose matrix. In addition, analytical characterization of the sc pDNA recovered from the
arginine-epoxy monolith will be performed in order to confirm that the sample is suitable for
immunogenic therapies against HPV infection (according to guidelines from FDA and other

regulatory agencies).

3.1. Plasmid amplification in recombinant E. coli and electrophoresis

optimization

The production and recovery of high copy number of supercoiled plasmid DNA is fundamental
for therapeutic applications. Hence, factors as the host organism, the recombinant plasmid
vector and the growth environment must be taken into account to obtain an efficient
manufacturing process, which can provide the plasmid production in large quantities for in
vitro and in vivo transgene expression [88]. Escherichia coli strains have been considered the
efficient host in the pDNA production, not only yielding high amounts of the vector but also
maintaining its integrity [89]. The plasmid HPV-16 E6/E7 amplification was obtained by E. coli
DH5a batch-fermentation, and approximately 20 h of growth were required to attain a high
cell density.

The pDNA amplification process in the E.coli host yielded a higher content of the sc pDNA
isoform in comparison to the oc form. This fact is very important because the oc isoform is

less therapeutically effective in transfection and heterologous expression than supercoiled
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plasmid DNA. Sousa F. and coworkers demonstrated that the sc pDNA was able to transfect
62% of eukaryotic cells, a higher efficiency when compared to the one achieved with the oc
isoform (16%) [13]. Nevertheless, despite sc pDNA be produced in E.coli further purification of
this isoform is critical for gene therapeutic applications.

GreenSafe is a nucleic acid stain that can be used as a safer alternative to the traditional
ethidium bromide stain for detecting nucleic acids in agarose gels, due to its advantages such
as low toxicity, mutagenicity and carcinogenicity. Although the GreenSafe is a larger
biomolecule than ethidium bromide, the sensitive is the same and can be used exactly in the
same way in agarose gel electrophoresis. GreenSafe stain emits fluorescence when bound to
DNA or RNA and radiated by UV light.

In the first step, a HPV-16 E6/E7 plasmid sample (oc and sc isoforms) obtained with the
Qiagen kit was analyzed by horizontal electrophoresis using 1% agarose gel stained with 20 pL
of GreenSafe. The conditions used in the gel preparation were previously optimized for
detecting other nucleic acids, namely the pVAX1-LacZ plasmid that has lower molecular size
than the HPV-16 E6/E7. The agarose gel electrophoresis for this sample is depicted in Figure
12.

Figure 12. Agarose gel electrophoresis analysis of HPV-16 E6/E7 plasmid sample obtained with the
Qiagen Kit. The agarose gel was stained with 0.25 pg/mL of GeenSafe.

In fact, the first agarose gel electrophoresis analysis showed that only one band was present
in the plasmid sample. However, this result is in disagreement with other studies, which refer
that a plasmid sample resulting from the alkaline lysis normally has the presence of two
bands, corresponding to the oc and sc plasmid isoforms [51, 90]. This discrepancy can be due
to two different causes: either there is absence of the oc isoform in the final plasmid sample,
or there can be issues related to GreenSafe staining.

Unfavorable conditions such as extreme pH or high temperatures induce pDNA conformational
changes. Freitas S. and coworkers demonstrated that an increase in temperature leads to an
increased unwinding of the sc pDNA isoform [91]. This decrease in sc isoform content was
accompanied by an increase in the oc isoform [91].

In this way, the HPV-16 E6/E7 pDNA sample was left at room temperature during four days.
After that, the sample was again analyzed by horizontal electrophoresis at the same gel
conditions (1% agarose and 0.25 pg/mL of GreenSafe). The result of this new analysis showed

once more the presence of one only band (Figure 13).

34



Figure 13. Agarose gel electrophoresis analysis of HPV-16 E6/E7 plasmid sample obtained with the
Qiagen Kit, after four days at room temperature. The agarose gel was stained with 0.25 pg/mL of
GeenSafe.

This experiment showed that the problem is not the absence of the oc isoform, and probably
can be related with issues in GreenSafe staining. Thus, in order to confirm the presence of oc
isoform in the sample, agarose gel electrophoresis was performed using 1% agarose stained

with 0.5 pg/mL of ethidium bromide (Figure 14).

Figure 14. Agarose gel electrophoresis analysis of HPV-16 E6/E7 plasmid sample obtained with the
Qiagen Kit. The agarose gel was stained with 0.5 pg/mL of ethidium bromide.

Figure 14 revealed the presence of two bands corresponding to the oc and sc plasmid
isoforms. This result confirmed that the initial problem was associated to the use of
GreenSafe as stain for detecting nucleic acids in agarose gels. As the GreenSafe biomolecule
is larger than the ethidium bromide, its association with the HPV-16 E6/E7 plasmid results in
a complex of high molecular size. Thereby, the difference in both electrophoresis types can
be related with the size of this complex, which hampers the plasmid migration through the
agarose pores, and consequently avoids the differential migration of both plasmid isoforms.
Bering this in mind, an optimization of the agarose gel formulation stained with GreenSafe is
required and a compromise between the agarose content and GreenSafe concentration should
be achieved.

Therefore, several experiments were performed to achieve the best conditions and obtain the
representation of the two bands relatively to the oc and sc isoforms, by using different

agarose percentages and GreenSafe volumes (Figure 15).
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Figure 15. Agarose gel electrophoresis analysis of plasmid sample obtained with the Qiagen Kit at
different agarose percentages and Greensafe volumes (mother solution with 0.5 pg/mL): (A) 0.6%
agarose and 10 pL of GreenSafe; (B) 0.6% agarose and 50 pL of GreenSafe; (C) 0.8% agarose and 30 pL of
GreenSafe; (D) 0.8% agarose and 75 pL of GreenSafe; (E) 1% agarose and 15 pL of GreenSafe; (F) 1%
agarose and 50 pL of GreenSafe.

