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ABSTRACT

MODULATION OF DENDRITIC CELLS WITH THE INTERLEUKIN-10 GENE ON

POLYCATION-MODIFIED POLYMERIC PARTICLES

By
Liang Jia

December 2009

Dissertation supervised by Wilson S. Meng

Gene therapy has emerged as a field to modulate cell functions by introducing
genes of interest to target cells. An emerging focus in this field is to employ non-viral
vectors to deliver immunosuppressive cytokines to dendritic cells (DCs) to attenuate
damaging immune responses. DCs serve as potential targets for suppression of T cell
responses. In this work, we investigated the ability of polycation-modified polymeric
particles complexed with interleukin-10 (IL-10) gene to modulate DCs. The delivery
systems (designated as PSo10m6 and PLGA10n6) Were formed by coating cationic peptide
O10H6 (O: ornithine; H: histidine) on the polystyrene (PS) and poly (lactic-co-glycolic
acid) (PLGA) particulates. A mouse IL-10 encoding plasmid (pIL-10) was loaded on the
surface of PSopione and PLGAoone via ionic interactions. Physical characterization of

these particles revealed stable colloidal dispersions (diameters: 297.2+14nm in
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PLGAo1056-pIL-10 and 126.0£8nm in PSpjoneplL-10). DNA molecules carried by
PSo10n6 and PLGA0n6 Were protected from serum digestion. Results from in vitro gene
transfection studies showed two-fold enhancement of IL-10 expression in bone marrow-
derived DCs transfected with PSoiopepIL-10 and PLGAooneplL-10 compared to
untransfected DCs. Their suppressive functions were evaluated in an in vitro mixed
lymphocyte model. Results indicated that PSojoneplL-10 and PLGAo;oneplL-10
modified DCs elicited weakest proliferation of allogeneic bulk T cells as well as CD4 and
CDS8 T cells among all the delivery modes. Using cell-embedded Matrigel as a surrogate
graft, we showed that IL-10 gene-modified DCs suppressed host cell infiltration in vivo.
These data suggested PSoionepIL-10 and PLGAoonspIL-10 deliver an overriding
suppressive signal to T cells. Further studies revealed T cells stimulated by the IL-10
gene-modified DCs exhibited characteristics of regulatory T (Treg) cells, as evident by
up-regulation of a Treg cell marker forkhead-type transcription factor 3 (Foxp3). This
result was concomitant with an increase in of transforming growth factor B (TGF-f)

production.

Taken together, this work demonstrated that PSo o6 and PLGAgon6 are effective
in delivering pIL-10 to modulate DCs to suppress T cell responses. Collectively, the
results raise the prospects of using PSojons and PLGAoione as vectors to deliver

immunosuppressive genes to modulate T cell responses in vivo.
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CHAPTER 1

INTRODUCTION

Statement of problem

The major function of mammalian immune system ipiotect the host from a
broad range of pathogenic microorganisms includuigises, bacteria, and other
pathogens. However, excessive immune responsesdsveaito- and alloantigens can
lead to host tissue damages, causing inflammagiotgimmune diseases, and transplant
rejections. Anti-inflammatory and immunosuppressivagents (e.g. tacrolimus,
cyclosporine, rapamycin, glucocorticoids) that caystematically suppress T cell
responses have been used. But these drugs areaésdagith systemic suppression of
normal immune functions, resulting in malignant anfiéctious diseases after years of
administration. The toxicity and the life-threategiside effects associated with these
agents demand the development of safe and effetitim@peutic modalities that can

attenuate damaging immune responses.

Dendritic cells are highly specialized antigen prémsg cells that interact with T
lymphocytes to trigger adaptive immune responses suppression. DC’s ability to
induce immune suppression is currently being ingatdd. These DCs often constitute
tolerogenic properties including lower level of stimulatory B7 molecules (e.g. CD80,
CD86) and/or higher tendency to expand CD4+ Tredls cen animal models
(Bellinghausen, Brand et al. 2001; Muller, Mullerad 2002; Steinbrink, Graulich et al.

2002). Treg cells are identified by their capaciy suppressing proliferation and
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cytotoxic activities of effector T cells. They amarked by their constitutive expression
of Interleukin-2 (IL-2) receptora chain (CD25) and Foxp3 (a member of the
forkhead/winged-helix family of transcription regtors). Because Treg cells play an
important role in damping excessive immune respong@ards auto- and alloantigens,
the capacity of DCs to induce or expand Treg detlsomes a key measurement of their

tolerogenic properties.

A variety of studies suggest that immunosuppressitekines including IL-10
and TGFB render DCs into tolerogenic phenotype. IL-10 ispleiotropic, anti-
inflammatory cytokine that acts on a variety of ionm cells, including T cells, natural
killer (NK) cells, and antigen presenting cells @4$). Owning to its exclusive role in
initiating adaptive immune responses and toleramee¢he interaction with naive T cells,
DC is believed to be the primary mediator for IL-dppressive functions. Thus, IL-10
conditioned DCs have been extensively studied esapieutic modalities to suppress

harmful immune actions toward auto- and alloantsgen

IL-10 directly injectedin vivo demonstrated disadvantages such as short half-life
and instabilities. Therefore, efforts have been en&a genetically engineer DCs to
produce IL-10 in such suppressive signals that midbminate in locale where
lymphocytes are programmed. A major approach iraadwg this strategy is to develop
effective vehicles to deliver IL-10 plasmid to D@&combinant viral vectors have been
used to achieve high gene transfection efficianoyvo. However, the potential systemic

toxicity of viral vectors and the viral-specific mune elimination by host cells hamper
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their use in clinical applications.

Specific aims

Synthetic non-viral vectors fabricated from nondippolymers have gained
substantial interests in recent years due to tm@ninflammatory nature and the relative
ease in controlling surface functionalities. Amaihgse vectors, submicron polymeric
particulates are believed to be most favorabled@&ivery tasks targeted to DCs because
of the fact that DCs constantly take up particidate the surrounding tissue through

phagocytosis and endocytosis due to their roleamenune sentinel.

Polycation-modified polymeric particles have beenaloped in our lab to deliver
plasmid DNA molecules to DCs. O10H6, an ornithingtitline peptide that binds and
condenses plasmid DNA molecules through ionic adgons is adsorpted on the surface
of polymeric particles. Thebjective of this work was to investigate the performance of
the polycation-modified polymeric particles loadeith a murine IL-10 gene to modulate
DC functions. In particular, submicron particlebriaated from two polymeric materials
(a schematic diagram of the construct is shownigureé 1.1), PLGA and polystyrene
have been investigated. The former is biodegradabtethus suitable fan vivo or ex
vivo gene transfer. The latter can be usedefovivo transfection of graft DCs, which
does not require repeat vivo administrations. With respect to macromoleculeveey,
the majority of studies within the literature empBLGA and polystyrene in the context
of vaccination and immune stimulation (O'Hagan,g8iret al. 2004) Whether these

polymers are suitable delivery platforms for immsupgpressive cytokines has rarely
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been investigated.

Hypothesis

The centrahypothesis of this work is that the particulate systems (geated as
PLGAo1046 and P310ng can effectively deliver plL-10 to DCs to induagppression of
T cell responses via the expansion of Treg cellBhe underling mechanisms are
described in the following two aspects. First, @&80H6 modified polymeric particles
can bind and stabilize DNA molecules on the surfaicéhe delivery vectors, therefore
facilitating their uptakes by DCs. Second, the dédrcexpression of IL-10 in the
transfected DCs can induce expansion of Treg ciliss triggering the suppression of
effector T cell responses. Ultimately, this work yneaise the prospect of using

PLGAo1046 aNd P31016t0 deliver suppressive genes to induce immuneanbasin vivo.

www.manaraa.com



010H6 & g PILIO # P
+ % S % + F — ’%’
£ » x »
PS or PLGA particles PSo1oHs PSo10H6-pIL10
or or
PLGAG10He PLGAg1gHe-PIL10

Figure 1.1: Schematic depiction of PLeRwsand P%31on6 particles loaded with DNA
condensates on the surface.
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CHAPTER 2
LITERATURE REVIEW

Dendritic cells

Origin and differentiation of dendritic cells

DCs were first discovered as Langerhans cells (L@s)skin in 1868.
Nevertheless, characterization of DCs began onlyezfis ago when Steinman and Cohn
identified a population of spleen cells having stidct antigen (Ag) presenting function

and morphological features with dendrites, and rththese cells dendritic cells.

DCs differentiate from hematopoietic progenitorghe bone marrow and home
to blood as well as peripheral non-lymphoid/lymght@issues and thymus via a broad
pattern of chemokine receptors and adhesion masaut their surfaces. Depending on
their functionality and surface markers, DCs carclassified into mature and immature

State.

Immature DCs are characterized by their highly eytio and phagocytic
activities permitting Ag capture, low secretionprb-inflammatory cytokines, and poor
antigen presentation capacities. These DCs lackormlaistocompatibility complex
(MHC) molecules and the requisite accessory maffioerantigen presentation and T-cell
activation, such as CD40, CD54, CD80 and CD86 abeitextremely well equipped with
antigen-capturing receptors such as macrophage asameceptor 7, DEC-205, and Fc

receptors to capture antigens (Jiang, Swiggardl.et@5). DCs in non-lymphoid
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peripheral tissues such as skin (e.g. Langerhalis aed dermal DCs), lung, liver,
kidney, heart, and mucosa of the digest and rdspyréract (mucosal surface-associated
DCs) exist in immature state and provide a sensgstem at the front line of pathogen
entry (Banchereau, Briere et al. 2000). Followingn&robial infection and tissue
damage, immature DCs migrate to infection or damraggons to capture antigens in

response to the chemokines released from thesesiss

Mature DCs are characterized by several propestieh as loss of endocytic and
phagocytic capacities (Garrett, Chen et al. 200igh expression level of MHC class |l
molecules on the cell surface and increased expres$ co-stimulatory molecules such
as CD80 and CD86, which correlate with the abii@yinduce the activation of the Ag-
specific or allogeneic T cells. Additionally, maguDCs reprogram their responsiveness
to chemokines by modifying expression of chemokneeeptors, including down-
regulation or desensitization of CCR1, CCR5, andR6@ decrease their responsiveness
to inflammatory cytokines (e.g. CCL3, CCL5, and @0}, and up-regulation of CCR7
to improve their responsiveness to homeostatic okeras such as CCL19 and CCL21.
These changes in DC’s characteristics down-regube® capacity to take up antigens
but advance their antigen presenting ability anchidatory activity towards T cells.
Consequently, after antigen sampling, DCs will ratgrfrom periphery to the draining
lymph nodes, where they present antigens to spetifiells and induce their activation
and differentiation into effector cells to initigpgimary immune responses (Banchereau,

Briere et al. 2000).
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Dendritic cell subsets

Multiple DC subsets have been defined based on pireinotypes and functions.
CDS8, which is expressed in the form of am-homodimer on DCs, has been used to
define DCs subsets, in which C&8DCs have been referred to as “lymphoid DCs” and
CD8u— DCs as “myeloid DCs”. Combining CD8 with the attieur markers, including
CD4, CD11b (the integrion, chain of macrophage receptor 1 [Mac-1]), CD11le (th
integrinax chain of Mac-1), and CD205, five DC subsets amgnfl in the lymphoid
tissue of mice (Shortman and Liu 2002). Spleenaiostthree of these subsets, including
CD4-CD&+ (20% of spleen DCs), CD4+Cik8 (40% of spleen DCs), and
CD4-CD&- (15% of spleen DCs)Among thymic DCs, the CD4-CR89" CD11b-
CD205+DC is the dominant subtype. Lymph nodes (Lédsitain two extra DC subtypes
that are not normally found in spleen, which happaaently arrived in the LNs through
the lymphatic system (lwasaki and Kelsall 2000). twen them,
CD4-CD&—-CD11b+CD205+ DC represents the mature form ofrstiteal tissue DCs.
CD4-CD8&/°"CD11b+CD208%" DC, found only in skin draining LNs, is believesi e

the mature form of Langerhans cells (lwasaki ants#&Ee2000).

The CD&— DC subset is efficient stimulators of CD4+ and81X cellsin vitro,
and can direct immune responsevivo (Yasumi, Katamura et al. 2004). Both mature
interstitial tissue DCs and mature LCs appear tofldy activated and efficient

stimulators of naive CD4+ T cells.

DCs subsets including CD4-CB¥"CD11b-CD205+ lymphoid DCs and B220+
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DCs can promote T-cell tolerance. It has been  showthat
CD4-CD&M""CD11b-CD205+ DCs have a regulatory effect on Tscéfl which they
can induce apoptosis in CD4+ T cells and a lim@d8+ T cell response (Anjuere,
Martin et al. 1999; Vremec, Pooley et al. 2000).sDfat express B220, a CD45 isoform
in mice, can be found in all lymphoid organs of m@ult has been proposed that B220+
DCs are involved in the maintenance of T-cell tatee by promoting T regulatory cell

differentiation (Martin, Del Hoyo et al. 2002).
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Table 1 | Lymphoid tissue distribution of mouse dendritic cell (DC) subtypes

‘Lymphoid’ DCs ‘Myeloid’ DCs ‘Myeloid’ DCs ‘Myeloid’ DCs ‘Langerhans’ DCs
cD4-CcDg" CD4'CD8"” CD4CD8" CD4CD& CD4-CD8"
CD205"CD11b- CD205-CD11b* CD205-CD11b* CD205*CD11b* CD205"CD11b*
Percentage total DCs in
Spleen 23 56 19 <4 <1
. Thymus 70
= Meseanteric lymph nodes 10 4 ar 26 <4
' Skin-draining lymph nodes 17 4 17 20 a3

Table 2.1. Lymphoid tissue distribution of mouseai#&ic cell subtypes.
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Dendritic cellsin antigen presentation

Dendritic cells reside in most peripheral tissygeiticularly at sites of interface
with the environment (skin and mucosae) (BancheesaliSteinman 1998; Banchereau,
Briere et al. 2000), where they take up self and-sef antigens from pathogens,
infected cells, dead cells, or their derived prddgudnternalized antigens are then
processed into proteolytic peptides, and theseigepare loaded onto MHC class | and
Il molecules. This process of antigen endocytodegradation, and loading is called

antigen presentation.

There are at least four endocytic pathways exggtndjuished based on the size of
the cargo internalized and the mechanism of inteatgon: macropinocytosis,
phagocytosis, and receptor mediated endocytosiclu@iimg clathrin-mediated

endocytosis and caveolae-mediated endocytosisin@eta and Mellman 2005).

Macropinocytosis is characterized by the bulk fluiptake of soluble antigens
through the actin skeleton by DCs and macrophabesb(ry 2006). This form of

endocytosis is down-regulated in DCs upon matumnatio

Phagocytosis, which is believed to be the firsthpaly associated with host
defense, involves engulfment of large particulatesl um in diameter) derived from
both pathogen and endogenous antigens. ImmaturecBxtphagocyte a broad range of

particulates, including microbes, apoptotic celisert particles, and liposomes.
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Langherans cells and bone marrow-derived dendcitits at an early stage of their
development are shown to internalize particulategans by phagocytosis (Steinman and
Swanson 1995). DC’s endocytic receptors including feceptors, Scavenger receptors
(SRs), complement receptors, and a variety ofrisationtribute to phagocytic process
due to their ability to signal actin assembly amdab pseudopod extension and particle
engulfment after binding to their ligands. Additadly, some microbes can promote their
own entry into cells by shedding vesicles that rbayinternalized with the absence of

endocytic receptors (Cossart and Sansonetti 2004).

Endocytosis is characterized by the uptakes ofgans, smaller vesicles or
particulates (less than | dm) through clathrin-coated vesicles or by caveobmntaining
invaginations. These antigens will be processedpaesiented in DCs through a sequence
of events in clathrin-mediated or caveolae-mediaadocytic pathway, starting with
transporting the antigen to an acidic endosomalgdgmal compartments within the cell
that allows antigen degradation into peptides fragis Alternatively, a fraction of
caveolae may fuse with the endoplasmic reticuluR)(®llowing internalization. From
the ER, antigens can gain access to endosomal congrds by normal recycling or by

fusion of ER with endosomal or phagosomal memb(@gai, Ye et al. 2002).

As antigens are partially degraded into peptidagrfrents, vesicles coated with
nascent MHC class Il molecules fuse with the lysosoPeptides that have high affinity
for the binding site located within the MHC classiéterodimer will displace the peptide

on MHC class Il molecules. The resulting MHC/Ag4ded peptide complexes are then
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transported to the DC cell membrane, where thelhbeilpresented to Ag-specific CD4+

T cells (Figure 2.2; (Virella 2007).

One thing that needs to be pointed out is the rattur of DC down-regulates
macropinocytosis and phagocytosis, but it seenhste little effect on clathrin-mediated
endocytosis pathway (Garrett, Chen et al. 2000)isThntigen or particulates can still be

internalized in mature DCs.
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Figure 2.2: Schematic representation of the gers¢éeal in antigen processing.
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Dendritic cellsin T cell activation

The interaction between MHC class [lI/Ag-derived g complex on DCs and
the complementary T cell receptor (TCR) on CD4+e€llsc(signal 1, Figure 2.3) is the
initial step to trigger a coordinated sequencegras that induce T cell activation. In an
acute transplant model, the miss match between MHES3 | molecules on graft DCs and
TCR on host CD8+ T cells will trigger T cell acttian. Additionally, co-stimulatory
pathways are required to deliver secondary sigoadstivate T cells. These pathways are
mediated by interaction between CD28 on T cells iémaorrespondent B7 molecules
(e.g. CD80, CD86) on DCs (signal 2, Figure 2.3)tia DCs up-regulate co-stimulatory

molecules, which will improve DC’s T cell primindpidity.

MHC class | and MHC class Il molecules interact lesively with CD8+
cytotoxic T cells (CTLs) and CD4+ helper T cellsspectively. The engagement between
MHC class Il complex and CD4+ helper T cells indidewnstream signals to activate
and translocate transcription factors, such astiodear factor-kappa B (NkB) and the
nuclear factor of activated T cells (NFAT). Onceegimg the nucleus, these factors
trigger expression of IL-2, IL-2 receptor, and tleéease of pro-inflammatory cytokines
[e.g. interleukin-12 (IL-12), interferon-gamma (IR and tumor necrosis factor-alpha
(TNF-a)]. These changes will stimulate T cells prolifevatand activation into effector T
cells, which in turn orchestrate cell-mediated inmmtyiand promote inflammation. CTLs
will undergo clonal expansion with the presencdle? (Bennett, Carbone et al. 1997).
While exposed to antigen-specific somatic cells,LE€Twill release perforin and

granzyme, or up-regulate Fas ligand to kill targgdts. Specifically, perforin forms pores
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in the plasma membrane of target cells that allgremzyme, a serine protease, to enter
the cytoplasm of these cells, which in turn leawls tcaspase cascade that induces their
apoptosis (program cell death). Fas ligaxgressed on activated CTLs can bind to Fas

receptor on target cells to induce apoptosis.
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Figure 2.3. T-cell activation by antigen presentiegs. Reprinted by permission from
Macmillan Publishers Ltd: Journal of Investigatermatology (2006) 126, 32—-41,
copyright 2006.
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Dendritic cellsin cell-mediated and humoral immunity

Antigens and lymphocytes had long been focuseldérstudy of immunity in past
decades. It was found that immune actions do nedyd been triggered by the simple
presence of those two parties. APCs, especially Pldg a very significant role in
initiating and modulating immune functions, inclagi controlling T-cell and B cell

immunities, and developing immune tolerance to-aetfgen.

DCs are efficient in triggering cell-mediated imnitynin which target cells with
specific antigens are recognized and killed by llsdbat circulate in the blood stream.
This type of T cell response is typically challeddgy the small amount (typically one
hundred or less per cell) of antigen presentedagget cells (e.g. tumor, infection cells),
and the rare Ag-specific T-cell clones (typicallyaafrequency of 1/100,000 or less) in
the host. DCs provide a means of solving thesderiges by capturing, internalizing and
processing these antigens, and displaying thetneat surface, along with up-regulation
of co-stimulatory surface markers. DCs then migtatgmphoid organs including spleen
and drain lymph nodes, where they deliver activpsiignals to engage T cells in antigen
recognition, leading to the clonal expansion anilvation of Ag-specific T cells. More
importantly, DCs are very effective in stimulatiAg-specific T cells: one DC is capable

of turning 100 to 3,000 T cells into active T cells

Besides their effects on cell-mediated immune resppoDCs are also known to
stimulate humoral immunity by presenting antigeptjes to specific T-helper cells and

orchestrating them into Type 2 helper T cells (ThEh2 secrete cytokines such as
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interleukin-4 (IL-4) and interleukin-5 (IL-5), andtimulate the proliferation and
activation of specific B cells. Activated B cellsibsequently produce antibodies that
inhibit pathogens. Additionally, DCs in interstitiassues can directly interact with B
cells to stimulate the production of antibodiesluding immunoglobulin A2 (IgA2)

(Banchereau, Briere et al. 2000)

Dendritic cellsin immune tolerance

DCs play a key role in orchestrating cell-mediateatd humoral immunity.
Additionally, there is emerging evidence that D@duce Ag-specific tolerance by taking
up antigens in peripheral tissues and presentinggears in the context of MHC
molecules to T cell. (Morelli and Thomson 2003;i&tean, Hawiger et al. 2003). An
addition study demonstrated that effective deletafnauto-reactive thymocytes was
found in developing thymus injected with Ag-beariD€s, but not with other APCs,
including macrophages (Zal, Volkmann et al. 1994).peripheral tissues, DCs can
capture and present self-antigens that are exelusithymus to T cells in draining lymph
nodes to induce tolerance as a result of T-celiggner deletion. There is also evidence

that DCs contribute to the expansion and diffeegian of regulatory T cells.