The electrophoresis gel results showed that 0.6% agarose and 10 pL of GreenSafe (Figure 16
(A)) revealed two bands although they are not clearly separated, whereas using 50 pL of
GreenSafe (Figure 16 (B)) only revealed one band. In experiments using 0.8% of agarose and
30 pL of GreenSafe (Figure 16 (C)) was verified the presence of one band, whereas using 75 L
of GreenSafe (Figure 16 (D)) two bands were observed, although also not clearly visualized.
These results indicated that the increase of the agarose content could improve the plasmid
isoforms separation. Thus, the best result was obtained for 1% of agarose and 50 pL of
GreenSafe, where the plasmid isoforms were completely and clearly separated (Figure 16

(F)).
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3.2. Separation of sc pDNA from oc pDNA

The first screen was performed to verify the modification of the arginine-epoxy monolith by
comparing to a non-modified epoxy monolith. Thereby, the non-modified epoxy column was
equilibrated with 10 mM Tris-HCl and 10 mM EDTA buffer (pH 8.0). After injection of 200 pL of
native plasmid DNA (oc and sc isoforms) resulting from alkaline lysis with a Qiagen kit, a first
and unique peak was rapidly attained in the flowthrough due to the elution of species with
lower affinity to the epoxy matrix (Figure 16). Afterward, a NaCl linear gradient was
performed from 0 M to 2 M in 10 mM Tris-HCl and 10 mM EDTA buffer (pH 8.0) but no specie
was eluted (Figure 16).
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Figure 16. Evaluation of the non-immobilized epoxy monolith role in the oc and sc plasmid isoforms
separation. A pre-purified pDNA sample (oc + sc) of 200 pL was injected and a linear gradient was
performed at 1 mL/min by increasing the NaCl concentration in the eluent from O M to 2 M in 10 mM
Tris-HCL.

In fact, the chromatographic profile of the first screen showed the existence of only one peak
obtained in the flowthrough, which represents the elution of species with lower affinity to
the matrix. These results suggest that epoxy groups of the non-immobilized monolith did not
interact with pDNA molecules under ionic conditions.

Given the satisfactory results achieved with conventional arginine-agarose matrices in the
efficient separation of sc and oc pDNA isoforms [90], the same ligand was immobilized in an
epoxy monolith. In this way, the same chromatographic experiment applied for the non-
immobilized epoxy monolith was performed in epoxy monolith modified with arginine amino

acid (Figure 17).
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Figure 17. Evaluation of epoxy-monolith modification by immobilization of arginine amino acid. (A) A
pre-purified pDNA sample (oc + sc) of 200 pL was injected and a linear gradient was performed at 1
mL/min by increasing the NaCl concentration in the eluent from 0 M to 2 M in 10 mM Tris-HCl, by using
the arginine-epoxy monolith.

In this chromatographic assay, the total pDNA (oc and sc isoforms) retention was obtained at
10 mM Tris-HCl and 10 mM EDTA buffer (pH 8.0) and the total elution was verified in a single
peak during a linear gradient by increasing the NaCl concentration in buffer from O M to 2 M
(Figure 17). This result confirmed that arginine ligands are immobilized on the epoxy
monolith and are responsible for pDNA sample binding to the column. In this way, several
binding/elution studies were essential in order to determinate the ideal conditions for total
isoforms separation.

Initial experiments were performed to choose the best salt concentration for binding/elution
conditions in order to determine the concentration range where total isoforms separation is
achieved. Arginine-epoxy monolithic column was first equilibrated with 10 mM Tris-HCl and 10
mM EDTA buffer (pH 8.0) at room temperature and a flow rate of 1mL/min. After plasmid
sample injection, several increasing NaCl concentrations were applied in order to evaluate

the retention and elution of each plasmid isoform, as schematized in Table 8.

Table 8. Summary of binding and elution of oc and sc plasmid isoforms in arginine-epoxy monolithic
chromatography.

Elution step [NaCl] (mM)

pDNA Sample loaded 400 mM 600 mM 2000 mM
oc pDNA Retention Elution -
sc pDNA Retention Retention/Elution Elution
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The data present in Table 8 show that the total (oc + sc) pDNA retention was obtained at 400
mM NaCl in 10 mM Tris-HCl and 10 mM EDTA buffer (pH 8.0), and partial elution was verified
at of 600 mM NaCl buffer (pH 8.0).

Experiments performed to establish binding/elution conditions showed a relation between
plasmid isoforms and the ionic strength of the used buffer. In fact, when the pDNA native
sample was loaded into the arginine-epoxy monolithic column with 10 mM Tris-HCl and 10 mM
EDTA buffer (pH 8.0), both oc and sc isoforms were retained in the column. On the other
hand, the increase of ionic strength led to elution of the sample, indicating that the
interaction of pDNA with the matrix was weakened by competition. This phenomenon can be
explained by the presence of NaCl in mobile phase that reduces the electrostatic attraction
exerted by the matrix surface and affects the hydrodynamic size of plasmid isoforms [92].
Bearing these criteria into account, plasmid isoforms separation was a consequence of size
compaction and electronegativity reduction of plasmid molecules with different
conformations by increase of the NaCl concentration.

The diversity of interactions associated to arginine ligands (e.g., electrostatic, hydrophobic,
affinity) suggest the occurrence of multiple contacts either with pDNA bases or the pDNA
backbone. As previously mentioned, electrostatic interactions are easily predicted and
favorable between the negative character of phosphate groups in the pDNA backbone and the
positive character of arginine ligands at pH 8.0. These phenomena are common in many
protein-DNA complexes, providing stability rather than specificity [80]. The involvement of
electrostatic interactions is also confirmed by the salt concentration needed to elute plasmid
isoforms from arginine-epoxy monolith, comparing to other anion-exchange chromatographic
supports (higher than 500 mM NaCl) [93].

According to results in Table 8, new experiments were performed to find the exact
concentrations for total separation of the pDNA isoforms. Taking in consideration that both
plasmid isoforms are totally retained at 400 mM, new assays were performed at different
conditions than the previous ones. Instead of start the assay with 10 mM Tris-HCl and 10 mM
EDTA buffer (pH 8.0) to retain both pDNA isoforms, these new assays were initiated with a
NaCl concentration higher than 400 mM in order to promote the immediate elution of the oc
isoform in the flowthrough, retaining to the column only the sc pDNA isoform (Figure 18). This
strategy could be advantageous if the pDNA isoforms are separated in only two

chromatographic steps.
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Figure 18. (A) Separation of pDNA isoforms with arginine-epoxy monolith. Elution was performed at 1
mL/min by stepwise gradient of 600 mM and 2M NaCl in 10 mM Tris-HCl and 10 mM EDTA buffer (pH 8.0),
as represented by the dashed line. UV detection at 260 nm. Injection volume was 200 pL. (B) Agarose
gel electrophoresis analysis of each peak represented in the chromatogram. Lane M: molecular weight
marker; Lane A: pDNA sample injected onto the column (oc + sc); lane 1: oc mixed with sc; lane 2: sc.

Thus, arginine-epoxy monolithic column was equilibrated with 600 mM NaCl in 10 mM Tris-HCl
and 10 mM EDTA buffer (pH 8.0). The pDNA sample resulting from alkaline lysis with the
Qiagen kit was applied onto the column in the same buffer conditions. After plasmid
injection, a first peak was eluted at 600 mM NaCl followed by a second peak when the ionic
strength was increased to 2M NaCl in 10 mM Tris-HCl and 10 mM EDTA buffer (pH 8.0), as it is
presented in Figure 18 (A). The agarose gel electrophoresis was performed to identify the
species eluted in each peak of the chromatogram. The results from agarose gel
electrophoresis showed that the oc pDNA was eluted in the first peak (Figure 18 (B), lane 1)
and the sc pDNA was distributed in both first and second peaks (Figure 18 (B), lane 2).