The control of immunity requires that DCs undergffedentiation or maturation
in response to stimuli. In mature DCs, phenotypianges such as increased expression
of MHC-peptide complexes, co-stimulatory molecukasd IL-2 contribute to their
abilities to process antigens and activate T chtisnature DCs, which express low level

of MHC and co-stimulatory molecules, capture anespnt antigens to targeting naive T
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cells and induce their tolerance (Steinman, Tudegl. 2000; Roelen, Schuurhuis et al.
2003). One strategy that delivers defined antigenspecific populations of immature
DCs to induce T cell toleranga vivo has been explored (Jonuleit, Schmitt et al. 2000;

Hawiger, Inaba et al. 2001; Barrat, Cua et al. 2002 Iyoda et al. 2002).

Interestingly, it has been demonstrated that soapeilption of mature DCs can
promote T cell tolerance both vitro andin vivo (Albert, Jegathesan et al. 2001; Menges,
Rossner et al. 2002; Verhasselt, Vosters et al4R00herefore, DC maturation is no
longer a distinguishing feature of immunogenic\ati Literature data suggested that
both immature and mature DCs can expand Treg icellgro andin vivo under certain
conditions, which is associated with the suppressgiroperty of these DCs (Yamazaki,
lyoda et al. 2003; Tomasoni, Aiello et al. 2005)peS8ifically, DCs that express
immunoglobulin like transcript 3 (ILT3) contribute the induction of Treg cells. Studies
also showed that IL-10 producing DCs isolated friumg or gut mucosal-associated
lymphoid tissue suppress immune responses, as knh@nces the formation of mouse
(Barrat, Cua et al. 2002) and human (Levings, Sagmrio et al. 2002) Treg cells.
Administration of IL-10 producing pulmonary DCs canppress immunity following

adoptive transfer of hyporesponsive antigen intoenfAkbari, DeKruyff et al. 2001).

It has been suggested that autoimmunity, certaflanmmatory diseases, and
transplant rejection can be influenced by the Agedfr tolerogenic role of DCs. Two
major approaches that use DCs to induce immuneatate are under investigation: 1)

use of immature DCs or control of DC maturationd &) engineering DCs using
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immunosuppressive cytokines. In the first approatinjcal use of immature DCs may
be limited by the graduate maturation of thosesaatider inflammatory conditions. In the
second approach, immunosuppressive cytokines ssch-40 can induce DCs into

suppressive phenotype and expand the populatidienf cells. A strategy that utilizes
this approach is to genetically modify therape{Cs ex vivo and re-infuse them to the

host tissue or organ, where they can down-reguhateunity and expand regulatory T
cells. Therefore, development of genetically m@tifDCs expressing IL-10 could be a

suitable method for the induction of immune toleean
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I nterleukin-10

IL-10 was originally recognized as cytokine-synikashibiting factor (CSIF)
when it was discovered in 1989 because of itstghiih suppress the production of pro-
inflammatory cytokines in macrophages and Typelpdrerl cells (Thl). Further studies
revealed that IL-10 profoundly acts on a varietyromune cells to block the expression
of pro-inflammatory cytokines and co-stimulatory lecules, leading to the suppression

of T cell activation during an immune response.

Structure and biological activities of human and mouse I nterleukin-10

The primary structures of human IL-10 (hIL-10) anduse IL-10 (mIL-10) were
determined by cloning cDNAs encoding the cytokif€égira, de Waal-Malefyt et al.
1991). Nucleotide sequence of mIL-10 has a sigmificdegree (more than 80%) of
homology with hIL-10 throughout their entire lengtHoward and O'Garra 1992). The
major difference between the two sequences isnbertion of a humailu repetitive
sequence element in the 3’-untranslated regiohehiL-10 cDNA clone. hIL-10, which
contains 160 amino acid residues, has a primangctsite comprising of an 18.5 kDa
polypeptide that lacks detectable carbohydrate -hfllis N-glycosylated at a site near its
N-terminus that is missing from hIL-10. This glygtaion is heterogeneous, resulting in
a mixture of 17, 19, and 21 kDa species (Moorejrdiet al. 1990). However, the N-
glycosylation of mIL-10 is not required for biol@gil activity since mutants lacking the

N-linked site are still active.
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The secondary structure of hiL-10 and mIL-10 cosgsiof four helices in each
subunit (Shanafelt, Miyajima et al. 1991). Disuffidonds between cysteine (cys) residue
1, 3 and cys 2, 4 maintain helical structures efghibunit and subsequently the biological
integrity of IL-10. The tertiary structure of hilOlis a V-shaped homodimer with six
helices (four derived from one subunit and two fréime other) in each half (Syto,

Murgolo et al. 1998), while the structure of mIL-80a monomer with four helices.

It has been demonstrated that hIL-10 is active a@eniHowever, mIL-10 has not
yet been found to cross-react significantly on hanf@ecombinant miIL-10 and hIL-10
have been expressed in cells from different spedreduding COS7 cells, mouse
myeloma cells, Chinese hamster ovary (CHO) celisulovirus expression systems, and
E. coli. The biological activities of these recomdmt IL-10 proteins are so far

indistinguishable.

Regulation of IL-10 by immune cells

IL-10 was originally described as a product of Tdells. It was soon discovered
that many other T cell types (e.g. Thl cells, Teetls) and non-T cell hematopoietic
cells (e.g. DCs, natural killer cells, monocytesd anacrophages) also produce IL-10.
Currently, immunoregulators responsible for the ggation of IL-10 have not been
completely characterized and the mechanism by whidse agents stimulate the
production of IL-10 in a variety of cell types ameder investigation. It is shown that

different cells respond differently to IL-10 stinugl and the response can depend on the
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microenvironment of the cell. For example, IL-18shbeen described to induce the
generation of Thl cell clones that produce largeownts of IFNy and IL-10.
Lipopolysaccharide (LPS) has been reported to $ataulL-10 production by human
monocytes and alveolar macrophages concomitant agtivation of p38 and Jun N-
terminal (JNK) mitogen-activated protein (MAP) k#ss, which involve in cell
differentiation and apoptosis (Chanteux, Guissal.€2007). In addition, Interferon alpha
(IFN-a) and interferon beta (IF8) have been demonstrated to increase IL-10
production by monocytes and CD4+ T cells (Por@ambi et al. 1995); (Ho, Kaufman
et al. 1996; Schandene, Del Prete et al. 1996zé&tlaDocke et al. 2000). Systemic
release of TNFx also induces IL-10 through a negative feedbaclkgudNF«B
dependent pathway (Barsig, Kusters et al. 199%¢raiure data also suggested that TGF-
B up-regulates IL-10 mRNA in Lewis rat with experimt@ly induced uveitis (Li, Sun et
al. 1996). Interleukin-22 (IL-22), a cytokine prashd by activated T cells, has been
shown to increase IL-10 production by colon epitdiatells via the activation of signal
transducer and activator of transcription 3 (STAp&)hway (Nagalakshmi, Rascle et al.
2004). Studies also suggested that IL-2 enhancd$ lhroduction by CD4+CD25+ Treg
cells or NK cells through STAT5 or STAT4 activatjarespectively (Grant, Yao et al.

2008; Tsuji-Takayama, Suzuki et al. 2008).

Other cytokines including IL-4, interleukin-13 (IL3) and interleukin-27 (IL-27)
have been shown to down-regulate IL-10 productipmionocytes via STAT1 pathway
(Chomarat, Rissoan et al. 1993; de Waal Malefygdéi et al. 1993). In addition, | kappa

B (I-kB) family member Bcl-3, a regulatory protein for B pathway, has been
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demonstrated to inhibit IL-10 expression in maciagds (Riemann, Endres et al. 2005).
Also, IL-10 can down-regulate IL-10 mRNA productiona negative feedback manner

(de Waal Malefyt, Abrams et al. 1991).

IL-10 signal transduction

It has been elucidated that IL-10 exerts its bimlalg functions through the
activation of IL-10 receptor complex on target cliface. The IL-10 receptor complex
comprises of a high affinity (dissociation constfiqg]~35-200 pM) IL-10 receptor 1
(IL-10R1) that binds ligands and a low affinity IlG receptor 2 (IL-10R2) that initiates
signal transduction (Liu, Wei et al. 1994). Cotens with IL-10’s role as an immune
inhibitor, down-regulation of IL-10R1 expression associated with T cell activation
(Liu, Wei et al. 1994). However, no evidence fogukation of IL-10R2 expression has

been found in associated with immune cell activa{i@ibbs and Pennica 1997).

As of now, limited knowledge is available regarditige IL-10 intracellular
signaling transduction pathway. The best-charamtdrilL-10 signaling pathway is the
Janus tyrosine kinase (JAK)/STAT system. In detdite difference of the affinity
between IL-10R1 and IL-10R2 triggers a sequentiadiibg mechanism, by which IL-10
first binds to IL-10R1 and subsequently engage$0R2 (Walter 2002). This interaction
induces cross-phosphorylation of two tyrosine na@sgdon the intracellular domain of IL-
10R1 and subsequently engages the JAK family tyeokinases 2 (TYK2), which are
constitutively associated with IL-10R1 and IL-10R&spectively (Finbloom and

Winestock 1995). The activated tyrosine kinase atedithe direct interaction between
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STAT3 and IL-10 receptor complex, and subsequeattysphorylates latent transcription
factors STAT1, STATS in cytoplasma with the fornoatiof different DNA binding
complexes (Weber-Nordt, Riley et al. 1996; Wehindeouilleux et al. 1996). These
complexes translocate into nucleus, bind to speaftes on DNA and trigger the
activation/regulation of specific genes. Among geaetivated by IL-10 are suppressors
of cytokine synthesis (SOCS)-1 and SOCS-3, whicdy (Hey roles in the inhibitory
effects of IL-10 on immune cell activation (Cas#ateGasperini et al. 1999; Berlato,
Cassatella et al. 2002). It has been shown thatSSD6ilences signaling by binding to
the activation loop of JAK and physically occluditige kinase active site, preventing it

from phosphorylating its substrates (Morse, Bidwe¢lal. 1999).

Bothin vitro andin vivo studies in gene-deficient mice have linked thddgizal
function of IL-10 to JAK/STAT signaling pathwayst was demonstrated that
macrophages from JAK1 knockout mice do not respontl-10 (Rodig, Meraz et al.
1998), which indicates that JAK1 plays a key raielli-10 response. In this pathway,
STAT3 is served as an obligatory mediator of ILdignaling. STAT3 is recruited
directly to the IL-10/IL-10R complex via tyrosinesidues in the IL-10R1 cytoplasmic
domain and phosphorylated in response to IL-10 @ @&ordt, Riley et al. 1996). Study
showed that mice, in which STAT3 is abolished ircrophages and neutrophils, develop
chronic enterocholitis, and their macrophages araptetely resistant to the effects of

IL-10 (Riley, Takeda et al. 1999).

In addition to JAK/STAT pathway, a number of stiddemonstrated that IL-10
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inhibits NFkKB pathway, which controls the synthesis of proanfmatory cytokines
(Clarke, Hales et al. 1998; Ehrlich, Hu et al. 1:998hottelius, Mayo et al. 1999). Further
mechanistic studies revealed two different meckmasis1) IL-10 blocks NKB
translocation in monocytes and macrophages by itmgbIKK, a I-kB kinase, thus
inhibiting degradation of kB, a NFkB inhibitor; and 2) IL-10 inhibits DNA binding of
NF-kB present in the nucleus. It was also shown thatQLinhibits the synthesis of
interleukin-1 (IL-1), interleukin-6 (IL-6) and TNE- by promoting the degradation of
their mRNA (Wang, Wu et al. 1995). IL-10 can aldonsilate phosphatidyl inositol-3
and p70 S6 kinases, which play important rolesronmmting the expression of IL-10

(Crawley, Williams et al. 1996).

Immunosuppressive functions of 1L-10

Literature data revealed that IL-10 suppresses ingmaction in damaging
immune responses. It was demonstrated that bothOllmonoclonal antibody (mAb)
treated and IL-10 gene knockout mice developed getaded inflammatory responses to
peritonitis or endotoxemea (van der Poll, Marchetnal. 1995; Lang, Rutschman et al.

2002).

The immunosuppressive action of IL-10 can be addeboth directly and
indirectly on a number of immune cells. IL-10 aots monocytes and macrophages to
inhibit the synthesis of a number of cytokines ttanulate T cell responses, such as IL-

la, IL-1pB, IL-6, IL-2, IL-12, IFN+y, TNF-0 GM-CSF, G-CSF, and M-CSF (Pestka,
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Krause et al. 2004). Among them, IL-1 and I¢MNre crucial for inflammatory activities
due to their synergistic effect on inflammatoryhyedy. IL-10 also inhibits chemokines
secreted by activated monocytes, including MCP-E-W, MIP-2, Rantes, MDC and IP-
10 (Kopydlowski, Salkowski et al. 1999). These cb&mes are implicated in the
recruitment of monocytes, dendritic cells, neutitspland T cells in immune responses.
Moreover, IL-10 enhances expression of natural gomtests of these cytokines. For
instant, IL-10 enhanced production of IL-1 recef@ntagonist (IL-1RA) and soluble p55
and p75 TNFR, which inhibit expression of IL-1RIdamL-1RIl (Dickensheets and

Donnelly 1997) of monocytes.

More importantly, IL-10 can modulate DC phenotyp@s! functions to suppress
T cell activation and proliferation. Earlier stuslishowed that IL-10 down-regulates
surface expression of MHC class Il and co-stimujat®7 molecules (e.g. CD80 and
CD86) as well as IL-12 production by various typé®Cs (Kubin, Kamoun et al. 1994;
Willems, Marchant et al. 1994; Tong, Toshiaki et2605). Addition of IL-10 during the
culture of bone marrow derived DGa vitro with GM-CSF and IL-4 inhibits co-
stimulatory molecule and IL-12 elevation of thes€<Dby LPS and CD40 ligand
(Fortsch, Rollinghoff et al. 2000). Moreover, obsgions in recent decades have shown
that IL-10 treated DCs, including fully matured D@&7"9"), can expand Treg cells or
induce an anergy state in Ag-activated T cells ayakna, Nishioka et al. 1998; Zeller,
Panoskaltsis-Mortari et al. 1999; Mahnke and En@5}0These effects will lead to the
suppression of T cell responses. Additional studgnadnstrated that treatment of DCs

with glucocorticosteroids, vitamin D3, and prostaglins in T cell co-cultures resulted in
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IL-10-producing regulatory T cells (Penna and Adbp2000). In general, the effects of
IL-10 on DCs are consistent with inhibition of Timimune response and can be achieved
by inhibitory effects on DCs, or by induction of Gell anergy or regulatory T cell

expansion.

Besides its regulatory effects on DCs, IL-10 isatdp of inhibiting cytokine
production and proliferation of CD4+ T cells byetlitly affecting their functions. It has
been shown that IL-10 suppressed anti-CD3 mAb gsated T cell proliferation via
inhibition of IL-2 production as well as IL-5 setimn by T cells (de Waal Malefyt, Yssel
et al. 1993; Schandene, Alonso-Vega et al. 1994heOstudies showed that IL-10
inhibited CD28 tyrosine phosphorylation and abreda€D28 downstream signaling to
down-regulate co-stimulatory pathway and promoteell anergy (Akdis, Joss et al.
2000; Joss, Akdis et al. 2000; Yang, Li et al. 20@@lditionally, study has demonstrated
that naive T cells that exposed to IL-®vitro developed into Treg cells (Levings,

Sangregorio et al. 2001).

Owing to the suppressive function of IL-10, it leeen used to hamper damaging
immune responses that are prone to be found innanmonity, inflammation, as well as
transplantations. Recent studies showed that asiration of IL-10 to cardiac or cornea
allograft models in rats or rabbits can prolongirth&urvival after transplantation

(Furukawa, Oshima et al. 2005; Yang, Li et al. 2086ng, Pleyer et al. 2007).
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Regulatory T cells

T cells that can suppress immune response wetadpsrted in the 1970s: when
animals were injected with high doses of immunogetglerant T cell population that is
specific to that immunogen was developed (ChatenSatbmon et al. 2001). It was not
until the 1990s that the concept of regulatory Tisceas introduced. Treg cells are a
subset of T lymphocytes involved in the maintenanicenmune tolerance to auto- and
alloantigens. Disordering in the development anttfion of Treg cells is related to the
occurrence of autoimmune and inflammatory diseasésimans and animals. Emerging
data suggests that adaptive immune response irs/tiee recruitment of both effector
cells and Treg cells. The balance between the tepulations is critical for the
establishment of tolerance to self- and non-sdifgans. Conversely, the literature has
demonstrated that the immunosuppressive potenfiallreg cells can be utilized
therapeutically to treat autoimmune diseases amditéde transplantation tolerance
(Hawiger, Inaba et al. 2001). It was shown thatgTeells (CD25+CD4+) enriched from
normal mice suppress allergy, establish toleramc@rgan grafts, and prevent graft-

versus-host diseases after bone marrow transplami{@akaguchi 2005).

Natural and adaptiveregulatory T cells

Regulatory T cells are classified into naturallgweing and adaptive Treg cells.
Naturally occurring Treg cells are generated witlie thymus and exit to the peripheral
tissue with fully functional suppressive phenotyfdese Treg cells are CD4+ and

express high affinity IL-2 receptar chain (CD25) on the cell membrane surface. They
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constitute approximately 5-10% of peripheral CD4+ cé&ll population. Naturally

occurring Treg cell’s function of maintaining sédlerance has been demonstrated in
many in vitro and in vivo experiments (Takahashi, Kuniyasu et al. 1998; &dlk

Piccirillo et al. 2002; Nishimura, Sakihama et 2004). For instance, depletion of
naturally occurring Treg cells by thymectomy in lbboteonatal and adult mice results in
the appearance of tissue-specific auto antibodielslaod circulation and autoimmune
damage in various organs (e.g. stomach, thyroidries, islets, or testes) (Sakaguchi
2000). Additionally, direct depletion of naturatbhgcurring Treg cells results in excessive
immune response to non-self-antigens, leading ftanmmatory diseases such as bowel

syndromes (Singh, Read et al. 2001).

Unlike naturally occurring Treg cells, adaptive Jreells are developed in the
periphery. They can be generated or expanded by+CD25+ naturally Treg cells or by
altering the activity of CD4+CD25- T cells in theepence of a number of suppressive
cytokines, such as TG-IL-10 and IL-35 (Groux, O'Garra et al. 1997; Chém et al.
2003; Kretschmer, Apostolou et al. 2005). Theselagies can transfer naive T cells into
different Treg cell subtypes including Foxp3+ Twels, IL-10 secreting Trl regulatory
T cell (Trl) (Chen, Kuchroo et al. 1994; Groux, @fa et al. 1997), and TGF-
secreting T cells (Th3) cells. Those adaptive Teells demonstrate the same immune
suppressive function as naturally occurring Tretsae manyin vitro andin vivo studies
(Groux, O'Garra et al. 1997; Zheng, Wang et al.420QKhattri, Cox et al. 2003;

Yamazaki, lyoda et al. 2003; Fehervari and Sakagz@by).
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Regulatory T cell markers

An optimal approach of characterizing Treg cell®igdentify a unique functional
Treg cell marker. CD®¥" and CD45RB" were first identified in the 80’s as surface
markers of CD4+ T cell with suppressive functioraK&guchi, Fukuma et al. 1985;
Morrissey, Charrier et al. 1993). These findingsnppted the search for a more specific

marker in defining such immune suppressive CD4€llsc

It was not until 1995 that the discovery of CD2%eessed on a subset of T cells
with regulatory properties was revealed (SakaguSbhkaguchi et al. 1995). CD25 (the
IL-2 receptora-chain) positive T cells, which constitute 5%—10%peripheral CD4+ T
cells and less than 1% of peripheral CD8+ T celladrmal naive mice and humans, are
contained in the CO%" and CD45RBY fraction of CD4+ T cells. It was shown that
when spleen cell suspensions from normal mice waresferred to T cell-deficient mice,
animals that received suspensions depleted of CD&8ls developed autoimmune
diseases consisting of gastritis, oophoritis, thgitis, insulitis, and arthritis. Addition of
purified CD4+CD25+ T cells prior to transfer pretesh the autoimmunity. Further
investigation demonstrated that CD4+CD25+ T cedid tiominant suppressive effects on
conventional CD4+ CD25- T celia vitro, and their survival and growth relied on IL-2.
Although these studies were performed in mice,dxigtence of a similar CD4+CD25+

T cell population was subsequently confirmed in hosi(Ng, Duggan et al. 2001).