On the possibility of differential interactions between oc and sc plasmid isoforms and the
arginine ligand and knowing the effect of the NaCl concentration in binding/elution behavior
of the both isoforms, new experiments have performed in order to achieve the total
separation of plasmid isoforms. Thus, these new assays are based on the same strategy of
previous experiments, only decreasing the NaCl concentration. The new chromatographic

profile is schematized in the Figure 19.
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Figure 19. (A) Separation of pDNA isoforms with arginine-epoxy monolith. Elution was performed at 1
mL/min by stepwise gradient of 560 mM and 2 M NaCl in 10 mM Tris-HCl and 10 mM EDTA buffer (pH
8.0), as represented by the dashed line. UV detection at 260 nm. Injection volume was 200 pL. (B)
Agarose gel electrophoresis analysis of each peak represented in the chromatogram. Lane A: pDNA
sample injected onto the column (oc + sc); lane 1: oc; lane 2: sc.

Initially, the monolithic column was equilibrated with 560 mM NaCl in 10 mM Tris-HCl and 10
mM EDTA buffer (pH 8.0) at flow rate of 1 mL/min. After plasmid sample injection (200 pL), a
first peak of unbound species was obtained under flowthrough, and then the ionic strength
was increased to 2 M NaCl in 10 mM Tris-HCl and 10 mM EDTA buffer (pH 8.0) for eluting the
bound species in a second peak. The agarose gel electrophoresis was performed to confirm
the species present in each peak according to the chromatographic profile (Figure 19 (A)).
The results from agarose gel electrophoresis showed that the oc pDNA was achieved in the
first peak (lane 1), it being totally separated from the sc pDNA that was attained in the
second peak (line 2) (Figure 19 (B)).

The results presented in the Table 8 and Figures 18 and 19 revealed the proneness of arginine
ligands to distinguish and differentially interact with both isoforms, further suggesting a
specific recognition of the sc pDNA isoform, since it remains bound to the column when the
oc form is totally eluted. Thus, the analysis of the sc pDNA interaction to the
chromatographic support in a molecular level is required to understand the differences in
isoform recognition.

Seeman and coworkers proposed that certain nucleotides could be recognized by particular
amino acids side chain and reasoned that the greater specificity of interactions could occur
with the major groove (particularly at positions where hydrogen bonding (H-bond) is
promoted) rather than the minor groove [94]. Moreover, relative preferences of amino acids
for bases are basically dependent on the donor and acceptor patterns of bases, like guanine,
which shows the highest degree of participation in H-bonds [95]. Arginine is characterized by

the (i) ability to interact in different conformations (single, bidentate and complex); (ii) the
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length of its side chain; and (iii) ability to promote good hydrogen bonding geometries that
support the specific recognition mechanism [94]. Although Luscombe and coworkers have
demonstrated that van der Wall forces and water mediated bonds are present in amino acid -
DNA interactions, the arginine specificity could be predominantly due to hydrogen bonds.
Indeed, hydrogen bonds are favored between arginine amino groups and nucleic acid bases by
bidentate and complex interactions, preferentially with the guanine base [94]. In bidentate
interactions two or more hydrogen bounds are made with a base pair [94]. Comparatively to
complex interactions the amino acid is capable of interacting with more than one base step
simultaneously [94].

Given that sc pDNA isoform has a higher degree of base exposure than oc isoform, resultant
from the supercoiling phenomenon that is a consequence of deformations induced by the
torsional strain [90], hydrogen bonds may play an important role in the sc pDNA recognition.
Thus, the multitude of interactions associated to the arginine amino acid is responsible for
anticipated elution of the oc isoform whereas the sc isoform elutes later.

Overall, this purification strategy combines the structural versatilities provided by the epoxy
monolithic support with the specificity and selectivity of the arginine ligand to recognize the
sc pDNA isoform. Additionally, under the optimized binding/elution conditions, oc plasmid
isoform was eluted at 560 mM NaCl while sc pDNA isoform eluted was at 2M NaCl. The high
resolution obtained and the low salt concentration required for the sc pDNA purification
becomes this technique more appropriate and economic to apply in the biopharmaceutical

process to purify the sc HPV-16 E6/E7 DNA vaccine at large scale.

3.3. Dynamic binding capacity

The determination of dynamic binding capacity of a stationary phase is a critical factor of the
chromatography performance. Conventional chromatographic supports have been reported as
having low binding capacity for large molecules such as plasmid DNA. Effectively, these
chromatographic supports have a structure based on small size pore, which are not
engineered to handle large molecules [81]. Thus, the binding of plasmid molecules occur only
at the external surface of the matrix [74].

In a recent study, Tiainen and coworkers demonstrated that the superporous agarose anion
exchangers show four to five times higher dynamic binding capacity for plasmid DNA than the
corresponding non-porous agarose particles [96]. Similar values around 2.4 mg/mL were found
with tentacular support also for plasmid DNA [97]. On the other hand, continuous
chromatographic supports with large pores, such as membrane or monolith-technology, have
demonstrated good capacity values [81]. Bencina and cowerkers demonstrated that the
methacrylate monolith has a plasmid binding capacity of 15.78 mg/mL, whereas Endres and
coworkers showed a plasmid capacity of 15 mg/mL achieved by adsorptive membranes [98-
100].
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Thereby, for a complete characterization of the arginine-epoxy monolith, the dynamic
binding capacity was evaluated and was compared with the dynamic binding capacity of the
conventional arginine-agarose matrix. Breakthrough experiments were performed with 0.05
mg/mL HPV-16 E6/E7 pDNA solution obtained by alkaline lysis with the Qiagen kit. Each
column was equilibrated with 10 mM Tris-HCl and 10 mM EDTA buffer (pH 8.0) at 1 mL/min
and thereafter, the columns were overloaded with the plasmid solution under the same
equilibrium conditions. Determination of dynamic binding capacity was carried out by
recording breakthrough curves and calculating the amount of bound pDNA per mL support at
10%; 50% and 100% breakthrough curve. The breakthrough curve profile obtained for both
chromatographic supports (conventional agarose support and epoxy-based monolith) is

present in Figure 20.
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Figure 20. Breakthrough experiments with arginine-epoxy monolith and conventional arginine-agarose
matrix. Flow rate: 1 mL/min; feedstock: HPV-16 E6/E7 plasmid solution, at 0.05 mg/mL, was prepared
in 10 mM Tris-HCl and 10 mM EDTA buffer pH 8.0.