CD25 is a useful marker for obtaining a highly ehed population of Treg cells

in normal naive mice (Sakaguchi, Sakaguchi et@)12 However, CD25 is not unique
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to Treg cells owing to the fact that conventionatdlls also up-regulate CD25 marker
when activated through their TCR. Nevertheless hiwitthe CD4+CD25+ T cell

population there exist cells with potent suppressapabilities.

Recent discovery of the Treg-specific transcriptfantor Foxp3 supported the
identification of Treg cells as a lineage potetyialistinct from other T cells. Being a
master control gene of Treg cells, Foxp3 transiomptactor orchestrates a wide range of
biological processes that are critical for the demment, differentiation, and function of
Treg cells (Fontenot, Gavin et al. 2003; Hori, Noanet al. 2003; Khattri, Cox et al.

2003). Therefore, Foxp3 is currently one of the tmekkable Treg markers.

Constitutive expression of Foxp3 gene can be ueecharacterize Treg cells.
Foxp3 gene was first identified as the defectiveegm the mouse strain Scurfy, with an
X-linked recessive mutant. The mutant male moushibé&s hyperactivation and
overproduction of CD4+ T cells, resulting in automme disease and dysregulated T cell
function that leads to its death within a montreafiirth (Brunkow, Jeffery et al. 2001).
A human counter part of Scurfy, which has the maomatf the human FOXP3 gene, was
also found to develop autoimmune disease (Kim, Rasen et al. 2007; Lahl,
Loddenkemper et al. 2007). Foxp3 transfected Ts@dkert suppressive functiomvitro
and inhibit the development of autoimmune and mffzatory diseaseén vivo (Hori,
Nomura et al. 2003; Khattri, Cox et al. 2003). Lateire data indicated that Foxp3 is
related to CD4+CD25+ Treg cell development, evidehnioy studies that Foxp3-deficient

mice harbor few CD4+CD25+ Treg cells, and trangbectof Foxp3 gene in
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CD4+CD25- T cells can up-regulate expression of £Eontenot, Gavin et al. 2003).
Additionally, CD4+CD25+ T cells in both thymocytench peripheral compartment of
normal mice express high levels of Foxp3, wherdf@ster T cells do not (Hori, Nomura

et al. 2003; Khattri, Cox et al. 2003).

The cellular and molecular mechanisms by which Bogphestrates Treg cell
development and function have not been complettietstood. It has been proposed that
Foxp3 interacts with transcription factors thatilftate the activation and differentiation
of T cells into effectors, overriding their tranigtion machinery, thus converting them to
Treg cells. Such transcription factors include NEAIF«B, acute myeloid leukemia-1
(AML1)/ runt-related transcription factor 1 (Runx®nd the histone acetyl transferase
(HAT)/histone deacetyl transferase (HDAC) (Schubdeffery et al. 2001; Bettelli,
Dastrange et al. 2005). For example, NFAT and NFpk@mote the expression of IL-2
and IFNy, thus contribute to the activation of effector dlle (Rao, Luo et al. 1997).
Interaction between Foxp3 and NFAT could restraipression of IL-2, and promote
expression of CD25. Recent studies demonstratd=thai3 directly or indirectly controls
hundreds (~700) of genes (Marson, Kretschmer eR@7; Zheng, Josefowicz et al.

2007) that encode cytokines (e.g. IL-2) and cetfegie molecules (e.g. FasL).

Other Treg cells markers include cytotoxic T cel$@ciated antigen-4 (CTLA-4)
and glucocorticoid-induced TNF receptor family-teth gene/protein (GITR). It was
found that regulatory activity detectable in theZBBCD4+ T cell population in normal

naive mice was attributed to CTLA-4+ and G[t®Rcells. Depletion of CTLA-4+ and
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GITR™"T cells from normal spleen cells produced more severms of autoimmune
diseases in a wider spectrum of organs (M. Ono @ndsakaguchi, manuscript in

preparation).

In general, the most specific marker for naturalcurring Treg cells is the
Foxp3, which is expressed by the majority of CD4£268P T cells and a fraction of

CD4+CD25- T cells (Figure 2.4) (Sakaguchi 2004).
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Figure 2.4: Cell surface markers for naturally adog CD4+ Treg cells.
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Regulatory T cell functions

Treg cells suppress proliferation and the cytotagtivities of effector T cells
(CD4+ and CD8+), natural killer cells, and DCs. Tthechanisms by which Treg cells
suppress the activity of these effectors remainleamc Several of them have been
proposed, including increase of immunosuppressekmes production, cell-contact-
dependent suppression, and functional modificabbrAPC by Treg cells (Asseman,

Mauze et al. 1999; Seddon and Mason 1999).

Early studies reported that secretion of Tfler IL-10 by Treg cells could
contribute to the suppression of effector T cedlifjgration (Takahashi, Kuniyasu et al.
1998; Thornton and Shevach 1998). These cytokirssdimectly mediate suppression of
responder T cells, or maintain Foxp3 expression sugpressive activity in Treg cells
(von Boehmer 2005). IL-10 has a wide range of imosuppressive effects such as
decreasing T cell cytokine production, and decrepsantigen presentation and co-
stimulatory molecule expression on DCs. T®I5 a pleiotropic cytokine that acts on a
variety of cells and regulates a wide range ofdgaal activities, including wound
healing, cell adhesion and migration, extracellutaatrix formation, cell cycle and cell
death (Nakamura, Kitani et al. 2001). More impattanTGF3 plays a key role in
regulating immune actions, evidenced by the refluat TGF gene knock out mice
developed aggressive autoimmune diseases in thieféw weeks of life (Nakamura,
Kitani et al. 2001). It was demonstrated that nay d GF} is expressed by Treg cells,
but also contributes to the expansion and difféaéiot of Treg cells. Local expression of

TGF{ within the pancreas islets of non-obese diabéti©) mice can inhibit the

- 38 -

www.manaraa.com



autoimmune disease by promoting the expansion efritra-islet CD4+CD25+ T cells
(Javelaud and Mauviel 2004). Studies also showad riaive human T cells could be
differentiated into Foxp3+ regulatory cells whertiated in the presence of TGF-
(Yamagiwa, Gray et al. 2001; Zheng, Wang et al.4206inally, TGF may exert its
effects indirectly by helping to maintain Foxp3 esgsion in Treg cells in peripheral

tissues (Marie, Letterio et al. 2005).

Treg cells also hamper the activations betweenoresgr T cells and DCs in a
cell-to-cell contact dependent manner (Thornton @helvach 1998). This is supported by
the finding that separation of CD4+CD25+ T celld affector T cells with a semi-
permeable membrane vitro impeded the suppressive effect of Treg cells fec&drs
(Takahashi, Kuniyasu et al. 1998; Thornton and 8ble\1998). A recent study suggested
that thisin vitro suppressive cell contact was related to the dsligé a negative signal
such as up-regulation of intracellular cyclic AMB tesponder T cells (Tang and

Bluestone 2008).

Treg cells may also hamper or down-modulate DC tfans and thereby make
DCs unable to activate effector T cells. For exanptudies showed that Treg cells
impeded stable contacts between responder T aellsD&s (Tadokoro, Shakhar et al.
2006; Tang, Adams et al. 2006), leading to anenggfivation of responder T cells,
thereby suppressing immune response. Some studjgested that CD4+CD25+ T cells
down-regulated the expression of co-stimulatoryeunoles on DCs (Cederbom, Hall et

al. 2000) .
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Delivery of IL-10to DCs

I ntroduction

Recombined IL-10 (rlL-10) has been tested in hgaltlolunteers, organ
transplant patients, and rheumatoid arthritis pasi€or its inhibition of pro-inflammatory
cytokine release (Wissing, Morelon et al. 1997; $teyie, Wherry et al. 1998; Boyer and
Marcellin 2000; Colombel, Rutgeerts et al. 2001;0vn de Waal Malefyt et al. 2001,
Herfarth and Scholmerich 2002). The drug was wakrated in healthy adults when
administered intravenously at doses up to 25 p¢{eernoff, Granowitz et al. 1995).
Pharmacokinetic studies showed that rIL-10 wasretkthrough the kidney fairly rapidly
following 1.V. administration and yielded a terminzhase with a short half-life (~2 h)
(Moore, de Waal Malefyt et al. 2001). Thus, vivo administration of rlL-10 often
resulted in low IL-10 concentrations in drug actsites, leading to little or no clinical
improvement (Fedorak, Gangl et al. 2000; NarulaD2@blombel, Rutgeerts et al. 2001).
Increasing the dose of systemically administeredlOL(>25 pg/kg) will cause side
effects including anemia, headache, and flu-likeygtpms (Moore, de Waal Malefyt et

al. 2001; Herfarth and Scholmerich 2002).

Gene therapy provides a unique approach by intindugenes of interest to
target tissue or cells. Genetically modifying D@sekpress IL-10 becomes an attractive
strategy to induce immune tolerance. A successliVely system should protect DNA
molecules from degradation, facilitate gene uptakd expression in target cells, and

have minimal potential for inflammatory respongesivo.
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Geneddlivery barriers

Delivery of therapeutic genes faces a variety ofsptal and biological obstacles

that are categorized into extracellular and intitatze barriers.

Based on the target tissue, extracellular barigars be extracellular glycocalyx
barriers, mucus in apical membrane, glycoaminogly@a tissue interstitum, and
endothelial barriers as exemplified by the bloodirbibarrier. Studies also showed that
DNA or oligonucleotide complexes are degraded bgloenclease in the serum and
rapidly cleared from blood circulation after I.\hjection (Maurer, Mori et al. 1999).
Others reported that several serum proteins suclhoase serum albumin (BSA),
macroglobulin, high-density lipoproteins (HDL) arndw-density lipoproteins (LDL)
interact with cationic lipids in DNA delivery cong)es, altering their physicochemical

properties (Zelphati, Uyechi et al. 1998).

Intracellularly, three major processes, which andogytosis, endosomal escape
and nuclear entry, can affect gene delivery efficie DNA complexes can enter cells
through a number of routes, including membraneofugphagocytosis, macropinocytosis,
clathrin-mediated endocytosis, caveolae-mediatedo@tosis, and other endocytic
pathways. The majority of DNA complexes enter targells by clathrin-mediated
endocytosis. During this process, DNA complexesl im surface receptors and trigger
the formation and accumulation of clathrin-coateskigles that invaginate near the
surface of the plasma membrane. The vesicles dineedal rapidly to early endosomes

(pH 6.0), and then transferred to late endosomEs5{.5) that become more acidic as
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ATP-dependent proton pumps transport hydrogen ionte the vesicle lumen.
Eventually, late endosomes become lysosomes widm dower pH (~5.0), which
accomplishes intracellular digestion using a vagriet hydrolytic enzymes (Schmid,
Fuchs et al. 1988). Thus, delivery vectors incopng a mechanism of endosomal
escape have been developed to avoid lysosomaldggma of carried DNA molecules in
this cellular entry pathway. Lack of an endolyteafure in delivery vectors usually
results in low transfection efficiency even wherhigh cellular uptake is achieved.
Nuclear entry can be easily achieved in rapidlyidiing cells and is often the rate-
limiting step in slow or non-dividing cells. DNA dgments in the cytoplasm can
accumulate in the nucleus by diffusion throughnhelear pore. The size of the nuclear
pore complex is about 25 to 30 nm in diameter dlmdva the passage of molecules with
a molecular weight lower than 40-60 kDa (Pante #@webi 1996). Larger DNA
molecules enter nucleus either during the procéselbdivision, or via a mechanism of
nuclear pore targeting or active nuclear transguth as nuclear localization sequence

(NLS) peptides (Imamoto 2000).

Delivery of 1L-10 gene by viral vectors

Currently available DNA delivery systems can bessified into two categories:
viral and non-viral vectors. Viral vectors (e.gtro®iruses and adenoviruses), which
utilize viral machinery to express carrying geneshie host cells, are capable of inducing
highly efficient gene delivery. For instance, reption-deficient adenoviruses have been
used to successfully deliver IL-10 gene in prechiistudies (Bromberg, Boros et al.

2002). However, viral vectors including adenovigiséso come with the increased risk
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of triggering a viral specific immune response aubsequence immune-associated
pathology in human. This may result in viral veadimination from the host and a rapid
immune response with potentially dangerous consespgeunder extreme circumstances
(Sen, Hong et al. 2001; Buonocore, Van Meirvenna.2002). Additionally, some viral
vectors (e.g. retroviruses) are able to randomiggrate into the host cell genome and
induce mutagenesis, which may be followed by dgualent of cancer, especially upon
chronic administration. Therefore, non-viral detiwesystems become more attractive

because they are less hazardous in terms of imnearoty and mutagenesis.

Delivery of plasmid IL-10 gene by direct injection

A plasmid is a small circular piece of DNA molecuiebacteria that is capable of
replicating independently of the chromosomal DNADAIA fragment that contains a
gene of interest can be inserted into a plasmidthadesulting vector can be used to
import DNA into a host cell. Since plasmid DNA &ssk immunogenic and is generally
considered to be safer compared to viral vectoreently used, it has been widely used
as a non-viral gene delivery vector. Direct adntraison of naked plasmid IL-10 to
experimental animals was evaluated in the past.ablake et al. demonstrated the
delivery of pIL-10 in mice challenged with ovalbum{OVA) antigen through I.V.
injection (Nakagome, Dohi et al. 2005). Experiméwni@a indicated that expression of
serum IL-10 was increased in mice after plL-10 ¢tin and antigen-specific immune
response was suppressed subsequently. The auththrerfconfirmed that suppressive
effect of IL-10 is induced by attenuation of DC ¢tions, including their antigen-

presenting capacity and cytokine productions. Hawewnaked plasmid DNA is
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susceptible to endonuclease degradation and is diffi@ult to cross cell membranes,
which reduce the quantity of DNA molecules takenbyptarget cells, thereby limiting
their efficiency of gene expression. A very highsdmf plasmid DNA (>100 mg per
mouse) is usually required for direct injection aghieve a therapeutic response.
However, such high dose is not suitable for DNA\al into small organs that have
lower capacity, such as mouse thyroids. Moreowssh darge amounts may lead to Thl
cytokine IFNy synthesis in response to immunostimulatory seqegepeesent in plasmid
DNA (Roman, Martin-Orozco et al. 1997), which shibule avoid especially when

immunomodulation is expected.

Delivery of plasmid IL-10 by polymer-based non-viral vectors

Non-viral vectors have been developed to deliveiAEldised therapeutics. Based
on the synthetic material used, they can be cladsifito two major categories: polymer-

based and liposomal delivery systems.

In polymeric delivery systems, natural and synthetitionic polymers or peptides
such as chitosan, poly-L-lysine (PLL), polyethylenime (PEIl) and polymethacrylates
have been widely used (Nguyen, Green et al. 2008gse materials are usually
biodegradable and/or biocompatible, and their plogiemical properties can be
modified for different delivery applications. Catio polymers can condense anionic
DNA molecules into positively charged, nano-scaleaimplexes (polyplexes) via
electrostatic interaction. The smaller size of @aitt polyplexes and the electrostatic

interaction between the polyplex and the cell memerfacilitate DNA intracellular
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uptakes. Additionally, polyplexes can protect DNAlatules from endonucleases and
improve their biological stabilityn vivo. These polymers can also be modified with
functional groups that promote DNA release from amminal compartment into

cytoplasm.

PEI has been investigated as a prominent catiaslignyer for gene delivery due
to its ability to condense plasmid DNA moleculed gorotect them from nuclease
degradation. The amine groups of PEI display prditofier capacity at endosomal pH
and act as a proton sponge that disrupt endosamgbartment to allow release of DNA
into cytoplasm. Lee et al. (Lee, Park et al. 200$3d PEI as a carrier to intravenously
deliver plasmid IL-10 into 5-week old nonobese éitab(NOD) mice at a dose of 50 mg
of DNA per mouse. The self-assembly polymer/DNA pteres were prepared by
mixing PEI (25,000 Da) with pIL-10 in 5% glucoseligmn at a 5/1 N/P (nitrogen of
PEl/phosphate of DNA) ratio. Experimental resultewged that mice 1.V. injected with
PEI/pIL-10 complexes had persistent IL-10 gene esgion greater than 5 weeks
compared to PEI injected-only, and noninjected mdnhice. Assay of serum glucose
levels showed that PEI/pIL-10 injection preventeghd 1 diabetes in 40% of NOD mice.
The study demonstrated that PEI could be usedliced@lL-10 systemically to suppress

autoimmune response in mice.

Polymethacrylates are vinyl-based polymers thatehasen evaluated for gene
delivery. Cationic polymethacrylates are usuallgieaered with side groups containing

tertiary amine, pyridine and imidazole groups whagsplay DNA condensing and proton
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buffering abilities similar to PEI but with lessxioity (Dubruel, Christiaens et al. 2003;
Dubruel, Christiaens et al. 2004). Basarkar etadiricated cationic particles with PLGA
and methacrylate copolymer (EudragiE100) to deliver mouse plL-1® vitro andin
vivo (Basarkar and Singh 2008). Blended with cationicfastiant cetyl trimethl
ammonium bromide (CTAB), the prepared particlepldiged a positive zeta potential
and were capable of loading DNA on the surface. RIEZ00 copolymer showed
increased buffering ability at endosomal pH in pinesence of E100n vitro transfection
study indicated that pIL-10 loaded PLGA/E100 p#&scave greater IL-10 expression in
HEK293 cells compared to plain PLGA particlés.vivo efficacy study indicated that
intramuscular injection of plL-10 loaded PLGA/E1p@rticles at a dose of 3@®/mouse
enhanced IL-10 expression in mice tissue, leadirgffective protection against insulitis.
The study suggested that the cationic polymethategtbased particles are feasible for

IL-10 gene delivery to prevent autoimmune diabetes.

Other biodegradable cationic polymers, such as gdol4-aminobutyl)-L-
glycolic acid] (PAGA) have been synthesized forspié@d DNA delivery. Koh et al.
(Koh, Ko et al. 2000) reported that PAGA enhancddsmpid IL-10 transfection
efficiency in vitro. In vivo injection of PAGA/pIL-10 complexes into the taiem of
NOD mice (100 pg/mouse) elevated serum level oflOL-after 5 days and the
development of severe insulitis on these mice wdsced to 15.7% compared with mice
injected with naked DNA (34.5%) and non-treated en(®0.9%). The study suggested
that PAGA is a suitable vector to deliver plasmidlD to suppress the progression of

insulitis in NOD mice.
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Delivery of plL-10 by liposomal delivery systems

Liposomes are vesicles that consist of an aguemupartment enclosed in a lipid
bilayer. They have been used to formulate a widgeaf DNA delivery system in recent
years. Compared to viral vectors, liposomes areigdly less immunogenic and easier to
be scaled-up in production. Additionally, their esizange, surface charge, and

composition can be engineered.

When using liposomes as gene carriers, DNA moleccds be either entrapped
inside the aqueous core or be carried in the hydaler of the delivery system. Entrapped
DNAs can enter target cells from liposome througbsidn with phospholipid bilayer of
cell membrane or via endocytic pathway. In therlateuation, the mechanism of DNA
release from cationic liposome/DNA complexes inagmmme is driven by interaction
between liposome and endosomal vesicle, and thesegqubnce destabilization of
endocytic membrane that causes disassociation & fddin the complex and its release

to cytoplasm.

Liposome formulations usually contain one catidipad such as 1,2-dioleoyl-3-
trimethylammonium propane (DOTAP) and dioleyloxyopyl trimethylammonium
chloride (DOTMA), and one or more neutral helpepids such as dioleoyl L-
phosphatidylethanolamine (DOPE) and cholesterokio@ia lipids are used to form
complexes with negatively charged DNA moleculese Tiormation of complexes,
referred to as lipoplexes, will improve vector asaton with target cells and offer

protection to carried DNA molecules from endonuséedegradatiom vivo. However,
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excess amount of cationic lipids may hamper DNA&asé from the formulation, leading
to low gene expression. Neutral helper lipids fiorcto stabilize cationic bilayers and
promote endosomal escape. For example, DOPE ureehggxagonal phase transition in
acidic conditions, which will result in the ruptuoé endosome membrane and the release
of DNA to cytoplasm. Therefore, the ratio and th@mbination of cationic lipid and
helper lipid are considered as important factorsCiNA expression as well as liposome

stability.

Liposomal delivery systems have been evaluatedlmsmid IL-10 delivery in
recent years. Fellows et al. used a cationic tpusto deliver IL-10 gene to mice with
established collagen induced arthritis (FellowabgEdge et al. 2000). The liposome was
formulated from a novel cationic lipid cytofectiMCHx), a polyamine analogue
dimethlaminoethame carbamoyl cholesterol (DC-Cha)d DOPE. Human plIL-10 was
constructed with a SV40 promoter and complexed wWXEGHx/DC-Chol:DOPE
liposomes in 1:2.4 (w/w) ratio. Liposomes loadedhwpIL-10 were intraperitonealy
(I.P.) injected into mice with established artlstitExperimental data suggested that
human IL-10 mRNA was detected in the paws 24 haftes injection and IL-10 protein
was also detected in several tissues up to 10 afgs injection in mice. Additionally,
attenuation of arthritis was achieved in plL-10atesl mice for 30 days. The results

suggested that cationic liposomes can be use temsicsdeliver plasmid IL-10.