The results present in Figure 20 and Table 9 shows a lower capacity for conventional agarose-
based matrix compare with an epoxy-based monolith. The lower capacity obtained for
conventional agarose-based matrix is the result of the interaction between pDNA molecules
with functional groups only at the surface of the bead. These results are in accordance to the
results previously reported by Sousa F. and coworkers, where the dynamic binding capacity
achieved by the histidine-agarose matrix was 0.2804 mg/mL at same plasmid concentration,
0.05 mg/mL [101] (this value is relatively higher than the value present in Table 9 because

the capacity was estimated at 50% breakthrough).
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Table 9. Comparison of the dynamic binding capacity between arginine-epoxy monolith and
conventional arginine-agarose matrix. The breakthrough experiments were performed with 0.05 mg/mL
of HPV-16 E6/E7 plasmid solution.

10% 50% Total
Arginine-agarose matrix 0.133 0.357 1.112
Monolithic column 3.5514 3.8382 5.1824

On the other hand, monolithic supports are considered the material of choice for the
purification and analysis of pDNA due to their appropriate structure capable of accommodate
large pDNA biomolecules. Thus, monoliths offer a very high binding capacity for pDNA when
compared with conventional agarose-based matrices [71, 81]. The results presented in Table
9 show that monolith capacity was 3.5514 mg/mL at 10% breakthrough curve for a pDNA
concentration value of 0.05 mg/mL. Indeed, the capacity obtained for this arginine-epoxy
monolith was twenty six fold higher than the capacity achieved on arginine agarose-based
support at 10% breakthrough.

These results also present higher values of the pDNA binding capacity when compared to
other results previously reported by Sousa A. and coworkers, where the non-grafted CDI
monolith revealed a capacity of 3.640 mg/mL for a pDNA concentration value of 0.05 mg/mL.
A possible explanation for the difference between the values of the binding capacity in the
both monolithic supports can be associated with the difference of non-grafted and grafted
monoliths. Since, the experiment performed with epoxy-based monolithic support without
arginine immobilization did not reveal interactions between plasmid DNA sample and matrix.
These results show that arginine ligands are essentials for pDNA binding and consequently
high capacity value. Thus, these results compared with the results obtained for the non-
grafted CDI monolith also suggest that the ligand immobilization could be increased the
dynamic binding capacity of monolithic supports [14]. These results are in concordance with
other study that showed the improvement on capacity, around 17 mg/mL, when it was used
the grafted DEAD weak anion-exchange methacrylate monolith when compared with non-
grafted monolith [102]. In this way, the arginine-epoxy monolith prepared in this work can be

considered as a good affinity chromatographic support.

3.4. sc pDNA purification from the clarified E. coli lysate

In the first study it was proved that the immobilized arginine in the epoxy-based monolith
recognized specifically the sc pDNA active conformation. This fact encouraged the
investigation to proceed with the study of the arginine-epoxy monolith in the recognition of
the sc pDNA isoform from the clarified E. coli lysate. From this stand point, the first
preliminary experiment was performed in the same conditions previously used where isoforms

separation was achieved. The aim of this first screen was to verify the interaction behavior
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between both lysate sample, namely plasmid isoforms, and arginine ligands. Furthermore, an
additional study in the pDNA isoform separation was performed by using 1 M NaCl in the
second elution step, it being observed that the sc pDNA was totally eluted under this salt
concentration. Thus, the arginine-epoxy monolithic column was first equilibrated with 560
mM NaCl in 10 mM Tris-HCl and 10 mM EDTA buffer (pH 8.0) at room temperature and
1mL/min. After E. coli lysate injection, the ionic strength was increased to 1M NaCl in 10 mM
Tris-HCl and 10 mM EDTA buffer (pH 8.0). The correspondent chromatographic profile from

this assay is presented in Figure 21.
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Figure 21. (A) Chromatographic profile of the E. coli lysate sample injection in the arginine-epoxy
monolith. Mobile phase - buffer A: 10 mM Tris-HCl and 10 mM EDTA buffer pH 8.0; buffer B: 1 M NaCl in
10 mM Tris-HCl and 10 mM EDTA buffer pH 8.0. Elution was performed at 1 mL/min by stepwise gradient
increasing NaCl concentration in the eluent from 560 mM to 1M, as represented by the dashed line. UV
detection at 260 nm. Injection volume was 500 pL. (B) Agarose gel electrophoresis analysis of samples
collected from each peak of the chromatographic assay. Lane A: feed sample injected in the column;
Fractions corresponding to peaks 1 and 2 are shown in lanes 1 and 2 respectively.

Analyzing the chromatographic profile obtained under the described conditions, the existence
of two resolved peaks were eluted at 560 mM (peak 1) and 1 M (peak 2) is evident, as
demonstrated in the Figure 21 (A). In order to identify the eluted species, peak fractions
were recovered during elution and further analyzed by agarose gel electrophoresis. The
Figure 21 (B) revealed that the first peak corresponds to oc and sc pDNA isoforms and RNA,
while in the second peak were present the sc pDNA isoform and RNA molecules.

The chromatographic profile obtained under the described conditions showed that nucleic
acids present in clarified E. coli lysate have different binding/elution behavior, which also
affected the oc and sc isoforms separation. Thus, the attempt to get the sc pDNA isolation
from the clarified E. coli lysate with the same strategy is not feasible and the elution gradient
should be optimized. Once that lower ionic strength promotes strong interactions between

nucleic acids and arginine ligands, an additional step with 10 mM Tris-HCl and 10 mM EDTA
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buffer (pH 8.0) for the equilibrium stage can improve the interactions and selectivity
between the several nucleic acids present in the E. coli lysate, namely the sc pDNA. A
chromatographic run was performed with the addition of this new equilibrium step, as it is
presented in Figure 22 (A).
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Figure 22. (A) Chromatographic profile of the E. coli lysate sample injection in the arginine-epoxy
monolith. Mobile phase - buffer A: 10 mM Tris-HCl and 10 mM EDTA buffer pH 8.0; buffer B: 1 M NaCl in
10 mM Tris-HCl and 10 mM EDTA buffer pH 8.0. Elution was performed at 1 mL/min by stepwise gradient
increasing NaCl concentration in the eluent from 0 M to 560 mM and finally to 1 M, as represented by
the dashed line. UV detection at 260 nm. Injection volume was 500 pL. (B) Agarose gel electrophoresis
analysis of samples collected from each peak of the chromatographic assay. Lane A: feed sample
injected in the column; Fractions corresponding to peaks 1 and 2 are shown in lanes 1 and 2
respectively.