Kabay et al. used cationic liposomes (DOTAP: Cheles [1:1 molar ratio]) to

I.P. deliver mouse plL-10 to suppress inflammatdgmage triggered by intestinal
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ischemia (Kabay, Aytekin et al. 2005). The authortend that IL-10 protein expression
was improved in mice injected with liposome/plL-tOmplexes compared to the one
without IL-10 treatment. Data also showed that subsequent expression of IL-10
resulted in attenuation of leukocyte infiltraticcélly and reduction of pulmonary tissue
injury that is normally induced by intestinal isahi@a. The study indicated that cationic
liposomes could be used to deliver IL-10 genevivo to modulate damaged immune

responses.

Furukawa et al. used liposome vectors (N-[3-amiappl]-N, N-dimethyl-2,3-
bis[dodecyloxy]-1-propaniminium bromide/DOPE)éo vivo deliver pIL-10 (50ug) to a
rabbit cardiac allograft and examined the efficacyl cardiac adverse effects using a
functional cervical heterotrophic transplant modeéhe study demonstrated that the
expression of IL-10 gene was long lasting and laedl in the target organ. The mean
survival of cardiac allograft was prolonged forajes than 100 days. Expression of IL-10
inhibited the infiltration of T lymphocyte and cytxicity in the cardiac allograft and
modulated pro-inflammatory cytokine production (#kawa, Oshima et al. 2005). The
study indicated that liposome could be usedirtovivo deliver plL-10 to suppress

transplant rejection in rabbit allograft heart splant model.

Limitations of current polymer-based and liposomal delivery systems

Although extensive efforts have been made for #hesbpment of non-viral gene
delivery vectors, current systems are not withaobjems. Non-viral vectors generally

suffer from low transfection efficiency comparedvical vectors. Additionally, some of
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the non-viral delivery systems are associated wytbtoxicity and immunogenicity when

administeredn vivo.

It was shown that chitosan administered at high esloscan cause
hypocholesterolemia in humans. Branched PEI thattigh cationic potential can be
extremely cytotoxic due to induction of apopto$tel suffers from toxicity induced by
its cationic amino acid backbone, which could disrcellular membrane structure. PLL
are also potentially immunogenic, making them uafable for long-term treatments
aiming to suppress immune responses. AdditionBIly,/DNA complexes may undergo
nonspecific binding to cell membrane, thus limititigeir application in targeting

delivery.

Clinical use of liposomes is limited by their cygic effects. It has been
confirmed in various studies that cationic lipidause cytotoxicity and pulmonary
toxicity to varying degrees. Those effects are edusy lipid incorporation in the plasma
membrane facilitated by lipid fusion or mixing (Btatatos, Leventis et al. 1988; Zelphati

and Szoka 1996), which inhibits protein kinase @vag (Farhood, Bottega et al. 1992).

In addition to the safety and immunogenicity consernon-viral vectors
including chitosan, PLL-DNA polyplexes and catiotipgoplexes usually have a high
degree of polydispersity, making it difficult to adacterize and control the
physicochemical properties of the drug productsiclvimay lead to less reproducible

efficacy.
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Characterization of non-viral vectors

In order to achieve efficient gene delivery usim4viral vectors, it is important
to understand the relationship between the phys&moeal properties of the delivery
systems and their transfection activities. Stutii@ge revealed that the physicochemical
properties have an impact on stability of non-virattors and carried DNAs, as well as
biological processes such as association with tacgd#ls, intracellular uptake and

trafficking.

Since DNA complexes are usually formed by the ebstatic interaction between
the cationic charged vectors and anionic charged Didlecules, the mixing ratio of the
two components can be adjusted to produce delivayplexes with different

characteristics, such as particles size and zé&npal.

Particle size of non-viral vectors plays a criticale in gene delivery to target
cells. Forin vivo delivery, particle size needs to be well definedjovern critical factors
including biodistribution, toxicity, and transfeati efficiency based on the target sites.
For example, the optimum particle size for pulmg@n@elivery generally is in the range
of 1-5 microns because particles larger than 5 aongrdeposit primarily in the upper
airways. Submicron particles with diameters lesmtl00 nm are prefer candidates for
tumor-targeted delivery because the particles @@l £nough to extravasate through the
leaky capillaries (pore size ~400 nm) in the tumaheaut excessive distribtion to normal
tissues. Additionally, particle size of non-viratators should be optimized to achieve

effective entries to target cells and avoid beiageh up by macrophages from the
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reticuloendothelial (RES) system.

Zeta potential is an essential property for gernevely vectors because positive
zeta potential facilitate non-specific uptake of ®somplexes via the interaction of the
excess positive charge of the complex to the negattharge cell membrane.
Additionally, particles and complexes can be siabd in storage condition by their
excess zeta potential. Therefore, optimization it zpotential is necessary in order to
yield efficient transfection rate in target cellsida prevent aggregation of DNA

complexes.

Binding between DNA molecules and non-viral vectstabilizes DNA
complexes from denaturation during both extracatlaind intracellular transit (Prevette,
Lynch et al. 2008). However, excess binding betwB&®A and cationic vectors may
hamper the release of DNA from its carrier, causio gene expression. Binding
strength of DNA complexes can be explored by ftiatthe complex with anionic
molecules such as low molecular weight heparindexdran sulfate. The released DNA
can be quantified using gel electrophoresis or gewen® assay. In addition,
thermodynamic approaches including UV melting cumeasurement, differential
scanning calorimetry (DSC), and isothermal titnaticalorimetry (ITC) are used to

examine the stability of DNA/cationic carrier corapés.

DNA UV melting curve analysis has been employedcharacterize binding

stability of DNA/carrier complexes. Melting of DNA conveniently monitored by an
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increase in UV absorbance at 260 nm that resuta the disruption of base stacking in
DNA duplex due to the breakage of hydrogen bonddAase pairs complexed with
cationic polymers or lipids are more stable thagefrunbound base pairs. Therefore,
melting of free DNA molecules occurs at a lower penature, while melting of DNA
complexes occurs at a higher temperature. Wheroiahgimetric stable complex is
formed between DNA and cationic condensate, ordytithinsition due to the denaturation
of the complexed DNA will be observed at higher pemature. However, when an
unstable complex is formed between cationic coratenand DNA, disassociation of the
constituent molecules may have occurred in the éexnpesulting in shift of transition

temperature of the melting curve (Mandel and Fash®ai).

DSC method has been employed to characterizetbeaction between DNA and
cationic condensate. The principal of the DSC apgnois that denaturation of DNA
molecules induces heat adsorption peaks in a thggamg and any increase in the
stability of DNA complex due to interaction withtmmic condensate will be directly
reflected in the change of temperature and enthalgite endotherm in a DSC profile.
Compared to free DNAs, the endothermic peaks of @#plex is presented at a higher
temperature range in DSC curves owing to the is&reaf stability in the system.
Additional methods such as ITC have been used recttiy quantify thermodynamic
parameters of DNA/carrier complexes, including Imgdaffinity (Ka), enthalpy changes
(AH), and binding stoichiometry (n) for the evaluatiof interactions between cationic

condensate and DNA.
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Polystyrene and PL GA polymeric particulatesfor DNA delivery to DCs

Recently, nanoparticles (size 100 nm) or submicron particles (10-1000 nm)
have become attractive tools for drug delivery egagibns due to the reasons shown as
follows. First, nano or submicron particles areeald adsorb, bind and stabilize
molecules such as DNA and proteins on the surfaeeond, the relatively large surface
to volume ratio of these particles make them capalbl carrying more drugs on the
surface compared to other systems. Third, compasigd other larger particulates (>
1000 nm), the smaller size of these particles altivem to penetrate deeper tissues and
to be taken up relatively easily by different typescells. DCs pick up particles more
efficiently than soluble antigen because their disiens are comparable to
microorganisms. It has been found that particlegelathan 1000 nm are internalized
through phagocytosis by APCs including both macag@gls and DCs, while nano and
submicron particles are taken up via endocytosisfepentially by DCs (Vidard,
Kovacsovics-Bankowski et al. 1996; O'Hagan, Singhle2004). Therefore, these types

of particles are more advantageous in passivettaggéelivery of plasmid DNA to DCs.

Submicron particles fabricated from polymers inahgdpolystyrene and PLGA
have been investigated in drug delivery applicaidPolystyrene (Figure 2.5A) consists
of a long hydrocarbon chain with every other carlbonnected to a phenyl group. The
material can easily adsorb proteins and peptidesgwo its hydrophobic surface.
Polystyrene patrticles can stabilize DNA moleculgspboviding DNA absorption and
protection sites on their surface. Polystyrendassified as a biocompatible material by

the Food and Drug Administration (FDA), and hasrbapproved, including particulate
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form, for administration to human via the oral mult is also a component of specific
types of bone cement used in humans. Syntheticmprig particles fabricated from
polystyrene have been tested as vaccine carriarsdae and sheep (Fifis, Gamvrellis et
al. 2004; Scheerlinck, Gloster et al. 2006). Miniggoal. have developed formulations
made of PLL-coated polystyrene nanoparticles, whicimdense and deliver DNA

vaccines to C57BL/6 mice (Minigo, Scholzen et 8102).

Polystyrene is generally safe fon vivo use. Thermal and photo-oxidative
degradation of polystyrene can occawitro but produces only carbon dioxide and water
residue. An independent study that evaluated tfetysarofile of polystyrene particles
demonstrated that subcutaneous/intradermal admatiest of the material in the Sprague
Dawley rat did not induce pathology changes intthsue or organs tested (including
draining lymph nodes, liver, kidneys, spleen, headrenals, lungs, brain) over 28-56
days (Minigo, Scholzen et al. 2007). Additionally,vivo clearance studies in the mouse
after intradermal injection indicated that polystye particles are being slowly cleared

via the RES system.

Because polystyrene is a non-degradable polymemnayt be suitable for making
particles that are for short-term treatments (exgdavo gene delivery). Repeat injection
of non-degradable particles may cause accumulatidhe polymer material in the cells
and tissues, which could lead to potential toxicithierefore, a particle delivery system

based on a biodegradable polymer is more suitabladplications that require long-term
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administration.
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Figure 2.5: Structure of polystyrene (A) and padacfic-co-glycolic acid) (B).
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PLGA (Figure 2.5B) refers to biodegradable copdysnconsisting of various
ratios of two monomers: glycolic acid and lactiedadslycolic acid is achiral and the
lactic acid used is a racemic mixture (d and )GRLis a commercially available, GMP
grade material that has been approved by the FDA&alical applications because of its
biocompatibility and biodegradability. The co-polgmis amorphous rather than
crystalline and shows a glass transition tempegatarthe range of 40-60 °C. PLGA
degrades by hydrolysis of its ester linkages in pinesence of water. It has been
demonstrated that the time required for PLGA degpiad is related to its monomer
ratio: the higher the content of glycolide unithietlower the time required for
degradation. An exception to this rule is the cbaper with 50:50 monomer ratio
exhibits a faster degradation (~ 2 months) (Astetd &abliov 2006). In the body,
hydrolysis of ester links of PLGA produces the oray monomers, lactic acid and
glycolic acid. The two monomers are by-productvafious metabolic pathways in the
body. Thus, PLGA is biodegradable and there is wvempimal systemic toxicity
associated with it. PLGA has long been used in etisnand orthopedic applications, and
in other therapeutic devices (e.g. implants, irdksutures) in humans, as well as a
delivery system for peptide and protein drugs (A#saou, Niederauer et al. 1996;
Temenoff and Mikos 2000). Additionally, it was refmu that PLGA facilitates the
escape from endosome into cytoplasm due to a chargigface charge from negative to
positive at endosome pH (Panyam, Zhou et al. 20023refore, PLGA is attractive to

many researcher involved in DNA delivery.

In most of the previous studies, DNA or proteingirare encapsulated in PLGA
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polymer matrices during fabrication processes i double emulsion (water—oil—
water), solvent evaporation technique. An emulsiontaining a two-phase system is
prepared by combining two immiscible liquids, in ieh droplets of one phase are
dispersed uniformly through the other phase (Tr695). During the preparation of
emulsions, emulsifying agents such as polyvinyblatit (PVA) are added to the system
to reduce the surface energy between the hydropphiase and hydrophobic phase,
therefore stabilizing the emulsion system. In theppration of double or multiple
emulsions (e.g. water-oil-water) system, a two-stagmulsification procedure is
employed, including forming the primary emulsiong(ewater-oil) and adding it to the
second phase (e.g. water-oil-water). The preparatfcemulsions also requires a certain
amount of energy to form the interface betweentihee phases on the droplet. Certain
processes including sonication, homogenizing anblingiiare required for providing

energy to the system.

The advantage of a DNA encapsulation approachriticfepreparation is that the
polymer matrix should protect embedded DNA from andtlease degradation.
Additionally, sustained expression of plasmid DNaéuld be achieved by the prolong
release of the embedded DNA on the order of we€kbkén, Levy et al. 2000). However,
there are several drawbacks in this system for Ridhvery. First, because of the large
size and hydrophilic character of plasmid DNA, grstdation of a high amount of DNA
molecules in hydrophobic PLGA patrticles is a chale Second, DNA may be
inactivated during the encapsulation process bycatan. The shear force in energy-

driven particle size reduction (e.g. sonicationyimy PLGA particle fabrication can
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severely affect the tertiary structure of plasmiNA(Levy, Collins et al. 1999). The
interaction of shear with air-liquid interfaces sfsothe highest potential for damaging
plasmid DNA during sonication. The extent of damégalso found to be dependent on
plasmid size and ionic strength of the environmeérttird, it is well known that
hydrolysis of PLGA may substantially decrease tHeemvironment in PLGA particles,
potentially resulting in degradation of DNA (Waltekoelling et al. 1999; Wang,
Robinson et al. 1999Fourth, due to the fact that plasmid DNA has tifude through
the polymer matrices, the rate of release is oftem slow (release lasts for several
days/weeks) (Walter, Moelling et al. 1999; TinsBgwn, Fretwell et al. 2000; Zhu,
Mallery et al. 2000; Luten, van Steenis et al. 2008e slow release of DNA molecules
may result in less optimal gene expression becafighe following reasons: 1) the
amount of plasmid DNA immediately available afta&llaglar uptake by APCs is too
limited, and 2) plasmid DNA released after dayskgeérom the particles may be

significantly damaged due to the acid microenvirentrin PLGA particles.

Alternatively, plasmid DNAs can be loaded on polyimeparticle surface
associated with cationic agents, rather than epimgpthem in the particle matrices. The
cationic surface of particles is capable of bindpigsmid DNA through electrostatic
interaction, and upon entering cytoplasm intradatiiglutathione can facilitate DNA

release from bound particles (Zugates, Andersah €006).

Cationic peptides and polymers such as PLL and ¢4l be used as DNA

condensing agents to improve delivery efficiencg am protect DNA from enzymatic
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degradation (Pack, Hoffman et al. 2005). Howeveét, B not considered as an effective
polymeric vector presumably because of the lackanf efficient mechanism for
endosomal escape. Endosomolytic agents such asoghipne are required to achieve
DNA release to the cytoplasm when using PLL, bi# i not applicable fom vivo use.
PEI can condense DNA with its high cationic chgogeential (Boussif, Lezoualc'h et al.
1995). It also provides endosomal escape through“groton sponge” mechanism
(Sonawane, Szoka et al. 2003). However, PEI ianateal gene delivery agent by itself

because the polymer causes cell necrosis and a@doghimi, Symonds et al. 2005).

O10H6, a cationic peptide of 10 ornithine and 6&titlise residues, has been
shown in our lab to have more efficient uptake ysCand is less toxic than other PLL
containing cationic peptides (K16 and K10H6) (Cheimg Kovacs et al. 2003).
Ornithine, a non-natural amino acid with a basdesthain (-CH2-CH2-NH2), provides
most of the positive charges at physiological pHe Tpositive charge of the peptide
contributes to DNA condensation that can increalld Mptake and protect DNA from
nucleases (Albert, Jegathesan et al. 2001; MendBattdrfield 2005). The later is crucial
for in vivo gene delivery where DNA is susceptible to serumeslion. To achieve
successful transfection, DNA must escape from tttogome and enter the nucleus after
it is taken up by host cells. Histidine, which laasear-neutral pKa group (pKa = 6) in the
imidazole group on the side chain, can buffer tbieia environment of the endosome,
causing water uptake by a pH pump in order to raantower pH (5-6) inside and

induce endosome membrane rupture (Putnam, Genaty 2001). Additionally, physical
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properties of particles such as surface potentetsbe adjusted by varying the amount of

cationic peptides.
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CHAPTER 3

PHYSICAL CHARACTERIZATION OF POLYCATION-MODIFIED

POLYMERIC PARTICLES LOADED WITH PLASMID IL-10

I ntroduction

Polymeric submicron particles have become vers#tibds for macromolecular
drug delivery (Vasir and Labhasetwar 2006). Macrietuales such as DNA, RNA and
protein can be either encapsulated within the matfipolymer particles, or loaded on
the particle surface. In the second situation, shiemicron size gives the particle large
surface area to volume ration(4 radius’/1.331 x radius®) (Rotello 2003), making them
capable of carrying more drugs compared to micrcalesparticles (Faraji and Wipf
2009). Moreover, experimental data showed partisitealler than 500 nm are taken up
preferentially by DCs via endocytosis (Vidard, Kosavics-Bankowski et al. 1996;
O'Hagan, Singh et al. 2004). Therefore, surfacdddasubmicron particles are chosen as

vectors for passive targeting delivery to DCs.

Polystyrene is stablm vivo and is classified as a biocompatible material &y th
FDA for diagnostic uses in humans. Patrticles fabeid from polystyrene have been used
for passive targeting delivery of DNA vaccines t@¥(Minigo, Scholzen et al. 2007). A

recent study demonstrated that polystyrene pastafighin optimal size range (100-500
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nm) can be taken up efficiently by a large portadnDC population within 4 hours of
incubationin vitro (Foged, Brodin et al. 2005). When modified with at¢ely charged
carboxylated functional groups, polystyrene pagsaotan adsorb cationic peptides on the
surface, making them capable of binding and condgnslasmid DNA molecules via
electrostatic interactions. Such types of polycatiwodified carboxylated polystyrene
particles have been used in our lab to succesdiigliyer oligonucleotides and DNA to
DCs. However, polystyrene is a non-biodegradablgnper that can accumulate slowly
in the spleen and liver after repeated injectiom$erefore, delivery vectors formulated
with biodegradable polymers would be more suitéteclinical applications that require

long-term administration.

PLGA has been approved by the FDA for drug andemodelivery due to its
good biocompatibility and biodegradability (Panyaand Labhasetwar 2003; Bala,
Hariharan et al. 2004). PLGA has been used as @\opr for the fabrication of nucleic
acids carriers because of its capacity to encasgeomalecules in matrices (Panyam and
Labhasetwar 2003). In this research work, we chosdéoad plasmid DNA on the
polymeric particle surface rather than entrappmthe particle matrice in order to reduce
degradation of encapsulated DNA during particleritation and drug release (Walter,
Moelling et al. 1999; Wang, Robinson et al. 1998has been reported in our lab that the
cationic peptide O10H6 can be adsorbed on both ®E RLGA particle surfaces,
providing a positive surface capable of loading aoddensing DNA molecules (Zheng,
Kovacs et al. 2006). Compared to other PLL contgncationic peptides (K16 and

K10H6), O10H6 has been shown to have more efficigstbke by DCs with less
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cytotoxicity (Chamarthy, Kovacs et al. 2003). Armtlpurposed advantage of &i2&s
and PLGAvonsparticles is their physical properties such asamgfpotential which can
be controlled by varying the amount of the catiopeptide O10H6. These properties
have an impact on their stability as well as biataf processes such as target cell

association of these particles.

In the work presented in this chapter, physicalpproes (e.g. particle size
distribution and zeta potential) of Bi9He and PLGAy 1016 particles loaded with plasmid
DNA were evaluated. Their ability to condense atadbiize DNA molecules from serum
endonuclease was also determined. These chartctetimve a great impact on the
stability of gene delivery vectors, as well asicalt biological processes during gene
transfer. The objective is to evaluate the physaaracteristics of R$ons and
PLGAo1046 particles, and determine the suitability of theseticles to deliver plasmid

DNA to DCs.

- 65 -

www.manaraa.com



Methods

O10H6 peptide and plasmid DNASs
The cationic peptide, O10H6 (MW = 2250) (Figurel 3A) was custom

synthesized by Sigma-Genosys (Houston, TX). Crusfaiges were purified by HPLC
(>90%) and their identities were confirmed by Idjghromatography-mass spectrometry.
Peptides were aliquoted in sterile distilled wated stored at -8C until use. Plasmids
encoding murine IL-10 (Figure 3.1B, pUMVC3-mIL10568B bp), Green Fluorescent
Protein (pUMVC3-GFP) and Luciferase (pUMVC3-Luc) r@eobtained from Aldevron
(Fargo, ND), aliquot in distilled water, and storied-8C°C until use. The transgenes in
these vectors are driven by the cytomegalovirus Y ptomoter/enhancer with trimmed

intron A and a rabbiB-globin polyadenylation (poly A) signal.
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Preparation of PSo;gns-plL-10 and PL GAg1gns-plL-10 particles

The vectors for plasmid IL-10 delivery were carblatgd polystyrene
(Polysciences Inc, Warrington, PA) and PLGA (50:5M.W. 12,000-16,500,

Polysciences Inc, Warrington, PA) particles coatgti O10H6.

The plain polystyrene particle has an average diangd 100 nm with less than
10% variance. The polystyrene vector was formulatsdollow: 3uL (75 pg) of PS
particles (2.5% wi/v; 4.58L0"" particles.m[*) were first coated with 200g of O10H6 in
300 pL of deionized-distilled water (ddiD). To assure sufficient binding of O10H6 to
the particles, the components were equilibrated th5mL Eppendorf tube with gentle
shaking for 2 h at room temperature on a mini shaka setting that is equivalent to the
second lowest speed. The resulting positively adhngarticles were then equilibrated
with the plasmid DNA (15.49) for an additional 30 min with gentle shakingrabm
temperature. The N: P ratio for g1 PDNA particle was estimated to be 9-18:1. The
final particle had plasmid DNA (e.g. plL-10) conded by O10H6 associated with
polystyrene particle surface and was referred t8@sous—PDNA (e.9. P310n6pIL-10,

PS10nepLluc and P8ionepGFP).

PLGA particles were prepared in our lab using abteemulsion (w/o/w) solvent
evaporation technique described previously (Wartdpifson et al. 1999; Jain 2000). 200
uL of aqueous solution and 6 mL of a solution of Imyktne chloride (MeG) and PLGA
(3%, w/v) were emulsified by sonication. A Fisheodel 100 sonic microprobe was used

to introduce 24 W of energy (over 2 min) to formstlwater-in-oil emulsion mixtures
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were sonicated on ice. This primary emulsion wadedddrop wise into 20 mL of
aqueous solution of poly (vinyl alcohol) (0.5%, Wio form a water-in-oil-in-water
emulsion. PVA, a non-mutagenic polymer with low tecaral toxicity (LD50 = 15-20
g/kg), has been commonly used as an emulsion igebih the preparation of PLGA
particles. The resulting double emulsion was sifog 4 hours in chemical fume hood to
allow the MeC} to evaporate. Particles were recovered by ulttadegation and washed

twice with ddHO before lyophilization to remove excess PVA andrapped DNA.

The PLGA particles used in the experiments wereeeityophilized or freshly
prepared prior to each analysis. Our lab data stdhat freeze-dried PLGAns l0aded
with oligonucleotide retains 90% of its physicalacicteristics (particle size and zeta
potential) upon reconstitution (Zheng, Kovacs et28l06). The PLGA delivery vector
presented in this chapter was formulated as foll@0g.g of lyophilized PLGA was first
coated with 20Qug of O10H6 in 300uL of ddH,O. To assure sufficient binding of
O10H6 to the particles, the components were eqatkol in a 1.5 mL Eppendorf tube
with gentle shaking for 2 hours at room temperatme mini shaker at a setting that is
equivalent to the second lowest speed. The regyttasitively charged particles (denoted
as PLGAvi019 Were then equilibrated with the plasmid DNA () for an additional 30
min with gentle shaking at room temperature. The®Natio for the PLGA101s0)DNA
particle was estimated to be 9-18:1. The finalipiarthad plasmid DNA condensed by
O10H6 associated with the PLGA particle surface aag referred to as PLGAoHe

pDNA (eg PLGA)10H5p|L-10, PLGAOJ_OH(,-pLUC and PLG/%lOH(,-pGFP)

- 69 -

www.manaraa.com



Particle size and zeta potential analysis

A Nicomp 380 ZLS analyzer (Particle Sizing Systef@anta Barbara) was used
to determine the zeta potential of 2&spIL-10 and PLGA10nepIL-10 particles. The
instrument operates on the dynamic light scattefidigS) principle, capable of detecting
particles size diameter ranging 1-5000 nm.The npzaticle size was measured using
suspensions (3 mL) of fresh polystyrene or PLGAiplas, and particles modified with
O10H6 and plL-10, diluted 10 times with dgfBlin 4 mL disposable glass tubes. Radius
was calculated using the Stokes—Einstein equatesed on diffusion coefficient of the
particles in the medium. Data were integrated d@min in duplicate experiments and

were test fit for Gaussian and non-Gaussian funstio

Zeta potential measurements were performed wittpksdiluted 30 times with
ddH,O (pH = 7.4) in 3 mL disposable glass tubes. Daggewntegrated over 10 min in
duplicate experiments. The measurement is basedlemrophoretic mobility of the

sample particles when subjected to an electrid fiel

Gel electrophoresis

In order to confirm the binding of pDNA onto therfaice of PLGAy1016 and
PSo10m6 particles, the electrophoretic mobility of nakddsmid or the respective DNA
complexes (O10H6-pIL-10, PLGAoHs—PDNA, and P&;0ns-pDNA) was evaluated by
agarose gel electrophoresis. Samples were anaiyZE agarose gel (MP Biomedicals,
Solon, Ohio) with or without the addition of low teoular weight heparin sodium

(Eikins-Sinn, Inc., Cherry Hill, NJ) (50 U/mL) thaain release charge-bound DNA. DNA
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was visualized by ethidium bromide staining. Thedomg of DNA on the particles is
determined based on the ability of each compleprévent the migration of negatively

charged pDNA toward the anode of the electric feflthe agarose gel.

To assess the stability of pDNA against nucleaaked plasmid or the respective
DNA complexes (O10H6-plL-10, PLGAone—pPDNA, and P&ionspDNA) were
incubated with 10% fetal bovine serum (FBS) at ‘€7 for overnight. Following
incubation samples were analyzed in agarose gel.rholecular weight heparin sodium
(50 U/mL) was added to samples to release chargeebDNA in 1% agarose gel. DNA
was visualized by ethidium bromide staining. Petaga of DNA recovery was
calculated by dividing the band intensity of DNAcogered with the intensity of DNA

loaded (multiple by 100).

-71 -

www.manaraa.com



Results

Physical characterization of PSoigne-plL-10 and PL GAo1gne-pl L-10 particles
as colloidal dispersions

Particle sizes and zeta potentials of unmodifiatiglas (PS and PLGA), O10H6
coated particles (Rgonsand PLGAv1016), and DNA loaded particles (B®ueplL-10and
PLGAo1016PIL-10) were measured using Nicomp 380 ZLS analyParticle size data
from three independent experiments indicated ttditian of O10H6 and pIL-10 slightly
increased the size of the complex relative to unfieabparticles (Figure 3.2, Table 3.1).
Carboxylated polystyrene particles had an averagkeodynamic size of 104 0.8 nm
whereas sizes of B@usand P310n6pIL-10 were found to be 121728.4 nm and 126
8.3 nm, respectively. Modifying the surface of PL@articles (25% 3 nm) with O10H6
and plL-10 generated slightly larger particles vA#v.% 5.9 nm (PLGA1019 and 297
14.1 nm (PLGA1neplL-10) in diameter. This change in size is cotesis with
association of O10H6 and DNA on the particles. Thaeticle size deviation of the
complex became slightly larger after addition of0BI6 and pIL-10 (Table 3.1), but the
relative standard deviation in BopspIL-10 and PLGA:0n6pIL-10 remained to be

6.6% and 4.6%, respectively.

Data also showed that both &i&epIL-10 and PLGA0nspIL-10 displayed
unimodal (Gaussian) distributions (Figure 3.2)he submicron range (Chi-square@]
= 0.76). This result indicated that both systemssteas uniform stable colloidal

dispersions, which is a prerequisite in parentadahinistration. It also implied that the
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three-component particle (BnespIL-10 or PLGAG10n6pIL-10) is the dominant specie
in the dispersion. Because both systems remainiedviE0 nm in diameters, B&we-
pIL-10 and PLGA0n6PIL-10 particles are suitable for passive targetitgjvery into

DCs (Cohen, Levy et al. 2000; Panyam, Dali et @03).
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Figure 3.2:Mean diameter (left) of PS and PLGA particles. tétjgam (right
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Mean diameter Standard Deviation

Particle (nm) (nm)

PS 104.0 +0.8
PSo10Hs 121.7 +28.4
PSOlOH6'p”—'10 126.0 +8.3
PLGA 258.6 +3.4
PLGAOG10Hs 277.9 +5.9
PLGAOG10m6-pIL-10 297.2 +14.1

Table 3.1: Summary of particle size analysis obR® PLGA patrticles.
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The surface repulsive force of colloidal partidesssociated with the stability of
colloidal dispersion. This property can be evalddig the surface electrostatic potential
(zeta potential) of the particle. Figure 3.3 andl€&€a3.2 are the results of zeta potential
analysis from three independent experiments. Therage surface potential of
unmodified PS particle is -36.31+£5.26 mv. This rniagapotential is due to the presence
of carboxylate groups on the surface of PS pasiclEhe average zeta potential of
unmodified PLGA particle is slightly negative (-320.21 mv), which is due to the
presence of PVA molecules (mainly hydroxyl groups) the surface. The negative
surface of both unmodified particles is capablalasorbing cationic peptide O10H6 via
electrostatic interaction. As shown in Figure 318l alrable 3.2, addition of O10H6
reverses the surface potential of both unmodifi&daRd PLGA particles from negative
to positive. Modifying the surface of PS particlesth O10H6 changed their zeta
potential to 30.61+£3.05 m\ikewise, altering the surface of PLGA particlesnwd10H6
changed their surface potential to 5.2 mv. Thensalef the zeta potential is the result of
absorption of O10H6 peptide on the particle surface the protonation of excess
amount of polycation O10H6 at neutral pH. This pesipotential provides a tunable
binding surface for plasmid DNA. After addition plL-10, the surface potential of both
particles was not changed dramatically. As showRigure 3.3 and Table 3.2, the zeta
potential of P@1oueplL-10 and P3i10nspIL-10 particles are 31.26£2.46 mv and 4.5
mv, respectively. This positive surface potentigdhbgizes P3ionsplL-10 and

PLGAoG1016pIL-10 particle dispersion.
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Figure 3.3: Zeta potentials of PS and PLGA parsicle
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Particle Zeta potential

Standard Deviation

(milli-volt) (milli-volt)
Plain PS -36.31 +5.26
PSo10m6 30.61 +3.05
PSo10me-pIL-10 31.26 +2.46
Plain PLGA -12.30 +0.21
PLGAOG10H6 5.2
PLGAG10H6-pIL-10 4.65 +0.53

Table 3.2: Summary of zeta potential analysis 0BR& PLGA particles.
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Complexation of plasmid IL-10 on PL GAg1one particles

Particle size distribution and zeta potential dattggested that cationic peptide
O10H6 was associated on the surface afiisand PLGAv1ons particles. The ability of
polycation O10H6 coated particles to bind and cosdeDNA molecules was further
confirmed using gel electrophoretic analysis. Asveh in Figure 3.4b, pIL-10 was
immobilized on PLGA:0ns particles after running the gel at 90 volts for rth when
free pIL-10 was shifted to anode (on the rightithe same electric field. The lack of
DNA migration in samples suggested plasmid moleculeere associated with
PLGAo1016. Further electrophoretic analysis after the addibbexcessive amount of low
molecular weight heparin sodium (an anionic polyrtteat competes the electrostatic
binding between cationic peptide and DNA) showeat free pIL-10 was released from
PLGAo1016 particles (Figure 3.4a). The immobilization andease of pIL-10 on
PLGAo10m6 particles before and after heparin addition wassstent with an O10H6-
pIL-10 complex, indicating that the binding betweRhGAo;0ns and plasmid DNA is
mainly via strong electrostatic interactions. Bymgaring the band intensity of DNA
released by heparin from PLGAwe particles with the control well loaded with thersa
amount of free pIL-10 (Figure 3.4a) using Imageflvare, we estimated that 87%
(percent recovery) of plL-10 on PLGAyws Was associated with O10H6 through ionic
interactions. Taken together, these data suggdbida PLGA particle presents an

electrostatic surface conducive for O10H6 bindind BNA condensation.
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PL GAO1OH6‘plL1 0

O10H6-pIL10

With Heparin

Control plL10

PLGA O‘IﬂHﬁ“plL‘lﬂ

O10H6-pIL10

Without Heparin

Control plL10

Figure 3.4: Complexation of pIL-10 with PLGfe Samples of free plasmid IL-10,
O10H6-pIL-10 complex and PLGAoHepIL-10 particle were loaded in 1% agarose gel
and mobilized in an electric field (anode on thghtj 90 volt) for 50 min (b). Low
molecular weight heparin sodium was then addedatoptes to release charge-bound
DNA in 1% agarose gel which was mobilized in thengaelectrophoresis condition (a).
DNA was visualized by ethidium bromide staining.
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Serum stability of plasmid DNA carried by PSoioqe @and PLGA 1016

At in vivo conditions, DNA molecules are susceptible to degiad by serum
endonuclease. Cationic peptides including O10H6 @apable of protecting these
molecules from nuclease by forming complexes whtbn. To evaluate the ability of
PSoio0nsand PLGAv oHsparticles to protect plasmid DNA from serum dedizdiion, free
plasmid DNA, O10H6-DNA complexes, BonesPIL-10and PLGAv10H6PIL-10 particles
were incubated with 10% FBS at 37 °C for up to 48re. An excess of low molecular
weight heparin sodium was added to samples afterbetion to release charge-bound
DNA from the complexes prior to electrophoresisli agarose gel. Unbound DNA
molecules were mobilized in an electric field (a@ash the right, 90 volt) for 50 min and
DNA was visualized by ethidium bromide staining eTlesults (Figure 3.5) demonstrated
that DNA molecules carried by B®ns particles had highest amount of DNA remaining
among all the groups after extended incubation WEBS. In contrast, naked DNA and
DNA incubated with PS only (without O10H6) were quately degraded after serum
incubation. DNA complexed with O10H6 (without PSycaresulted in some DNA
degradation after incubation with FBS, as evidenbgdthe lower DNA recovery
compared to P&onsPIL-10 particles. These data suggested thap:fS particles
protected DNA molecules from serum degradation. Délfectly incubated with PS
particles was not protected in serum because nglesnwas formed between the two.
The association of cationic peptide O10H6 on th#igda provides a binding surface for
plasmid DNA, improving the stability of O10H6-pllO1complexes against serum

degradation.
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Likewise, PLGAv10H6 also confers plasmid DNA protection in serum. Ctaxed
or free plasmids (pLuc) were incubated in the preseor absence of 10% fetal bovine
serum at 37 °C for 48 hours and heparin was aduled¢h incubated sample. DNA was
analyzed in 1% agarose gel electrophoresis andahasad by staining with ethidium
bromide. Percent DNA recovery was calculated ugphgc released without serum
incubation as the control. As shown in Figure §ri@ater than 50% of pLuc loaded onto
PLGAo10nsWas recovered after incubation. Conversely, freesmplds were completely
degraded after serum incubation. This result irtdot@hat condensation of plasmid DNA
on PLGAoionssurface protects DNA from serum digestion. AlthouybOH6 bound the
plasmid molecules, in the absence of PLGA, the Dh&s completely degraded by
serum incubation over 48 hours, while more than S56RDNA still bound to the
PLGAo10m6 particle after the incubation. This result demoatsd that PLGAparticle
improved stability of O10H6-DNA complexes in serufresumably, the polymer
backbone may provide an anchorage for O10H6-DNA pteres, rendering extra

protection mechanism against serum endonucleases.
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“0O10H6-pIL-10

PS-plL-10

Naked plL-10

Figure 3.5: P&ionsplL-10 particles protect plasmid IL-10 from seruhgestion. Naked
plasmid DNA or the respective DNA complexes wereubrated with 10% FBS at 32

for overnight. Low molecular weight heparin sodiuvas added to samples to release
charge-bound DNA in 1% agarose gel. DNA was vigeali by ethidium bromide
staining. A representative of three experimenshmvn.
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O10H6-pLuc
plLuc

Serum incubation

O10H6-pLuc
plLuc

No serum

With Heparin

Cathode Anode

Figure 3.6: PLGA10nepIL-10 particles protect plasmid L0 from serum digestio
Complexed or free pLuc were analyzed in 1% agagedewith or without incubatic
with 10% fetal bovine serum (3TC, 48 hous). DNA in wells was released by hepi
(50 U/mL) and visualized by staining with ethidiubnomide. Percent recovery v
calculated using pLuc released without serum inttabaas the control. DNA in contr
“pLuc” lanes (with and without serum) was aled to migrate before the additior
heparin to other groups. A representative of timdependent experiments is shown.
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Discussion
The results presented in this chapter demonstithi@dP %1046 and PLGAv1016

particles are suitable carriers for DNA deliveryGs.

The goal of particle formulation is to form a swbtolloidal dispersion that
retains both monodispersity and particle size iefhort to achieve consistent efficacy. A
colloidal system consists of particles (usually giag in size from 1nm to [im)
distributed evenly throughout a dispersion medidm.pharmaceutical applications,
colloids such as liposomes, micelles or submicrartigdes have been used as drug

delivery systems for therapeutics in parenteraliattnation.

Particle size distribution of Rxns and PLGAv101s Was measured by dynamic
light scattering with a Nicomp 380 particle analyZBLS is a technique measuring the
particles suspended in a liquid in the submicrayioe The principle of this method is
briefly described as follows. Particles in a callli system are in the state of random
movement caused by Brownian motion, and this matewmses the intensity of scattered
light to fluctuate as a function of time. The speefd given particles is inversely
proportional to its size and smaller particles méager than their larger counter parts.
Diffusion coefficient of the particles can be maasuby analyzing the fluctuation rate of
scattered laser light in the system, which is alagdifrom the correlation function of
signal decays. Thus, size of spherical particleb @ calculated using the Stokes—

Einstein equation based on diffusion coefficientna particles in the medium.
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The unimodal distribution of RgonspIL-10 and PLGA0nepIL-10 particles
indicated that both systems exist as uniform stabl®idal dispersions, and the three-
component particle (ReonepIL-100r PLGAo10n6PIL-10) is the dominant specie in the
dispersion, given that their mean diameters aretl2@ nm for Pg;0nepIL-10, and 297
+ 14.1 nm for PLGA10nepIL-10 (Chi-squaredy2] = 0.76). These results also indicated
that particle sizes of RpnspIL-10 and PLGA10n6PIL-10 remain below 500 nm, which

is preferred for DC uptakes.

Zeta potential is a measurement of the electricgehacquired by a particle,
which is a good indication of how stable the systenColloidal dispersion is governed
by both the repulsive force from the electric deulalyer of particles and the attractive
Van Der Waals force that particles experience ay #pproach one another. When the
particles collide as a result of Brownian motiomeyt can adhere and form aggregates.
The electric repulsive force of the particle, or tither hand, presents an energy barrier

to overcome the attractive Van Der Waals force, thedeby stabilizes the system.

Particles with positive or negative zeta potentidll repulse each other and
remain in a stable, monodisperse form. Howeveressige high surface potential could
increase the toxicity of particles by disrupting gtructure of negatively charged cellular
membranes. The positive zeta potential stabilR2&sionsplL-10 (31.3 mv) and PLGA

o10H6PIL-10 (4.3 mv) particles as colloidal dispersianmshout increasing their toxicities.
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Our data also showed that both plain PS and PLGActes have negative zeta
potentials, owing to the presence of carboxylatd BWA groups on PS and PLGA
particles, respectively. The display of PVA mol@subn the exterior of PLGA patrticles
was confirmed in our lab using an IR spectrome#drich is consistent with the result
reported previously by Sahoo et al. (Sahoo, Pangtial. 2002). The carboxylate and
PVA groups on PS and PLGA particles serve as ctsmdion polyelectrolyte-adsorption
of polycation O10H6. Successful coating of O10Hhw6both particles was confirmed by
the reversal of zeta potential upon addition of B&@eptide. The binding of the peptide
was also indirectly verified by the slight increasé particle size of P&ons and

PLGAo1046 particles compared with the plain particles.

The principle role of O10H6 is to exert a tunabldAbinding surface so that
DNA can be loaded and protected on the particlasidering that the ionic interaction
between the DNA and O10H6 peptide is strong endaghind DNA. Previous data in
our lab showed that short oligonucleotides bindDi®dH6 on polystyrene particles and
that the half-maximal concentration of O10H6 reedifor DNA immobilization is 0.5
mg/mL. Gel electrophoresis data presented in thepter demonstrated that plL-10 was
condensed on PLGAoHs particle via electrostatic interaction, as evid=hdiy the
release behavior after the addition of excessiveusntnof low molecular weight heparin.
The binding of pIL-10 on PLG#yons particles was indirectly confirmed by the slightly
increase of particle size of BgnepIL-10 and PLGA10u6pIL-10 particles compare with

PS:)lOHeandP LGA010H6particIes.
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One of the important features of cationic peptidBlA complex is its ability to
condense and protect DNA against serum endonucledseh is critical forin vivo
delivery. Our data confirmed that O10H6 peptidenal protected DNA in serum for up
to 24 hours. Moreover, data from gel electrophoramalysis showed that polycation
particles P51046DNA and PLGAy10nsDNA have greater DNA retention compared to
O10H6-DNA complexes after 48 hours incubation inuse The result indicated that
coating of polycation on particles improved its teative effect on DNA against serum
endonuclease. Presumably, the polymer structurpobfstyrene and PLGA provided
anchorages for the cationic peptide/DNA complexasd thus rendered additional

protection mechanism against nuclease in serum.