By analysis of the chromatographic profile obtained, after injection of the pDNA-containing
clarified lysate, the total sample retention was observed in the presence Tris-HCl buffer.
However, two peaks were also eluted for the same steps previously used. In order to establish
a correlation between peaks in chromatographic profile and several species present in
clarified E. coli lysate an agarose gel electrophoresis was performed. The results showed that
the first peak corresponds only to the RNA, whereas the second peak shows three bands
corresponding to the oc and sc pDNA isoforms and also RNA (Figure 22 (B)).

Curiously, the first eluted specie was RNA, although a small fraction of RNA was also eluted in
the second peak, and the elution behavior of pDNA isoforms was changed because both
isoforms were retained at 560 mM NaCl concentration. These results suggest that the RNA
molecules have weak interactions with arginine ligands and probably a small increase of NaCl
concentration in the second step can allow the total RNA elution in the first peak. In fact,
RNA molecules are negatively charged and single-stranded but also are characterized as low
molecular weight biomolecules [100]. Thus, a possible explanation for the RNA elution in the

first peak is the smaller size of these molecules comparing to plasmid DNA isoforms.
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Further experiments were performed to optimize the salt concentration in order to eliminate
the E. coli RNA in the first peak and thereafter separate the pDNA isoforms. These tests were
conducted as described in above screening experiments, increasing the NaCl concentration of
the second chromatographic step. The chromatographic profile obtained in these

circumstances is presented in Figure 23 (A).
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Figure 23. (A) Chromatographic profile of the E. coli lysate sample injection in the arginine-epoxy
monolith. Mobile phase - buffer A: 10 mM Tris-HCl and 10 mM EDTA buffer pH 8.0; buffer B: 1 M NaCl in
10 mM Tris-HCl and 10 mM EDTA buffer pH 8.0. Elution was performed at 1 mL/min by stepwise gradient
increasing NaCl concentration in the eluent from OM to 700mM and finally to 1M, as represented by the
dashed line. UV detection at 260 nm. Injection volume was 500 pL. (B) Agarose gel electrophoresis
analysis of samples collected from each peak of the chramatographic assay. Lane A: feed sample
injected in the column; Fractions corresponding to peaks 1 and 2 are shown in lanes 1 and 2
respectively.

The resuts in Figure 23 (A) showed that the first chromatographic peak obtained at 700 mM
NaCl in 10 mM Tris-HCl and 10 mM EDTA buffer (pH 8.0) was significantly increased, as it was
expected. The agarose gel electrophoresis analysis showed that the first peak only contains
RNA, and the second peak contains plasmid isoforms and a small fraction of RNA. These
results revealed that 700 mM NaCl in the second chromatographic step was not enough to
isolate the E. coli RNA from pDNA isoforms. Therefore, following previous experiments, a
further increase to 730 mM in the NaCl concentration was performed, as it is depicted in
Figure 24 (A).
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Figure 24. (A) Chromatographic profile of the E. coli lysate sample injection in the arginine-epoxy
monolith. Mobile phase - buffer A: 10 mM Tris-HCl and 10 mM EDTA buffer pH 8.0; buffer B: 1 M NaCl in
10 mM Tris-HCl and 10 mM EDTA buffer pH 8.0. Elution was performed at 1 mL/min by stepwise gradient
increasing NaCl concentration in the eluent from O M to 730 mM and finally to 1 M, as represented by
the dashed line. UV detection at 260 nm. Injection volume was 500 pL. (B) Agarose gel electrophoresis
analysis of samples collected from each peak of the chromatographic assay. Lane A: feed sample
injected in the column; Fractions corresponding to peaks 1 and 2 are shown in lanes 1 and 2
respectively.

Two peaks were obtained in the chromatographic assay (Figure 24 (A)) and the agarose gel
electrophoresis analysis (Figure 24 (B)) showed that the oc pDNA was presented in second
peak and sc pDNA was presented in both first and second peaks. The RNA molecule was
mostly eluted in the first peak, however a small fraction continued eluting in the second
peak.

The results obtained for the purification of the sc pDNA from the clarified E. coli lysate have
revealed the involvement of electrostatic interactions between other specific interactions
with the several nucleic acids present in the sample. The electrostatics interactions between
nucleic acid phosphate groups and the arginine amino acid positively charged may confer
stability to the biomolecule retention [80]. In fact, molecular modeling studies have
demonstrated that although Van der Waals forces and water mediated bonds are present in
amino acid - DNA interactions, H-bonds are the predominant forces that dictate their contact
[80]. Luscombe and coworkers also described favored interactions between arginine amino
acid and guanine bases from nucleic acids, predominantly due to bidentate and complex
interactions via hydrogen bonding [80]. This biorecognition from the nucleic acid bases can be
responsible for the ability of arginine matrix to specifically recognize the different nucleic
acids present in clarified E. coli lysate.

According to the result present in the Figure 24, a further increase in NaCl concentration of

the first peak is not sufficient to promote the sc pDNA purification. Thus, new

48



chromatography runs with an additional step was performed in order to promote the isolation
of the sc pDNA isoform from the oc pDNA and the RNA. The chromatographic profile of this
new experiment is present in Figure 25 (A). After injection of the pDNA-containing clarified

lysate sample, three resolved peaks were obtained.
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Figure 25. (A) Chromatographic profile of the E. coli lysate sample injection in the arginine-epoxy
monolith. Mobile phase - buffer A: 10 mM Tris-HCl and 10 mM EDTA buffer pH 8.0; buffer B: 1 M NaCl in
10 mM Tris-HCl and 10 mM EDTA buffer pH 8.0. Elution was performed at 1 mL/min by stepwise gradient
increasing NaCl concentration in the eluent from 0 M to 690 mM, following to 770 mM and finally to 1 M,
as represented by the dashed line. UV detection at 260 nm. Injection volume was 500 pL. (B) Agarose
gel electrophoresis analysis of samples collected from each peak of the chromatographic assay. Lane A:
feed sample injected in the column; Fractions corresponding to peaks 1, 2 and 3 are shown in lanes 1, 2
and 3 respectively.

The chromatographic run was initiated at 10 mM Tris-HCl and 10 mM EDTA buffer (pH 8.0) at
room temperature and a flow rate of 1mL/min for the equilibrium of the column. The first
peak was achieved by increasing the ionic strength of the buffer to 690 mM NaCl. After, the
ionic strength of elution buffer was increased to 770 mM of NaCl in order to partially elute
specific molecules in a second peak. The chromatographic run was concluded through a final
elution step using 1 M of NaCl to elute the remaining bound nucleic acids. The electrophoretic
analysis showed that RNA molecules were majority eluted in the first peak, although a small
fraction of them was also eluted at other salt concentration (second and third peaks).
Relatively to the oc and sc pDNA isoforms, both were achieved in the second and third elution
peaks.