In summary, P&ons and PLGAy 1016 particles existed as a colloidal dispersion
with a preferential size range for DC uptake. Th20B6 coated surface on these
particles is capable of binding and protecting pliaisDNA from serum endonuclease.
Thus, P31016 and PLGAv 1016 particles are suitable for DNA delivery to DCs ahdse

vectors might serve as a non-inflammatory alteveato lipid and viral vectors.

-88-

www.manaraa.com



CHAPTER 4

O10H6 MODIFIED POLYSTYRENE AND POLY (LACTIGZO-
GLYCOLIC ACID) PARTICLES ENHANCE GENE TRANSFER INTO
DENDRITIC CELLS

I ntroduction

Gene therapy has emerged as a field with the goaladulate cell functions by
introducing gene of interest to target cells. Eéfit delivery of DNA-based therapeutics
is challenged by physicochemical and biologicakibes presented in blood circulation,
tissues, and cells. Major delivery barriers inclaggradation of DNA in the extracellular
space by nuclease, internalization of DNA into ¢argells, escape of DNA from
endosome into the cytoplasm, and transfer of DNi& the nucleus. Development of

vectors to overcome these barriers is importaattoeve efficient gene delivery.

The objective of the work in this chapter is toleate the performance of Bgus
and PLGAvions particles as vectors to deliver plasmid DNA to Di@svitro. The
hypothesis is that the polycation surface-modifietiymeric particles could facilitatie
vitro gene transfer to DCs for three reasons. Firstjrapaf cationic peptide O10H6 on
polymeric particle improves its ability to conderi3BAs and stabilize these molecules
against endonuclease in serum (Albert, Jegathetsah 2001; Meng and Butterfield
2005). Data presented in the previous chapter dstradad that P§ons and PLGAv10H6

particles increased the stability of loaded DNAserum. Second, submicron range
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particles have been used in passive targeting DMAvety to DCs, because these
particles can be taken up preferentially by DCeulgh the endocytic pathway. Third, the
histidine cluster in O10H6 peptide functions asaard-buffering agent to assist DNA
escape from the endosomal compartment to the dy{didoux, Kichler et al. 1998;
Putnam, Gentry et al. 2001). In this chapter, ithesitro transfection efficiency of
PS04 and PLGAv1016 particles was investigated in pGFP, a reporteegdasmid and

plIL-10, a therapeutic gene plasmid.
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Methods

Generation of primary DCs

Six to eight weeks old female certified virus fré&7BL/6 (H-é’) and BALB/c
(H-2% mice were purchased from Hilltop Lab Animals,.l(8cottdale, PA) and housed
in the Duquesne University Animal Care Facilityl Akperimentations were handled in

accordance with the institutional animal care polic

The method of generating primary DCs was adaptad the Inaba protocol with
modifications (Inaba, Inaba et al. 1992; Meng, 8dield et al. 2001). Harvested bone
marrow progenitors from femurs were cultured owvgnhiin serum free Roswell Park
Memorial Institute (RPMI) medium (Life technologj&3aithersburg, MD). Nonadherent
cells were then re-plated at ®1@ells/mL in 6-well tissue culture plates (Costar,
Cambridge, MA, USA) in RPMI containing 10% heatéhaated fetal bovine serum, 50
MM 2-mercaptoethanol, antibiotics (penicillin/strepiycin/fungizone), all from Life
Technologies (Gaithersburg, MD), and cytokines ¢mi of murine GM-CSF and 5
ng/ml of murine IL-4; R&D Systems, Minneapolis, Midipd maintained at 37TC in 5%
CO.. On day 4, nonadherent cells were removed by atsmiy 80—90% of the media and
adherent cells were re-fed with culture medium (¥1@° cells) containing murine GM-

CSF and IL-4.

Invitro IL-10 gene transfection

On day 6 of primary DC culture, culture medium wamoved and cells were
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washed two times with 1 mL ofxlsterile PBS at room temperature, followed by
complete removal of PBS from each well and additbt.2 mL of sterile serum reduced
Opti-MEM media (Invitrogen). DCs were transfectedthwa plasmid reporter gene
encoding green fluorescent protein (pGFP, 5.3 kogé, ND) and pIL-10 using B&we-
pIL-10 and PLGA101epIL-10 particles. Free plasmids were used as ¢imérol. 75ug of
PS or 60ug of PLGA particles coated with 2Q@® of O10H6 and 1%g 300uL of DNA

in 200 L of ddH,O were then added to each well and incubated foa#37°C in 5%
CO,. Upon completion Opti-MEM was then removed and ¥ese washed with 1 mL
of 1x sterile PBS. Fresh RPMI 1640 media containing EB% and GM-CSF/IL-4 was
added to each well and DCs were cultured in fondditional 24—48 h at 37C in 5%
CO,. Expression of pGFP or plL-10 after the transtactivas analyzed using confocal
imaging or reverse transcriptase polymerase chaaction (RT-PCR) analysis,

respectively.

Confocal imaging analysis of pGFP expression

Bone marrow-derived primary DCs were allowed to eadhto coverglasses,
washed with PBS, and exposed to $00of PLGAG10nspGFP particles in 1.2 mL Opti-
MEM media for 4 h 37°C in 5% CQ. Upon completion of transfection, DCs were
washed and cultured in RPMI medium containing 1086 Fand GM-CSF/IL-4 for an
additional 48 h. After the incubation period, cellsre washed in PBS twice and fixed in
4% paraformaldehyde for 15 min af@ before mounting on slides with MOWIOL4-88

anti-fade media (CalBiochem, Darmstadt, Germang)ages were collected using a
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Leica TCS SP-2 spectral microscope (Leica Micrasyst AG, Wetzlar, Germany) with

an argon/helium laser and FITC filter.

IL-10 RT-PCR analysisof I1L-10 gene expression

Total RNA of transfected DCs was isolated usingVat&al RNA isolation kit
(Promega, Madison, WI). 0.1-0.5 mg of RNA samples veanplified using One-Step
Eppendorf Master RTplus PCR kit (Eppendorf, Hambugrmany) in an Eppendorf
MasterCycler. 2uL of primer pairs (7.5 pmoleg/ L) specific for IL-10 andp-actin
(R&D Systems, Minneapolis, MN) were added to 0340y of RNA sample in a reverse
transcription (50°C for 50 min) step, followed by denaturation (82 for 4 min). The
amplification steps consisted of 35 cycles of teatgldenaturation (94C for 45 s),
primer annealing (58C for 45 s) and primer elongation (88 for 45 s). 2QuL of PCR
products were loaded in 2% agarose gel and ruf abls for 50 minutes and DNA was

visualized by 0.ug/mL of ethidium bromide in agarose gel.

-93 -

www.manaraa.com



Results

To evaluate the gene transfer efficiency, bone omarderived DCs (BMDCs)
were transfectedh vitro with PSionsand PLGAv10nsparticlescarrying a reporter gene
pGFP. Free pGFP was used as a control vector testigate whether the O10HG6-
modified polymeric particles can facilitaie vitro gene transfer to DCs. Reporter genes
are common tools for evaluating gene transfer iefficy of a delivery vector. Expression
of pGFP will result in the synthesis and accumalatof green fluorescence protein in
cytoplasm, which has a major excitation peak ataelength of 498 nm and an emission
peak at 509 nm in the lower green portion of theible spectrum. Thus, pGFP
expression can be evaluated by confocal imagintysisausing an inverted Leica TCS
SP-2 spectral microscope with an argon/helium laset a FITC filter cube as the

excitation source.

The confocal images shown in Figure 4.1 are celfgessing green fluorescence
protein after transfection with B&rspGFP (a), PLGA101epPGFP (b), and free pGFP(c)
using a 63X oil immersion objective. The green feszence in the images was emitted
by the green fluorescence protein and the averagasdity in each image was quantified
using ImageJ software. Analysis of the images skowet DCs transfected with
PS10n6pGFP resulted in 77% increase in fluorescencengityy compared to those
transfected with free pGFP (Figure 4.1a and c)JeMdCs transfected with PLGAoHs
pGFP showed 72% of enhancement of pGFP intensiy o#lls treated with free pGFP
(Figure. 4.1b and c). The increased intensity ekgrfluorescence in cells came from the

more efficient expression of pGFP, indicating thath P%;:01s and PLGAy 1016 particles
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can effectively facilitate gene delivery to DCsadéng to increased transgene expression

over free plasmid DNA.
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13.21 um

PSo104a-PGFP/DCs PLGAgoms-PGFP/DCs pGFP/DCs

Figure 4.1. Transgene expression in DCs transfebyedcomplexed or free pGFP.

Confocal images of cells expressing (GFP) aftansfiection with PSO10H6-pGFP (a),

PLGAO10H6-pGFP (b), and free pGFP (c). Slides warepared by adhering DCs

incubated with the respective complexes for 2 B7atC. Images were captured using a
Leica confocal microscope at $8agnification.
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Our results showed that Bgns and PLGAv10ns particles can effectively facilitate
plasmid reporter gene delivery to DCs. The nexp steto investigate whether these
particles can increase therapeutic gene (e.g. p)Lekpression in DCs. To test this,
BMDCs from C57/BL6 mice werm vitro transfected with pIL-10 loaded on Hgqsand
PLGAo1016 particles. DCs transfected with free plL-10 alavere designed as a control
to evaluate the efficiency of IL-10 gene transfemg P%i1onePIL-10 and PLGA10ns
pIL-10 particles. IL-10 expression in DCs was ewdda by isolating total RNA of
transfected DCs in each delivery mode and semitdyeng levels of mIL-10 using RT-
PCR analysis. RT-PCR is a highly sensitive techaitinpat has been used to measure the
expression of a defined gene. The specific RNAnstia first reverse transcribed into its
DNA complement, followed by amplification of thestdting DNA using PCR. The final
PCR products were analyzed in 2% agarose gel and W&k visualized by ethidium
bromide staining. Expression ffactin, a housekeeping gene in cells, was measnored

the same sample for semi-quantification purpose.

Figure 4.2 and table 4.1 are the results of IL-Hhey expression in cells
transfected with P&oneplLl-10, PLGAoi0nspll-10, and free pIL-10. Bands shown in
Figure 5.2a matched predicted PCR products of I35 bp) andgs -actin (302 bp),
respectively. The intensity of the band indicates level of mRNA. Consistent with the
result from reporter gene transfer, IL-10 mMRNA egsions were enhanced indzsps
pIL-10 and PLGAy1016pIL-10 transfected DCs compared to DCs transfecigd free

plIL-10, as evidenced by the increased intensity.€f0 band shown in Figure 4.1a.
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The results of IL-10 gene expression from two iretetent experiments were also
semi-quantitatively analyzed by normalizing the emgity of IL-10 against the
corresponding-actin band (Figure 4.2b, Table 4.1). The resuihadestrated a 2.8-fold
and three-fold increase of IL-10 expression in D@ssfected with P§onsplL-10 and
PLGAG10n6PIL-10 (p<0.05, student’s t-test one-tailed, equatiance) relative to DCs
transfected with free plL-10, respectively. Thessuits indicate that R%ns and
PLGAo10H6 Can facilitate plL-10 entering the nuclear compeemt in DCs, resulting in
higher expression of the IL-10 gene in target D@mpared to free plasmid IL-10.
Therefore, P&ions and PLGAy0nsCan be used as vectors to achieve increased plL-10

transfer to DC$n vitro.
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Figure 4.2: Up-regulation of IL-10 in transfectedC& (a): IL10 mRNA wa
determined using RPCR in cells transfected with the respective comgse (b)
Expression was normalized agairfisactin mRNA. RNA was extracted from bc
marrow-derived DCs and amplified using murine 1Q- specific primers. Ban
identified were consistent with predicted PCR pidwf IL-10 and3-actin with 23!
and 302 bp, respectively.

-99 -

www.manharaa.com




IL-10/ B-actin mMRNA

Mean SEM
P8010H6p| L-10 %
Transfected DCs 114 0.27
PL GAOlOHB'pI L-10 *%
Transfected DCs 1.25 0.28
Control DCs 0.41 0.04

Table 4.1: IL-10 mRNA expression in transfected aodtrol (untransfected) DCs. Data
were normalized againgtactin mRNA from two independent experiments. (*{38)
**p<0.05. Student’s t-test, one-tailed compareddatrol. )
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Discussion

Previous data from our lab showed thabBS particles are efficient carriers of
oligonucleotides, capable of introducing MB-decoy molecules into greater than 50%
of primary DCsin vitro. Results from the research presented in this chapte
demonstrated that O10H6-modified polymeric particleSions and PLGAy1046 CaN
effectively deliver plasmid DNA to DCs. This is domed by the successful delivery of

both reporter gene pGFP and therapeutic gene pilb-tifro.

Delivery of free plasmid DNA is challenged by plymthemical and biological
barriers presented in blood circulation, tissuesl eells. Those barriers cause low gene
transfection when free plasmid DNA is used. Develept of vectors to overcome these

barriers is important to achieve efficient genewey.

The enhanced DNA transfection by d&2& and PLGAvon6 particles over free
plasmid DNA was most likely influenced by four faxd. First, DCs take up particulates
efficiently due to active and responsive cytoskaleemodeling mechanisms (Mellman
2005), thereby particle systems can facilitate thiernalization of carried DNA
molecules into DCs. Previous data from our lab destrated that R§ons particles
significantly increase oligonucleotide uptake in OBy five-fold compared to free
oligonucleotide (Kovacs, Zheng et al. 2005). Likesyioligonucleotide encapsulated in
PLGA patrticles is taken up by DCs efficiently (tviadd increase compared to free DNA

transfection) (Zheng, Kovacs et al. 2006).
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Second, the amine group (pKa = 6) on the imidagalg of the histidine cluster
in O10H6 functions as an acid-buffering agent tsisisDNA escape from endosome.
DCs are equipped with robust endo-lysosomal machi@/akkach, Fournier et al.
2003), resulting in the accumulation of relativetynor fractions of exogenous materials
in the cytosol. Data from our lab show that accwatiah of plasmid DNA in cytosol can
be mediated by O10H6 coated polymeric particleoufh an endosome escape
mechanism., We used confocal microscopy with aCHAbeled short oligonucleotide
(ODN) as a probe to observe enhanced DNA escagenw80 min and accumulation
outside of acidic compartments in DCs (stained witpH-sensitive LysoTracker dye)
exposed to P&onsODN (Jia, Kovacs et al. 2008). Conversely, ins@kposed to free
ODN, few DNA clusters were found outside of lysogsntompartment. It is worth to
point out that PLGA also facilitates the escap¢hefapeutic agents from endosome into
cytoplasm, owing to a change in surface charg@é®fpblymer from negative to positive
(Panyam, Zhou et al. 2002; Bala, Hariharan et 8042 Given that carboxylated
polystyrene particles do not confer acid-bufferefect as PLGA does, escape of DNA

was most likely mediated by O10H6.

Third, surface loading of nucleic acids allows DN®# be released inside cells
without having to diffuse through acidic matricéisereby increasing DNA transfection
efficiency. Upon hydration lactic and glycolic asigpolymer byproducts) accumulate
within the matrix of PLGA polymer (Ding and Schwemdan 2004). These byproducts
will drop the interior pH value of submicron PLGAnicles below 3, which is harmful to

the integrity of embedded DNA molecules. Consisteith this theory is that Kasturi et
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al. (Kasturi, Sachaphibulkij et al. 2005) have m@d superior transfection efficiency
when plasmid DNA is carried on the exterior of PL(Articles compared to that

encapsulated within.

Fourth, submicron particles have a very large serta-volume ratio compared
to larger particles. Thus, even small quantitiepasticles present extremely large surface
areas available for DNA binding, allowing a largesd of plasmid DNA to translocate
across the plasma membrane with each particle ,eatny transfer from cytoplasm to
nucleus. Additionally, rapid accumulation of plagdndNA in the cytosol resulting from
large surface-to-volume ratio and the endosomabpmessanechanism of B&us and
PLGAo10m6 particles provides sufficient copies of plasmid kb enter the nucleus
during mitosis. This is an important factor for getelivery because primary DCs divide

relatively slowlyin vitro.

In summary, we reported in this chapter that theygawion O10H6 modified
polymeric submicron particles (BnspIL-10 and PLGA10nepIL-10) are capable of
facilitating plasmid DNA transfer into dendritic lise Thus, these vectors should be
further investigated as a means of genetically od) DCs to suppress T cell
responses. One of the potential advantages of thateulate vectors is they can be
adjusted to achieve different payloads of DNA byaming the amount of O10H6
peptide added to the particles during fabricatlooreasing amounts of O10H6 coated on
the particles will likely to increase amount of pin®e charge available for DNA binding,

thereby increasing DNA loading per patrticle.

- 103 -

www.manaraa.com



CHAPTER 5
SUPPRESSIVE EFFECTS OF £&4pIL-10 AND PLGAG 016pIL-10

MODIFIED DENDRITIC CELLS ON T CELL RESPONSES

I ntroduction

IL-10 is an important cytokine with a central radepreventing damaging immune
responses in healthy individuals. Because dendciits have exclusive privilege to
initiate naive T cell activation, induction of adi@p immune tolerance through IL-10 is
believed to be primarily mediated by DCs (Mahnlankon et al. 2007). Literature data
suggested that IL-10 can modulate DCs to triggecell suppression by altering the
expression of MHC class Il and co-stimulatory males (Kubin, Kamoun et al. 1994;
Willems, Marchant et al. 1994; Tong, Toshiaki etZzl05) and modifying the release of
pro-inflammatory cytokines from DCs (Fortsch, Ragihoff et al. 2000). Additionally,
IL-10 modified DCs can induce regulatory T cell arpion in allogeneic or Ag-activated
T lymphocytes (Takayama, Nishioka et al. 1998; etelPanoskaltsis-Mortari et al. 1999;
Mahnke and Enk 2005). IL-10 secreted by DCs coldd directly act on T cells and

other APCs to induce their suppressive functions.

Owing to the above reasons, IL-10 has been usezhtter DCs into a suppressive
phenotype to attenuate damaging immune responsegommmunity, inflammation, and

transplant rejection. Efforts have been taken toegeally modify DCs with the IL-10
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gene to render suppressive signals in local misio@mment.

We have shown in previous chapters thag:B&plL-10 and PLGA104spIL-10
particles are effective vectors to deliver plasmidl0 to DCs. In this chapter, we
evaluated the suppressive effects obB®pIL-10 and PLGA04spIL-10 modified
DCs on T cell responses. Anvitro mixed lymphocyte reaction (MLR) model that used
two mouse strains (C57BL/6 and BALB/c) with misnfed class || MHC (H-2and H-
2% was employed to evaluate the ability of thesel@Lgene-modified DCs to stimulate
allogeneic T cells. Additionally, aex vivo Matrigel implant system embedded with DCs
was used to study the ability of IL-10 gene-modifieCs to alter allogeneic immune
responsesin vivo. The hypothesis is that DCs treated withoRSpIL-10 and
PLGAo10n6PIL-10 particles will attenuate allogeneic T cedsponsen vitro andin vivo.
The rationale is that delivery of the IL-10 geneXCs will increase IL-10 expression in
the local microenvironment and alter the functidgabf these DCs. Specifically, DC’s
ability to present Ag or stimulate allogeneic Tlgehs well as their characteristics of
cytokine production could be affected. Moreover;10. modified-DCs could expand

regulatory T cells in the local microenvironmenstgpress T cell responses.
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Methods

Enrichment of primary DCs

DCs of C57/BL6 mice (H) were generated from mouse bone marrow
progenitors as described in the previous chaptells @vere harvested from cultures on
day 6, washed, and stained with anti-CD11c magriads in PBS containing 2 mM
EDTA (Figure 5.1). Stained cells were washed widipasation buffer (PBS, 2 mM
EDTA, 0.5% bovine serum albumin) and passed thrddghMACS (Miltenyi Biotec)
columns or separated by the IM¥gsystem (BD Bioscience). Greater than 80% of the

eluted population were CD11c+ cells.

Mixed leukocytes culturesfor T cell proliferation

CD11c+ DCs were transfected with DNA complexes gisire method described
in the previous chapter, and cultured with frestVRR640 media containing 10% fetal
bovine serum and GM-CSF/IL-4 (R&D Systems, Minndepd®IN) for an additional 48
hours. Control and transfected DCs (Bj-®ere cultured with splenocytes of mismatched
BALB/c mice (H-2) in AIM V liquid medium (Invitrogen/Gibco) contaimy 10% fetal
bovine serum and GM-CSF/IL-4 (R&D Systems, MinndepdvN) for 5 days at 37TC
5% CQ. The splenocytes were passed through nylon m&miaron pores) prior to the
mixing. T cells were seeded with DC at a stimuldatoresponder ratio of 1:5 in 24-well
or 96-well tissue culture plates (Costar, Cambridgé\). T cell proliferations were
analyzed using bulk T cell proliferation studiesddlow cytometry in CD4 and CD8 T

cell subset proliferation studies (Figure 5.2).
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Figure 5.1: Schematic diagram of primary DC enriehin
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Figure 5.2: Schematic diagram of mixed lymphocwgi&ction model.
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MTT and flow cytometry assaysfor T cell proliferation analysis

In bulk T cell proliferation studies, the tetrazoh salt 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT; Cell €its 96 kit, Promega, Madison, WI),
which is cleaved into formazan in metabolicallyiaetcells, was added to each well and
equilibrated for 4-6 h at 37TC in a 5% CQ environment. Proliferation was determined
by colorimetric changes based on optical densityasued at 590 nm using a Perkin
Elmer microplate reader. One-way ANOVA was useddizulate statistical significance

and pairwise comparison was determined by the Ttkagmer test.