This result can be associated with the binding step with Tris-HCl buffer. According to Sousa F.
and coworkers, the arginine ligand is very effective in binding of plasmid isoforms at low ionic
strength, confirming the stronger interactions of the pDNA isoforms by the arginine ligands
[103]. In fact, electrostatic interactions are involved between these phosphate groups and
the arginine ligands [95]. However, these electrostatic interactions may confer stability to

biomolecule retention, but not specificity. Nevertheless, electrostatic interactions do not
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totally explain the selectivity between oc and sc pDNA isoforms. A possible explanation may
arise from the theory that van der Waals energy fluctuations as well as twisting fluctuations
create intercrossed or semi-relaxed intermediate and interact with the affinity support in
different modes [104].

In this way, a new strategy without the equilibrium step at 10 mM of Tris buffer was applied
in order to improve the sc plasmid isolation from the others species present in the clarified E.
coli lysate. These experiments were carried out by an equilibrium step at 600 mM NaCl in 10
mM Tris-HCl and 10 mM EDTA buffer (pH 8.0), at room temperature, and a flow rate of
1mL/min. Under these conditions, a first peak was eluted in the flowthrough containing
unbound species. After, the ionic strength was increased to 740 mM NaCl, which resulted in a
second peak. And finally, the biomolecules that were retained at previous ionic strength were

only recovered by increasing the NaCl concentration in the buffer to 1 M (Figure 26 (A)).

1 R £ 100
2000 ' 5 (A) 4 A 1 2 (B)
. lso oc
£ L SC
S 1500
& I ; 3
g e S 60
& [ o
2 { ]
§ 1000 i
£ \ e °
o I A\ 2 ‘
-E }L \ / \ }
[} / \ A
g 500 [\ [\ 20
2 ) \\\>‘J/ \\‘ RN -
RNA
0 0
0 5 10 15 20 %
Time (min)

Figure 26. (A) Chromatographic profile of the E. coli lysate sample injection in the arginine-epoxy
monolith. Mobile phase - buffer A: 10 mM Tris-HCl and 10 mM EDTA buffer pH 8.0; buffer B: 1 M NaCl in
10 mM Tris-HCl and 10 mM EDTA buffer pH 8.0. Elution was performed at 1 mL/min by stepwise gradient
increasing NaCl concentration in the eluent from 600 mM to 740 mM and finally to 1 M, as represented
by the dashed line. UV detection at 260 nm. Injection volume was 500 pL. (B) Agarose gel
electrophoresis analysis of samples collected from each peak of the chromatographic assay. Lane A:
feed sample injected in the column; Fractions corresponding to peaks 1, 2 and 3 are shown in lanes 1, 2
and 3 respectively.

Under the conditions used, three peaks were eluted at 600 mM NaCl (peak 1), 740 mM NaCl
(peak 2) and 1M NaCl (peak 3). The fractions of each peak were pooled and analyzed by
agarose gel electrophoresis in order to establish the correlation between several nucleic acids
present in clarified E. coli lysate and the chromatographic peaks. Figure 27 (A) confirms that
the first and second peaks mostly correspond to the RNA molecules that did not interact with
the support, while the sc plasmid isoform was identified in the third peak. Despite the third
peak correspond mostly to the sc plasmid isoform, a small fraction of the RNA molecules is

also present.
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In fact, this chromatographic assay showed that the sc pDNA isoform was almost isolated.
However, a strategy able to eliminate the small fraction of RNA that is contaminating the
sample is necessary.

RNA molecules were differentially eluted with several ionic strength conditions, by suggesting
the presence of several RNA species in the clarified E. coli lysate. Because RNA molecules are
single-stranded nucleic acids, the elution behavior on arginine-epoxy monolith could be
associated to the base exposure degree [13]. Bioinformatics predictions refer that messenger
RNA (mRNA) and transfer RNA bases are more available to interact with amino acids because
they exhibit an less compact secondary structure; while ribosomal RNA (rRNA) forms more
compact secondary structures, exhibiting a lower base exposure degree [105]. Therefore, the
present results can be in accordance to these predictions.

According to this fact, the last chromatographic run was performed with and additional step
in order to eliminate the vestigial RNA present in the peak of the sc pDNA isoform. First, the
arginine-epoxy monolithic column was equilibrated with 600 mM NaCl in 10 mM Tris-HCl and
10 mM EDTA buffer (pH 8.0). After injection of pDNA-containing clarified lysate in same salt
concentration of the equilibrium buffer, a first peak was obtained resulting from the elution
of the unbounded species. Next, the ionic strength of elution buffer was increased to 740 mM
NaCl, following to 795 mM NaCl in order to partially elute different species in the second and
third peaks, respectively. The chromatographic run was concluded through a final elution
step at 1M NaCl to obtain the strongly bound species. The resultant chromatographic profile is

present in the Figure 27 (A).
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Figure 27. (A) Chromatographic profile of the E. coli lysate sample injection in the arginine-epoxy
monolith. Mobile phase - buffer A: 10 mM Tris-HCl and 10 mM EDTA buffer pH 8.0; buffer B: 1 M NaCl in
10 mM Tris-HCl and 10 mM EDTA buffer pH 8.0. Elution was performed at 1 mL/min by stepwise gradient
increasing NaCl concentration in the eluent from 600 mM to 740 mM, following to 795 mM and finally to
1 M, as represented by the dashed line. UV detection at 260 nm. Injection volume was 500 pL. (B)
Agarose gel electrophoresis analysis of samples collected from each peak of the chromatographic assay.
Lane A: feed sample injected in the column; Fractions corresponding to peaks 1, 2, 3 and 4 are shown in
lanes 1, 2, 3 and 4 respectively.
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The presence of several peaks in the chromatogram suggests that the arginine-epoxy monolith
interacts differently with sc and oc plasmid isoforms and also with several RNA species
present in a clarified E. coli lysate. In order to identify the species eluted in each
chromatographic peak, an agarose gel electrophoresis was performed. The results showed
that the elution of oc pDNA isoform occurs in the second peak (Figure 27 (B), lane 2) whereas
the elution of sc pDNA isoform occurs in third peak (Figure 27 (B), lane 3) when the ionic
strength was increased. On the other hand, RNA species were eluted in the first, second and
fourth peaks (Figure 27 (B), lane 1, 2 and 4 respectively). These results confirm that arginine-
epoxy monolith has the ability for specifically recognize and isolate the sc pDNA isoform from
the clarified E. coli lysate.

As shown in the Figure 27, nucleic acids are isolated after 25 minutes. This result suggests
that the chromatographic run in the modified-epoxy monolith is accomplished in less time
than using the conventional arginine-agarose matrix for the same goal, since in the last case
may take 5 fold more [13]. One of the advantages present by the monolithic supports consists
in fast separations, avoiding the prolonged contact time of the sample with the support,
which is in accordance to the results obtained [81].

In accordance to these results, the CIM™ arginine-epoxy disk has demonstrated to be a tool
with the ability to develop fast and efficient separation processes using low back pressure,
with high capacity and maintaining the stability and productivity for plasmids. On the other
hand, the affinity chromatography based on arginine as specific ligand arises as a good
strategy for to obtain the specific biorecognition for the sc plasmid isoform. Thus the
combination of structural versatilities provided by the monolithic supports with the specificity
and selectivity of amino acid ligands rises as a promising strategy in the sc pDNA purification

for future therapeutic applications.

3.5. Analytical parameters for plasmid quality assessment

The sc pDNA resultant from the purification with arginine-epoxy monolith should be free from
host impurities such as proteins, RNA, genomic DNA and endotoxins as well as from other
plasmid conformations (oc and In). In this way, the regulatory agencies like FDA recommend
that the sample homogeneity must be higher than 97% of sc isoform, proteins and RNA must
be undetectable by micro-BCA method and 0.8% agarose gel respectively, the gDNA and
endotoxin levels must be lower than 0.01 pg gDNA/ug pDNA by real-time analysis and 0.1
EU/pg pDNA by LAL assay respectively [68, 106]. Thus, a strict analysis to the samples
resultant from the sc pDNA isolation and purification processes should be made in order to
determine the impurity level in each sample (gDNA, RNA, endotoxins and proteins).

Firstly, the quantification and purity of sc pDNA sample purified by the arginine-epoxy

monolithic support were performed by high-performance hydrophobic interaction
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chromatography (HPLC) according to the method previously developed [86]. Briefly, this
method determines pDNA concentration in crude E. coli extracts and other samples resultant
from the sc pDNA isolation and purification processes. The purity degree, purification factor
and yield (Table 10) of sc pDNA sample obtained with the arginine-epoxy monolith can also be
evaluated [86].

The HPLC analysis of the crude E. coli lysate revealed a multi-peak chromatogram
corresponding to different biomolecules. The large quantity and diversity of biomolecules
present in this stage was due to the plasmid-containing extract has not been undergo any
purification process. The analytical chromatogram shown in Figure 28 (A) revealed one
characteristic peak at 0.7 min of the total pDNA [86], followed by several peaks
corresponding to different impurities. Comparing this chromatographic profile with the
obtained profile in the recovered sample from the concentration and clarification steps, a
significant impurity reduction was verified (Figure 28 (B) and (C) respectively). This
considerable reduction in the impurity content was due to the isopropanol concentration and
ammonium sulfate precipitation steps, performed prior to arginine affinity chromatography
[107]. The analysis of sample collected in the third step of the monolithic purification
strategy, also revealed a characteristic peak at 0.7 min referent to pDNA (Figure 28 (D)).
Besides this peak, the analytical chromatogram showed other peak which supposes the
presence of impurities. However, the analytical chromatogram obtained with the injection of
binding buffer as a negative control, clearly showed the presence of one peak at the same
time. Thus, the interference peak present after the elution of the sc pDNA is due to the

column phenomena that also occur without sample injection, as it shown in Figure 28 (E).
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Figure 28. Analytical chromatographic profiles of different pDNA-containing samples recovered
throughout the purification process: (A) E. coli lysate; (B) plasmid-containing sample after isopropanol
concentration; (C) plasmid-containing sample after ammonium sulfate clarification (feed sample
injected onto the column); (D) sc isoform fraction and (E) zero (injection of binding buffer).
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To quantify the pDNA purity degree of each analyzed sample, the ratio between plasmid peak
area and total peak areas of the chromatogram was measured. Thus, the plasmid purity for
the feed sample injected in the monolithic column was about 10% (Table 10). The purity
degree of the sc plasmid sample attained in third peak of monolithic chromatography was
around 100% (Table 10). These results are in agreement with previous electrophoretic analysis
and confirm that the monolith modification with arginine ligands can be useful in a sc DNA

purification process and effective in impurities reduction.

Table 10. HPLC analysis of concentration, purity and recovery yield of sc HPV-16 E6/E7 pDNA isolated
by arginine-epoxy monolith.

Process . Purification Step
. Volume pPDNA HPLC purity factor el
(mL) (vg/mL)  (ug) (%) (%)
Feed 6 42,57  255.42 9.60
sample
sc-peak 3
5.88 17.02  100.08 100 10.42 39.18
(12 runs)

Moreover, the yield of purification step can be determined by the ratio between the mass of
plasmid present in the recovered sample and mass of plasmid present in the feed sample. As
showed in the Table 11, from 255.42 pg of pDNA contained in the feed sample, only 100.08 pg
of the sc plasmid was recovered and totally isolated, corresponding to the yield of 39% (Table
11). This result indicated a loss of pDNA in the purification process with the arginine-epoxy
monolith.

In order to clarify if this loss is related to the monolith modification or to the HPV-16 E6/E7
therapeutic plasmid, an additional study was performed to quantify the concentration, purity
and yield of sc pVAX1-LacZ plasmid from the E. coli lysate isolated also with the arginine-
epoxy monolith. Consequently, the feed sample that was injected in the monolithic column
contained 1129.44 pg of pVAX1-LacZ, whereas the total amount of plasmid recovered after
the purification step was 954.93 pg (oc and sc isoforms), corresponding to 86% vyield.
Therefore, this vyield is significantly higher than other studies based on affinity
chromatography, such as 62% yield achieved in triplex-affinity chromatography [108, 109] and
45% sc pDNA vyield achieved with the conventional histidine-affinity matrix [12].
Comparatively with the recent application of non-immobilized CDI monolith, which achieved
74% yield of total plasmid [14] and the anion exchange monolithic disk with 75% yield [110],
the value obtained by arginine-epoxy monolithic support (86%) was satisfactory. However, the
39% sc HPV-16 E6/E7 plasmid yield achieved with arginine-epoxy monolith in the present work
is not a consequence of the modified support, but it is probably due to HPV-16 E6/E7 plasmid

characteristics, such as the higher molecular size or the nucleotide bases constitution that
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can lead to a stronger retention to the monolith resulting in its loss during the purification
step.

The presence of proteins in a final sc plasmid sample used in a therapeutic study can lead to
an allergic response such as anaphylactic shock, or chronic, such as autoimmune disease
[111]. On the other hand, the contamination by proteins can take to biological reactions due
to production of antibodies, hormones and/or cytokines [106, 111]. Thus, regulatory agencies
established that proteins should not be detected in the purified sc pDNA sample. The protein
quantification was measured using the micro-BCA test. According to the data presented in the
Table 11, residual concentrations of 3.51 mg/mL, 0.71 mg/mL and 0.03 mg/mL were
determined on the alkaline lysis, isopropanol precipitation and ammonium sulfate
precipitation fractions respectively. These results suggest a significant reduction of proteins
during plasmid isolation process, namely in isopropanol concentration and ammonium sulfate
precipitation steps. However, the feed sample injected in the modified monolithic column
revealed a small amount of proteins that were eliminated during the purification process
(Table 11).