To quantify CD4 and CD8 subset proliferation, Ticelere first stained with 1.5
MM of carboxy-fluorescein diacetate succinimidylees(CFSE) (Invitrogen/Molecular
Probes, Eugene, OR) for 8 min at room temperatoitewied by quenching with 50%
fetal bovine serum. Stained cells were washed sktely with PBS containing 2% fetal
bovine serum prior to mixing with DC. On day 5, élls were harvested, pre-treated with
purified Fg/ 1/l receptor (BD Pharmingen, San Diego, CA) f@a0 min at room
temperature, and stained with PE-Cy5 conjugatednamise CD8 and PE conjugated
anti-mouse CD4 antibody (BD Pharmingen, San Di€j9), and analyzed by a Beckman
Coulter EPICS XL flow cytometer gated on live celtudent’'s t-test was used to

evaluate statistical significance.

Grafting of Matrigel seeded with allogeneic DCs

Matrigel (BD Bioscience, Bedford, MA) was mixed WwitL-10 transfected or
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control DCs (0.5-1.810° cells) derived from BALB/c (H-9 mice, and injected
(subcutaneous) into C57BL/6 (H)2mice (Figure 5.3). Volume of injection was
maintained at 0.4 mL in all experiments. The ceditiix was kept on ice prior to
injection to prevent gel from solidifying at tempaire above 10C. Solid plugs were
formed in the host upon injection. Matrigel plugsreretrieved 7 days post-implantation
and cell infiltration was analyzed either by flowtametry or live-cell confocal
microscopy in phase contrast mode. In flow cytognammalysis, cells in Matrigel plugs
were recovered in 1 mL recovery solution (BD Biescie) at 4°C for 2 hours and
washed with PBS to remove matrix components. Singlesuspensions were analyzed
using a Beckman Coulter EPIC XL flow cytometer.nncroscopy analysis, Matrigel
plugs were observed using the phase contrast moal€anfocal microscope with a 20
objective. Photos were taken at the same locafidimeogel in each sample, and total cell

numbers were counted using ImageJ software.
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Figure 5.3: Schematic diagram of DC- embedded Meltinjection allogeneic to host
mouse.
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Results

DCs modified with PSpioqe-pl L-10 €licit weak allogeneic bulk T cell

proliferation

We have shown that B&ns and PLGAy1016 particles successfully delivered plL-
10 into DCs. The ability of these IL-10 gene-maelifiDCs to suppress T cell responses
was further evaluated using a MLR model (SchwaG8)9in which DCs are mixed with
allogeneic T cell$n vitro. The mismatch between MHC class Il of donor DC£2{Hand
TCR of recipient T cells (H% will trigger T cell activation and proliferaticio induce T
cell responses. Herein we hypothesize that IL-1feguodified DCs is tolerogenic and
can weaken allogeneic T-cell proliferatiomvitro. In this experiment, CD11c (a marker
of DCs)-enriched DCs from C57BL/6 mice were trangfd with equal quantity of plL-
10 using different delivery modes including freéi0, O10H6-pIL-10 complexes, and
PSi10mepIL-10 particles. DCs exposed to &&ye particles alone and left untreated
served as control groups. After the transfectioBsBvere mixed with BALB/c (H3 T
cells at a stimulator to responder ratio of 1:5 (OCcell) and bulk T cell proliferation
was analyzed using a tetrazolium salt MTT assawlifBration was quantified by

measuring colorimetric changes in absorbance ang0

Data collected from four independent experimentsagd that DCs transfected
with PSi1oneplL-10 particles induced significant weak allogen& cell proliferative
response (586% of control) compared to untreated control DAgyFe 5.4, Table 5.1),

as shown in a one-way analysis of variance data (6:0016) and Tukey—Kramer
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pairwise comparison between R&epll-10 and the control group (p<0.05).
Proliferation of T cells stimulated with DCs expdst® P%ions particles alone was
neither significantly increased nor reduced comgbéneuntreated control DCs (1:661%
vs. 10@&8%, respectively, p>0.05). This result showed thatdelivery system itself does
not affect the functionality of DCs, and therebg Buppressive effect of B@nspIL-10
modified DCs on T cell proliferation was not duepotential toxicities of the Rs3ons
particle. DCs transfected with naked plasmid IL&fd O10H6-plL-10 showed minor
reduction of T cell proliferation (¥%% and 8%7% of control, respectively), and the
proliferation of T cells stimulated with O10H6-pl0O transfected DCs is slightly lower
than those treated with plasmid IL-10 transfecte@sD However no statistically
significent difference from the control group wasserved in either transfection moge (
>0.05). P31016pIL-10 treated DCs showed lowest bulk T cell pesiiition among all the
delivery modes and is the only group that was &antly different from control DCs.
These results support the notion thabfSsparticles are more efficient at gene delivery
into DCs compared to free plasmid and other vectach as O10H6-DNA complexes.
The delivery of IL-10 genes into DCs by &&sselicits the weakest bulk T cell responses
between all the delivery modes. These data sugdkeateO10H6 modified polymeric
particles were effective in transferring plL-10driDCs to induce suppression of immune

responses, particularly in allogeneic T cells.
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Figure 5.4: Proliferation of bulk T cells in resenof allogeneic DCs. DCs transfected
with PSi006pIL-10 elicit weak allogeneic T cell response. ®atere averaged from
four independent replicate experiments (n = 20e8@) error bars indicate standard error
of mean. One-way analysis of variance data in ggowps significantly different (F =
0:0016). Pairwise comparison was performed usingeyuKramer method (* indicates
p<0.05).
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Per centage Proliferation of Bulk T cells

Mean SEM
Control 100 8.05
O10H6-plL-10 81.17 6.27
plL-10 90.47 741
PSO10H6 106.81 11.49
PSO10H6-plIL-10 58.17 6.34

Table 5.1: Data summary of proliferation of bullkcdlls in response of allogeneic DCs.
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DCs modified with PSpio4e-pl L-10 €licit weak proliferation in CD4 and CD8

T cell subsets

We have demonstrated thatd?§eplL-10 modified DCs can suppress allogeneic
bulk T cell proliferation. Effector T cells such @8+ and CD4+ T cells can be directly
stimulated by allogeneic DCs driven by the intamactetween MHC class Il on DCs
and mismatched TCR on T cells. Upon activation, €D# cells will release pro-
inflammatory cytokine INF to trigger CD8+ T cell expansion. To further eakithe
effect of IL-10 gene-modified DCs on these effeclocells, proliferation of CD4+ and
CD8+ T cell subsets in the mixed lymphocyte cultwes analyzed using flow cytometry
with carboxyfluorescein succinimid ester (CFSE)imstey. CFSE, an intracellular
fluorescent dye, is transported into T cell cytgspladuring incubation and binds
covalently to cytoplasm proteins to become membiangermeable without adversely
affecting cellular function. Analysis of cell divig can be determined by its intensity
when measured by flow cytometry. With each roundcelf division, the fluorescent
intensity per cell division is reduced by 50%, thrsviding a measure of the mitotic

activity within a specific population of cells.

In this experiment, allogeneic T cells were mixedhwCD11+ DCs that were
transfected with an equal quantity of pIL-10 usohifferent delivery modes including
PS10ngolL-10 particles, O10H6-pIL-10 complexes and frek-p0. Untreated DCs
served as the control group. Results of CD8+ T meiliferation in mixed lymphocyte
culture are shown in Figure 5.5 and Table 5.2. T8+ T cell (PE-Cy5 positive)

population was selected from the upper-left regpdrthe PE-Cy5 vs PE dot-plot for
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analysis (Figure 5.5A). The distribution of CFSEemsity in CD8+ T cells was displayed
with a histogram and the population of proliferat€®8+ T cells (CFSE") was
determined based on the distribution of unstimdla@-SE-stained T cells in the

histogram (Figure 5.5A).

Results from three independent experiments (Fi§useTable 5.2) indicated that
DCs transfected with RoneplL-10 particles induced significant weak proldéon of
allogeneic CD8+ T cells compared to untreated ocdbfdCs (percentage of proliferated
CD8+ T cells: 18.081.20% and 44.15.17%, respectively; p < 0.05 in Tukey—Kramer
pairwise comparison). In a representative experin{igure 5.5A), BALB/c (H-9)
CD8+ T cells proliferation decreased from 41% inntcol (cells stimulated with
untreated DCs) to 15% in B®repIL-10 modified DCs. DCs exposed to O10H6-pIL-10
and pIL-10 alone exhibited slightly lower CD8+ TlIcproliferation (26% and 35%,
respectively) in the representative experiment amexqb to control DCs. However, data
combined from three independent experiments ineitato significant difference of
CD8+ T cell proliferation from the control group lth transfection modes (Figure 5.5,
Table 5.2, p<0.05). RponepIL-10 treated DCs showed lowest CD8+ T cell peshttion
among all the delivery modes and is the only grihgh was significantly different from

control DCs.

Results of CD4+ T cell proliferation in mixed lymgpdyte culture are shown in
Figure 5.6 and Table 5.3. The CD4+ T cell (PE posjtpopulation was selected from

the upper-right region of the PE-Cy5 vs. PE dotpior analysis (Figure 5.6A).
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Distribution of CFSE intensity in CD4+ T cells wadotted in a histogram and the
population of proliferated CD4+ T cells (CF8% was determined based on the
distribution of unstimulated CFSE-stained T cells the histogram (Figure 5.6B).
Similarly, data from three independent experiméhigure 5.6, Table 5.3) indicated that
DCs transfected with RponepIL-10 particles induced a significant weak pretdtion of
allogeneic CD4+ T cells compared to untreated obfdCs (percentage of proliferated
CD4+ T cells: 11.885.08% and 22.564.05%, respectively; p < 0.05 in Tukey—Kramer
pairwise comparison). In a representative experirtiéigure 6.6), BALB/c (H-2) CD4+

T cell proliferation was almost eliminated fallirgm 13.8% in controls (cells stimulated
with untreated DC) to 3.8% in B&uesplL-10 transfected DCs. DCs exposed to plL-10
alone and O10H6-pIL-10 exhibited almost the sameslghtly lower CD4+ T cell
proliferation (13.0% and 6.5%, respectively) in tie@resentative experiment compared
to control DCs. However, combined data from threependent experiments showed no
significant difference of CD4+ T cell proliferatiofom the control group in both
transfection modes (Figure 5.6, Table 5.3, p>0.0f&pwise, PS10n6pIL-10 treated DCs
showed the lowest CD4+ T cell proliferation amortigtlze delivery modes and is the

only group that was significantly different fromrdool DCs.

Again, these results support the notion thag1R&pIL-10 particles are effective
vehicles in delivering plL-10 into DCs. The expiessof IL-10 in P%ionspIL-10
modified DCs induced the suppression of allogeeéiiector T cells such as CD4+ and

CD8+ T cells. These T cell subsets play importatgs in triggering T cell activation and
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cell-mediated immune response. ThuspRB%PIL-10 modified DCs are effective in

suppress T cell responses.

We have shown that cationic peptide coated polymiticles are more efficient
in gene transfer to BMDCs compared to peptide-DNAplexes Chamarthy, Jia et al.,
2004) The enhanced expression of IL-10 inoRSspIL-10 transfected DCs contributes
to the higher T cell suppression over DCs transfkctvith O10H6-plL-10. The
submicron polymeric particles are preferentiallgeta up by DCs, and the backbone of
polymeric materials provide an anchorage to furtitabilize O10H6-DNA complexes on
the particle surface. These factors may contribatihe enhanced IL-10 expression and
T cell suppression in polycation O10H6 modifiedymoeéric particles compared to other

non-particulate vectors.
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Figure 5.5: Resporsof CD8+ T cell subset to DC. T cells were fittstised with CSF
prior to mixing with CD11c-enriched DC. Cells westained with antD8 anc
analyzed using flow cytometry. Data shown repregsggital proliferation profiles of
cells gated on CD8 pdsie region (A). Bar graphs depict collective arsagyof thre:
independent experiments (B). *p<0.05 compared tdrog pIL-10, and O10H6-pIL10

DC.
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Per centage of proliferated

Relative proliferation of

Experimental CD8+ T cdlls CD8+ cdls
Groups
Mean SEM Mean SEM
Control 44.17 5.17 1 0.12
O10H6-plIL-10 40.69 7.12 0.92 0.16
plL-10 49.57 5.88 1.12 0.13
PSO10H6-plIL-10 18.00* 1.20 0.41* 0.03

Table 5.2: Data summary of the response of the CD8ell subset in response of
allogeneic DCs. *p<0.05 compared to control, plL-a46d O10H6-plIL-10 DCs.
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Figure 5.6: Response of CD4+ T cell subset to D€ells were first stained withSFE
prior to mixing with CD11c-enriched DC. Cells westained with antCD4 anc
analyzed using flow cytometry. Data shown represggital proliferation profiles of
cells gated on CD8 positive region (A). Bar graplepict collective analysis of thr
independent experiments (B). *p<0.05 compared tdrog plL-10, and O10H6-pIL10
DC.
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Per centage of proliferated

Relative proliferation of

Experimental CD4+ T cdls CDA4+ cdls
Groups
M ean SEM M ean SEM
Control 22.56 4.50 1 0.21
O10H6-pIL-10 25.79 12.48 1.14 0.55
plL-10 27.96 7.45 1.24 0.33
PSOlol'jf'p' L= 1183 5.08 0.52 0.03

Table 5.3: Data summary of the response of the CDdell subset in response of
allogeneic DCs. p < 0.05 compared to control, plL-10, and O10H6-p0_EC.
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Ex vivo IL-10 gene-modified DCs suppress host cell infiltration

We have shown that B&neplL-10 transfected DCs suppressed responses in
both bulk allogeneic T cells and CD4+, CD8+ effeclocellsin vitro. It is important to
know whether a correspondent suppression of Tresflonses could be obsenadivo.
To determine if P§onepIL-10 modified DCs could alter the immune respoimsvivo,
we employed arex vivo DC transfection model that utilizes Matrigel (BDoBcience,
Bedford, MA) as a scaffold to establish a surroggraft” in allogeneic mice. Matrigel,
which solidifies at a temperature above 10 °C hesnbused extensively as a matrix
scaffold for implanting tissue® vivo (Shih and Towle 1995; Edamura, Ohgawara et al.
2001; Zimmermann, Didie et al. 2002; Zimmermann/Jriyiehenko et al. 2004; Bharat,
Benshoff et al. 2005). Matrigel consists primarfylaminin, collagen IV, and growth
factors (Kleinman, McGarvey et al. 1982) that capport cell attachment, infiltration
and differentiation in various lineages. In thisadetic cell transplant study, DCs from
BALB/c (H-2% mice were transfectesk vivo with PS10ne-pIL-10 or PLGAo1oreplL-10
particles and then mixed with Matrigel and injectedbcutaneous) into C57BL/6 (H)2
mice to form a surrogate graft. Seven days aftgulantation, Matrigel plugs were
retrieved and host cell infiltration was analyzeding either flow cytometry or

microscope imaging analysis.

Figure 5.7 is representative of four independesw ftytometry experiments from
Matrigel plugs embedded with BgnsplL-10 transfected DCs and untransfected control
DCs. Data from the dot-plots (“FF’-forward scan &&&”-side scan) of recovered cells

coming from Matrigel samples embedded with corixGk (Figure 5.7a, b) indicated that
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host cells were infiltrated into the plug 7 dayeafmplantation. Approximately 9/10 less
cells (Figure 5.7c) were detected using flow cyttsgnen Matrigel samples seeded with
PS10n6pIL-10 modified DCs at day 7 compared to sampksded with control DCs

(Figure 5.7b). These data showed thap:R%plL-10 modified DCs reduced allogeneic

host cell infiltration into graft tissui@ vivo compared tantransfected control DCs

The same experiment was performed using Matrigdleslded with PLGA1one
pIL-10 modified DCs as the implant plug. Host aeliiltration was evaluated under a
confocal microscope in phase contrast mode. FigGr8sare the microscope images
taken from the central area of Matrigel implantgsdiseeded with untransfected control
DCs (Figure 5.8a), and PLGAwnsplL-10 modified DCs (Figure 5.8b) under the same
magnifying power. Numbers of infiltrated host cellere quantified using ImageJ
software. Consistent with the results fromolgspIL-10 modified DCs, the PLGAyons
pIL-10 transfected DCs hampered allogeneic hodticltration into graft Matrigelin
vivo: approximately 53% less cells infiltrated in to tigel seeded with PLGAonepIL-

10 modified DCs compared to Matrigel seeded witmtamd DCs 7 days after

implantation (Figure 5.8).

Taken together, data presented in this section dstrade that both RgneplL-
10 and PLGA10nspPIL-10 modified DCs can reduce allogeneic host c#iltrations in
anex vivo Matrigel implant model. The results indicated thauppress phenotype exists
in these IL-10 gene-modified DCs with increasinglll expression, which may play a

critical role in hampering allogeneic host celliltntion in the local microenvironment.
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This was in consistence with the data from thevitro mixed lymphocyte model, in

which suppressive functionality of IL-10 gene- nfati DCs was observed.
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Figure 5.7: Flow analysis of host cell infiltratianto Matrigel. Flow plots from Matrigels
embedded with untransfected DCs recovered from ha$ty (a) and 7 days (b) after
injection; Matrigel embedded with B®us -pIL-10 DCs 7 days after injection. JB6, an
epithelial cell line, and bone marrow-derived DGthbgenerated from BALB/c mice (H-
2% were implant into C57BL/6 mice to elicit host Idefiltration. JB6 and DC, untreated
(a, b) or transfected with B&us -plL-10 (c), were mixed with Matrigel on ice and
injected into flanks (subcutaneous space) of C58B(H-2") host. Matrigel, which
solidifies at temperature above 10 °C, forms plagse injected in the recipient mice.
Plugs were retrieved from mice 7 days after im@aah and associated cells were
recovered in BD recovery solution on ice with gersthaking for 2 h. Released cells were
then washed and analyzed using flow cytometry. Rasua representative of four
independent experiments. FS: forward scan; SS:sside.
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(a) Host cell infiltration in Matrigel (b) Host cell infiltration in Matrigel
with control DCs with PLGAo101ePIL-10 transfected
DCs

Figure 58: Confocal images of host cell infiltration inMatrigel embedded wi
PLGAo10n6pIL-10 transfected and control DCs. Bone marrowaaa DC generate
from BALB/c mice (H-2) were implant into C57BL/6 mice to elicit host |
infiltration. DC, untreated (a) or transfected WRhGAo1016-pIL-10 (b), were mixe
with Matrigel on ice and injected into flanks (suteneous space) of C57BL/6 (H)2
host. Matrigel, which solidifies at temperature ad0 °C, forms plugs once injec
in the recipient mice. Plugs were retrieved fronteny days after implantation
gel image were taken under confocal microscopéase contrast mode. Numberfs
host cell infiltration were analyzed using Imagefiware (a: 549; b: 259).
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Discussion

In the research presented in this chapter, we ateduthe immune suppressive
effects of DCs modified with plL-10 loaded on Ol1l0H6ated polymeric particles
(PSo1016pIL-10 and PLGA101epIL-10). IL-10 is a pleiotropic cytokine that hagen
demonstrated to induce adaptive immune toleranGs Were chosen as a target for IL-
10 delivery because of their key role in activatihgell responses. Data from previous
chapters indicated that both /1§ and PLGAv10ns particles are efficient carriers of
plasmid DNA, capable of increasing IL-10 gene egxpi@n in DCs about two-fold over
free IL-10 plasmid. Herein we evaluated the abitfyP $10n6pIL-10 and PLGA10ns
pIL-10 modified DCs to suppress T cell responseasirivitro mixed lymphocyte model
that uses DCs (C57BL/6) to stimulate T cells frondiierent strain (BALB/c) was
chosen to evaluate the suppressive function of0lgdne-modified DCs. This is because
the mismatch between MHC class Il on DCs (M&hd allogeneic T cell (H%triggers
T cell proliferation and DCs contributes to a lapget of this kind of response (Steinman
1991). Proliferation of bulk T cells as well as Gb&8nd CD4+ subsets was measured as
the quantitative indicator of T cell activation. el'lresults presented in this chapter
supported the hypothesis thatd?speplL-10 and PLGAY1016pIL-10 modified DCs can
attenuate allogeneic T lymphocyte respoirs@itro and invivo, indicating that IL-10
gene modification can modulate DCs into suppresgilienotype. These data also
suggested that RueplL-10 and PLGA104epIL-10 are more effective in modulating
DC functions compared to other non-particulate et indicating that polycation
O10H6 modified polymeric particles are effectivelsofor genetically modifying DCs

with therapeutic genes.
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In addition, we employed a cell transplant modeit thtilizes Matrigel seeded
with ex vivo pIL-10 modified DCs from BALB/c (H-9 mice as a scaffold to establish
surrogate “graft” in C57BL/6 (H-?) mice. The immune response from the recipient was
evaluated by analyzing host cell infiltration irttee graft plug 7 days after implantation.
Expectedly, Our result confirmed that both oRRsplL-10 and PLGAonsplL-10
modified DCs attenuated allogeneic host cell irdtibn into graft plugsn vivo, which is
in agreement with suppression of T cell prolifevativhen they are exposed todzspe-
pIL-10 modified DCsin vitro. The effect may result from the following mechamss
First, donor DCs without IL-10 modification willigger host allogeneic T cell activation
and secretion of chemokines and pro-inflammatonglages including GM-CSF, IL-2,
IFN-y, and TNFe for the recruitment and activation of other eftest(e.g macrophages,
NK cells, and CD8+ T cells), leading to host celiiliration. However, P& onsplIL-10
and PLGAvionspIL-10 modified DC present suppressive phenotype&ivo and may
suppress allogeneic T-cell recognition and respomsketer infiltration of host T cells in
the local microenvironment (Thomson 2002). Secdhdl0 gene-modified DCs may
induce and expand regulatory T cells (Wakkach, Reuret al. 2003)n vivo to suppress
T cell activation and trafficking into the plug. ifth 1L-10 gene-modified DCs may
traffic to draining lymph nodes to induce the exgan of specific Treg cells.
Additionally, IL-10 itself has also been shown t@ywent APC accumulation (Qin, Noffz
et al. 1997), thus expression of IL-10 in the latétroenvironment may limit host DCs

and macrophages to elicit indirect recognition nagtéms.
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The use of polycation O10H6 modified polymeric mwdes (e.g. P&ions and
PLGAo101e for intracellular delivery of oligonucleotide anglasmid DNA has been
broadly explored in our lab (Kovacs, Zheng et 802 Jia, Kovacs et al. 2006; Zheng,
Kovacs et al. 2006; Jia, Kovacs et al. 2008). Rahy, these particulates could be
administeredin vivo to deliver DNA therapeutics (e.g. NdB decoy oligonucleotide,
plasmid IL-10) to DCs to modulate immune functiomgh the following advantages:
First, particles can be taken up preferentially@s, thereby targeted distribution of
delivered oligonucleotide and DNA molecules in tha®lls can be increased; Second,
because of their particulate nature and the sulomisize, those polymeric vectors are
likely to gain access to draining lymph nodes, whBCs prime Ag-specific T cells. It
has been reported that particles from 20 nm to @80n diameter are accumulated in
draining lymph nodes upon injection (Manolova, El&t al. 2008), suggesting that those
polymeric particles can directly act on DCs locatadthese tissues and alter their

interaction with effector T cells.