Table 11. Protein, gDNA and endotoxins quantification in several steps of the isolation and purification
processes to obtain the sc pDNA from the clarified E. coli lysate.

Sample Protein Endotoxin Genomic DNA
of pDNA) pDNA)

Primary isolation

Alkaline lysis 3.51 111.52 2.42 27800 602.28

Isopropanol 0.71 477.28 1.16 200900 477.99
precipitation

(NH4),S04 0.03 94.96 0.64 29100 194.73
precipitation

Purification step

RNA-peak1 Undetectable - - - -
RNA-peak2 Undetectable - - - -
sc-peak3 Undetectable 0.86 0.05 140 8.23
RNA-peak4 Undetectable - - - -

A common problem with the use of the E. coli microorganism as a host strain is the release of
endotoxins into the medium upon processing, which are difficult to remove during the
subsequent purification steps [112]. Endotoxins are highly negatively charged
lipopolysaccharide (LPS) and a major component of the Gram-negative bacterial cell wall

such as E. coli [113]. These molecules are an extremely potent stimulator of the mammalian
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systems, including nonspecific activation of the immune system, stimulation of cytokine
overproduction and induction of the characteristic shock syndrome associated with bacterial
infections [113, 114]. High endotoxin levels can affect the eukaryotic cell proliferation and
transfection efficiency [114]. In this way, the correct elimination of endotoxins is extremely
important in order to avoid the undesirable effects during a therapeutic application of the sc
HPV-16 E6/E7 pDNA sample [115]. The results of Table 11 show that the endotoxin content in
the final of alkaline lysis step was 2.42 EU/pg of pDNA, decreasing to 0.64 EU/pg of pDNA in
the feed sample probably due to the isopropanol and ammonium sulfate precipitation.
Nevertheless, the endotoxin content in feed sample was considerably reduced in the
chromatography step, since the final sc pDNA fraction had 0.05 EU/pg of pDNA, which
respects the guidelines of regulatory agencies (Table 11).

Finally, the presence of genomic DNA in a final sc plasmid sample can lead to the oncogene
appearance that are encoded by gDNA fragments, and their possible activation or
deactivation once in recipient cells, can lead to the tumor formation [106]. The gDNA
quantification was performed by real-time PCR. Such as for the other impurities, the
reduction of gDNA was more pronounced in the alkaline lysis process, from 602.28 ng/ug of
pDNA in the initial lysate to 194.73 ng/pg of pDNA in the feed sample (Table 11). The
efficiency of arginine-epoxy monolithic support to eliminate gDNA was also significant
because the residual amount of gDNA in the sc plasmid sample was 8.23 ng/ug of pDNA (Table
11). This value is lower than the 0.01 pg/pg of pDNA recommended by regulatory agencies
[68, 106].
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Chapter IV

Conclusions and futures
perspectives



Nowadays, millions of people die each year from incurable diseases, because often patients
are resistant to drugs. This situation leads to a great need for new stable vaccines. The use of
DNA vaccines based on plasmid DNA for the treatment of inherited and acquired diseases
offer a safer alternative for conventional vaccines. In this way, efficient purification
processes should be explored to obtain the sc pDNA with the purity degree required for
pharmaceutical applications. The implementation of some amino acids as immobilized ligands
has been producing interesting results with respect to plasmids purification. Hence, the
purpose of this thesis was to develop and implement novel affinity chromatography approach
for sc plasmid purification from clarified E. coli lysate. This strategy is based on the
combination of structural versatilities provided by the epoxy-monolithic supports with the
specificity and selectivity of arginine immobilized ligands. In addition, this thesis described
the analytical characterization of sc pDNA sample recovered from the arginine-epoxy
monolith that should respect requirements from regulatory agencies.

Firstly, the epoxy monolith was modified by arginine ligand immobilization and was tested
with a pDNA HPV-16 E6/E7 sample pre-purified with a commercial kit. Comparing to resultant
chromatographic assays of the modified monolith with the non-modified monolith, it was
concluded that the epoxy monolith was correctly modified, since the pDNA only interacted
with the monolith that had arginine ligands.

For a complete characterization study of the arginine-epoxy monolith, the dynamic binding
capacity was evaluated and compared with the dynamic binding capacity of the conventional
arginine-agarose matrix. This characterization revealed that the monolith binding capacity at
10% breakthrough was 3.5514 mg/mL, whereas for the conventional arginine-agarose support
was 0.133 mg/mL for a plasmid concentration of 0.05 mg/mL. Therefore, the binding
capacity of modified monolith was twenty six fold higher than the conventional support.
Additionally,the sc plasmid isoform purification was achieved by optimizing the ionic
chromatographic conditions that promoted the binding/elution of the plasmid isoforms in the
arginine-epoxy monolith. This study contributes to the development of new affinity
chromatography strategy which specifically recognizes the sc pDNA isoform.

Therefore, the application of the arginine-epoxy monolith for the sc pDNA isolation from the
other nucleic acids present in a clarified E. coli lysate was proposed. Moreover, a strategy for
sc plasmid purification from clarified E. coli lysate with arginine-epoxy monolith was
developed, by using a stepwise gradient increasing NaCl concentration in the eluent (600 mM,
740 mM, 795 mM and 1M). Furthermore, the purification was achieved in 25 minutes which is
a very fast separation comparatively with the 120 minutes obtained with conventional
arginine-agarose support, ensuring structural stability of the target molecule.

The quality and purity of the sc plasmid resultant from the purification step with the
arginine-epoxy monolith was evaluated by using the methodologies required by regulatory
agencies such as FDA. Quality control tests indicated that the plasmid sample presented a
purity degree approximately 100% and an homogeneity higher than 97% of sc isoform, with an

extremely reduced level of impurities (RNA, proteins, genomic DNA and endotoxins).
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The efficient purification of the pDNA HPV-16 E6/E7 provides a promising strategy for the
development of the DNA vaccines against Human Papillomavirus. Further in vitro studies
would be crucial to assess the in vitro expression of E6 and E7 proteins encoded in the
plasmid. In this way, the dendritic cells can be a good choice for these assays because they
are good antigen presenting cells and plays a key role in generation of antigen-specific
antiviral and antitumor T-cells immune responses.

In conclusion, this modified monolithic support represents an advantageous alternative to
conventional supports for sc pDNA purification due to fast separation and consequent short
contact time, favoring the structural stability of the target molecule, showing good capacity
and selectivity to separate the nucleic acids present in clarified E. coli lysate and efficiently

isolate the sc plasmid isoform.
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