Alternatively, these polymeric particles can bedut® ex vivo gene transfer to
DCs. Specifically,ex vivo delivery of plasmid IL-10 loaded on O10H6 modified
polymeric particles to donor DCs could induce thmippressive functionality, thereby
reducing the risk of graft rejection from host immeusystem. It was reported thatvevo
transfection of suppressive gene to donor tissuddcdecrease the risk of transplant
rejection in a variety of tissue grafts includingg) and islet (Yano, Mora et al. 1999;
Akamaru, Ito et al. 2003). The triggering of tralasy rejection involves the recognition

of MHC-derived antigens on the donor DCs by hostlls designated as direct pathway,
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and the recognition of donor MHC products by hagigen presenting cells designated
as indirect pathway. The former plays a role intacejection and the later contribute to
chronic rejection. Thus DCs in donor tissues cdoddan effective target for gene therapy
to suppress T cell response in acute transplaettren. IL-10 has been demonstrated to
affect chronic allograft changes and systemicatlynmistrated 1L-10 was studied as a
treatment for prolonging transplant survivals iffetent animal models (Hong, Mullen et
al. 2003; Zhang, Pileggi et al. 2003; Martins, derét et al. 2004; Carter, Ellett et al.
2005; Chen, Kapturczak et al. 2007). Therefexeyivo targeting delivery of IL-10 gene
to donor DCs could reduce recipient T cell respdsdonor organs, and subsequently

reduce the risk of transplant rejection.

In conclusion, the abilities of BonepIL-10 and PLGA104spIL-10 modified
DCs to attenuate immune responisevitro and in vivo are confirmed in the data
presented in this chapter. A Matrigel system embdddith ex vivo transfected DCs
provides an opportune setting for studying allotiedg of ex vivo-modified DCin vivo.
An advantage is the number of donor cells in thplamt can be controlled, leading to
reproducible inflammation. These polymeric partatas could be further investigated in
their ability to suppress excessive immune reastian autoimmune diseases,

inflammation, and transplant rejections.
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CHAPTER 6

IMMUNOSUPPRESSIVE MECHANISMS OF DENDRITIC CELLS

MODIFIED WITH P&1016PIL-10 AND PLGAG1016PIL-10 PARTICLES

I ntroduction

Dendritic cells are being considered as a therapeueans of attenuating
damaging immune responses in autoimmune diseasesrarsplant rejections. Efforts
have been taken to genetically render DCs intadgknic phenotypes with IL-10 gene
to suppress lymphocyte activation and proliferationlocales where these cells are
programmed (Kubin, Kamoun et al. 1994; Willems, themnt et al. 1994; Tong, Toshiaki
et al. 2005). It was also demonstrated in our el DCs modified with synthetic vectors,
PS10n6pIL-10 and PLGA10n6pIL-10 suppressed allogeneic T cell respansgtro and

host cell infiltration in a MHC-mismatched graft dein vivo.

The ability of DCs to induce adaptive immune tohe@ have been extensively
investigated in recent years (Lu and Thomson 2@0&yin, Tarner et al. 2002; Kubach,
Becker et al. 2005) and the following mechanismsehdeen proposed for the
suppressive effect of IL-10 modified DCs. Firstwias demonstrated in earlier studies
(Kubin, Kamoun et al. 1994; Willems, Marchant et94; Tong, Toshiaki et al. 2005)
that IL-10 suppresses antigen presenting functioh®Cs by down-regulating their

surface expression of B7 co-stimulatory molecukeg.(CD80 and CD86). However,
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other studies suggested that depending on the nsydetm employed, expression of
CD80 and CD86 could also be unchanged or up-reziliat IL-10 modified DCs (Enk,
Angeloni et al. 1993; Mitra, Judge et al. 1995; BlpiQuaratino et al. 1997; Sharma,
Stolina et al. 1999; Faulkner, Buchan et al. 2000grefore, other mechanisms exist for
modulating the suppressive functionality of DCsc@wl, IL-10 modified DCs could
regulate the secretion of Thl cytokines (e.g. IL4EN-y, and TNFe) from DCs and T
cells (Fortsch, Rollinghoff et al. 2000). These okyhes stimulate or synergize the
activation and proliferation of immune effector @lls. Third, immunosuppression by IL-
10 modified DCs often develops concomitantly withexpansion of CD4+ regulatory T
cells (Takayama, Nishioka et al. 1998; Zeller, P&kattsis-Mortari et al. 1999; Mahnke
and Enk 2005), even at their fully matured staté"®. These Treg cells are marked by
constitutive expression of CD25 on cellular membrand intracellular Foxp3, the
master transcriptional regulator constitutively agtlusively expressed in these cells
(Hanck, Glatzel et al. 2000). Functionally, Tredjcare characterized by the capacity to
restrain proliferation and cytotoxic activity offetor T cells. Because of the potential of
Treg cells to curtail damaging immune responsesatdvauto- and alloantigens, the
ability to induce or expand Foxp3-expressing Trelischas emerged as a key measure of

the tolerogenic propensity of DCs (Lu, Lee et 899; Thomson 2002).

In the work presented in this chapter, we examittexl functional utility of
PSo10n6PIL-10 and PLGAorepIL-10 modified DCs (H-) that are immunosuppressive
in cultures mixed with lymphocyte from MHC-mismagchmice (H-2). The hypothesis

is the suppressive functionality of these IL-10 gqemodified DCs is related to the
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expansion of allogeneic regulatory T cell populasio Other mechanisms including
alteration of co-stimulatory molecules and Thl &jnie secretion from DCs may also

contribute to the suppressive phenotypes of thelé c
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Methods

Mixed leukocytes cultures

In order to explore the immunosuppressive mechawist-10 modified DCs, a
mixed leukocyte culture between MHC miss matchedemvas performed as described
in the previous chapter. In brief, CD1lc+ DCs frad57BL/6 (H-2?) mice were
transfected with PonspIL-10 or PLGAv1016PplL-10 particles at day 6 of DC culture.
After two days, control or pIL-10 transfected DC®res mixed with splenocytes of
BALB/c mice (H-2) after passing through nylon mesh (70 mm pores) sttmulator to
responder ratio of 5:1. Expansion of regulatorycdlls, secretion of cytokines and
chemokines in DC-T cell co-cultures were quantifieding Foxp3 RT-PCR and

ELISA/cytokine microarray analysis, respectively.

Flow cytometry analysis of CD80 and CD86 expression on PSgon6-pIL-10 or

PLGAo10H6-PIL-10 transfected DCs

DCs from C57BL/6 (H-Z mice were transfected with B9nepIL-10 or
PLGAo10146pIL-10 particles at day 6 of DC culture using theethod described in
Chapter 5. Two days after transfection, DCs werevdsded and stained with PE-
conjugated anti-CD80 or PE-conjugated anti-CD86badty (BD Pharmingen) on ice
and analyzed by a Beckman Coulter EPICS XL flowonyter gated on live cells.

Student’s t-test was used to evaluate statistigalfgcance.
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Foxp3 RT-PCR analysis

Two days after mixing IL-10 modified DCs (H)2with splenocytes (H<}, cells
were harvested and stained with anti-CD4 magnetedd (BD BioScience, San Jose,
California) in PBS. The cell suspension was theshed with separation buffer (PBS, 2
mM EDTA, 0.5% bovine serum albumin) and CD4+ T selere selected using an
IMag™ cell separation system (BD Bioscience, San Jo#g, Total RNA from the
CD4+ T cells was then isolated by SV total RNA aimin kit (Promega, Madison, WI).
0.5 mg of this RNA was amplified using One-Step &mpporf Master RT plus PCR kit
(Eppendorf, Hamburg, Germany) in an Eppendorf M&steler. Primer pairs specific for
murine Foxp3 (SuperArray Bioscience, Frederick, M&d B-actin (R&D Systems,
Minneapolis, MN) were added to the RNA sample werse transcription (50C for 50
min) step, followed by denaturation (9€ for 4 min). The amplification steps consisted
of 35 cycles of template denaturation (@2 for 45 s), primer annealing (5& for 45 s)
and primer elongation (68C for 45 s). PCR products were analyzed in 2% agagel

and DNA visualized by ethidium bromide staining.

Cytokinesarray and ELISA

The amount of INFt+ and TGFB produced in DC-T cell co-cultures were
analyzed by DuoSet Enzyme-Linked ImmunoSorbent As@alLISA) kits (R&D
Systems, Minneapolis, MN) and Emax ImmunoAssay &ystPromega, Madison, WI)
in a 96 well plate according to manufacturers’ pcols, respectively. Expression of

other cytokines and chemokines (IL-10, G-CSF, M-CikFla, IL-2, IL-3, IL-4, IL-5,
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IL-6, IL-12, I1L-13, INF+y, TNF-a, GM-CSF, VEGF, MIG, Rantes and MCkJlwere
analyzed using TranSigril mouse cytokine antibody arrays (Panomics, RedvZiod
CA). Cell culture supernatant was cleared by ckmgation and stored at -80°C until
analysis. Samples were analyzed following manufattuprotocol. ELISA assay
samples were read using a microplate reader atndbin a 96-well plate. Data were
fitted into a standard curve and concentrationdNéty and TGFB for the samples were
then calculated based on the standard curve. Inokioy array analysis,
chemiluminescence signals from each spot on the breema were captured using a
Kodak image station and relative signal intensitigere quantified using ImageJ

software.
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Results

PSo10ne-PIL-10 or PLGA10n6-p! L-10 modified DCsinduce allogeneic
regulatory T cell expansion

To evaluate the effect of IL-10 modified DCs orogéneic regulatory T cell
expansion, BMDCs from C57BL/6 mice (I—*f)2 transfected with R§oneplL-10 or
PLGAo10146pIL-10 were mixed with allogeneic splenocytes eamihg T cells and NK
cells from BALB/c mice (H-?). Foxp3 was amplified using RT-PCR method to
characterize Treg cells population in the DC-T celculture 3-actin was also amplified
as a control gene for semi-quantitative analysigp@se. Untransfected BMDCs were
used as a control mode in the mixed lymphocyteucailto evaluate the effect of IL-10

gene-modification of DCs on Treg cell expansiothi@ co-culture.

Figure 6.1 and Table 6.1-2 are the results of FogpBe expression in
allogeneic T cells exposed to B&spIL-10 and PLGA10nspPIL-10 modified DCs
(Figure 6.1, Table 6.1-2). Bands shown in thosarég were consistent with predicted
PCR products of Foxp3 (221 bp) apctin (302 bp), respectively. The intensity of the
band reflected the amount of mMRNA expressed. Tkaltsee demonstrated that Foxp3
expression in allogeneic splenocytes cultured Wiih;onspIL-10 modified DCs was up-
regulated compared to T cells exposed to controbusfected DCs (Figure 6.1a, Table
6.1). Gene expression was semi-quantified by nazmaglthe intensity of Foxp3 band to

the correspondinf-actin band (Foxp33-actin) and data obtained from two independent

- 139 -

www.manaraa.com



experiments showed a more than one fold increase®x3 expression in allogeneic T

cells exposed to RponepIL-10 modified DCs.

Similarly, allogeneic T cells exposed to PL&G#uspIL-10 modified DCs
expressed higher levels of Foxp3 compared to thmsks cultured with control
untransfected DCs as shown in the gel electropsoeemlysis of the intensity of final
RT-PCR products (Figure 6.1b, Table 6.2). Semi-tjtetive analysis of Foxp3 gene
expression from two independent experiments indic&toxp3 was up-regulated at least
one fold in allogeneic splenocytes exposed to PgfoésplL-10 DCs compared to the

one mixed with control DCs.

Regulatory T cells are capable of suppressing feralion and cytotoxic activity
of effector T cells (CD4 and CD8) through contaepéendent or independent manner.
These results demonstrated that Foxp3, the maatescriptional gene constitutively and
exclusively expressed in mouse Treg cells, wereegpdated in T cells stimulated with
PS1016pIL-10 and PLGA0nsplIL-10 modified DCs, indicating that these IL-10 gene-
modified DCs can expand allogeneic regulatory Tl gapulation in vitro. This
mechanism contributes to the immunosuppressivegiiyees of DCs modified with plL-

10 loaded O10H6 modified polymeric particles.
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Figure 6.1. Foxp3 mRNA expression in allogeneic @llsc stimulated with DCs

transfected with PQoneplIL-10 (a) and PLGA10nspIL-10 (b). Untransfected DCs were
used as the control. Bands identified were consisteth predicted PCR products of
Foxp3 (left two lanes) an@tactin at 221 and 302 bp, respectively.
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Relative Foxp3 expression

Mean SEM

PSo1one-pIL-10 0.82 0.08
transfected DCs

Control DCs 0.46 0.06

Table 6.1: Summary of Foxp3 expression in T callsditioned by P& onepIL-10
transfected and control DCs. Data were obtainet f@o independent experiments
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Relative Foxp3 expression

Mean SEM

PL GA010H6-p| L-10 1.03 0.09
transfected DCs

Control DCs 0.48 0.01

Table 6.2: Summary of Foxp3 expression in T cadisditioned by PLGA1onspIL-10
transfected and control DCs. Data were obtainet tr@o independent experiments
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Expression of B7 moleculesin IL-10 gene-modified DCs

Co-stimulatory molecules (B7, e.g. CD80, and CD&6)ch are up-regulated on
mature DCs trigger the secondary signal between &@sT cells, which is critical for
Ag-specific or allogeneic T cell activation (ZhomdaTedder, 1995; Banchereau and
Steinman, 1998). To evaluate the expression of Blécales, DCs were stained with PE-
conjugated anti-CD80 or PE-conjugated anti-CD8@bady (BD Pharmingen) two days
after IL-10 transfections with RueplL-10 and PLGA0nspIL-10 particles. The
frequency of CD80 and CD86 on these cells was aedlysing a Beckman Coulter

EPICS XL flow cytometer.

Our data indicated no changes in CD80 and CD86essmn when DCs were
transfected with PSonepIL-10 (Figure 6.2a-b, solid line) compared to ransfected
control DCs (Figure 6.2a-b, dashed line) in a repnéative experiment. Comparison of
positive fractions from three independent experitmgfrigure 6.2c, Table 6.3) using
student’s t-test (two-tailed, equal variance) shibwe significant difference in Rue
pIL-10 transfected DCs versus control DCs (CD800.p= CD86, p=0.5). In DC
transfected with PSonspIL-10, 71.6% £1.4) were stained positive for CD80 and 73.8%

(x2.8) for CD86, while approximately the same fracsiof control DCs expressed these

molecules (CD80 = 702 1.5%, CD86 = 72.2 2.9%).

Likewise, DCs transfected with PLGAynepIL-10 (Figure 6.3a-b, solid line)
express similar levels of CD80 and CD86 compareadotrol cells (Figure 6.3a-b,

dashed line). Comparison of positive fractions @fBolecules from three independent
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experiments (Figure 6.3c, Table 6.4) using studetntest (two-tailed, equal variance)
showed no significant difference (CD80, p = 0.7;88Dp=0.2) in PLGA1onspIL-10
transfected DCs (CD80 = 54481.4%, CD86 = 54.Z 2.0%) versus control DCs (CD80

= 51.5+ 3.3%, CD86 = 52.& 5.1%).

These results indicate that fl&spIL-10 and PLGAo10nspIL-10 particles do
not affect CD80 and CD86 expression in DCs. Thus,itnmunosuppression mechanism
of these IL-10 gene-modified DCs is not relatedtie modulation of co-stimulatory
pathways based on the data presented in this seétdulitionally, we believe that those
two polymers can be used as carriers for the dglieé immunosuppressive agents,

because no up-regulation of B7 was found in DCose@ to P& onsplL-10 and PLGA

o10HePIL-10,
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Figure 6.2: Expression of CD80 (a) and CD86 (bpfds transfected with RZoHe-
pIL-10. Stained control DCs are indicated as dasheddmd transfected DCs
shown as solid black line. Unstained DCs (greydsiitie) wee included as baselir
(c) and (d) show expression of CD80 and CD86, sy, in stained control D(
(dashed line) and in DCs transfected with PldafepIL-10 (black solid
Histograms shown are representative of analysthrele independent DCs lawres
Student’s t-test (twadailed, equal variance) comparison of positivetftacs indicate
no significant difference in RgonspIL-10/DCs versus control DCs (CD80, p =
CD86, p =0.5)
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Percentage of CD80+ Percentage of CD86+

DCs DCs
Mean SEM Mean SEM
Control DCs 70.8 1.5 72.2 2.9
PSo1one-pI L -10 71.6 1.4 73.8 2.8

transfected DCs

Table 6.3: CD80 and CD86 expression in control BAs PS10nepIL-10 transfected
DCs. Data were obtained from three independentrexpats (p=0.2).
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Figure 6.3: CD80 (a) and CD86 (b) in DCs transféatgth P%;046pIL-10. Staine
control DCs are indicated as dashed line and teatesi DCs are shown as solid bl
line. Unstained DCs (grey solid line) were includasl baseline; (c) and (d) sh
expression ofcD80 and CD86, respectively, in stained controls¥@ashed line) ai
in DCs transfected with PLGAonspIL-10 (black solid). Histograms shown
representative of analysis of three independent D@aires. Student’s t-test (two-
tailed, equal variancepomparison of positive fractions indicates no digant
difference in PLGA1016pIL-10 versus control DCs (CD80, p = 0.7; CD860)
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CD80 CD86

Mean SEM Mean SEM
Control DCs 51.5 3.3 52.0 51
PLGAO10H6-pIL-10 54.8 1.4 54.2 27

transfected DCs

Table 6.4: CD80 and CD86 expression in control R PLGAy;onepIL-10 transfected
DCs. Data were obtained from three independentrerpats (p=0.2).
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Altered cytokine production in allogeneic T cells stimulated with IL-10 gene-
modified DCs

The cytokine environment in which DCs and T celideracted reflects the
dominant immunological drive. To further evaluate immune suppressive mechanism
of IL-10 gene-modified DCs, we examined the secoretif cytokines and chemokines in
the PLGAv10n6pIL-10 transfected DC (C57BL/6) and allogeneic dll §BALB/C) co-
culture in which expansion of Foxp3 expression waked. To profile the expression of
multiple cytokines and chemokines in the co-cultuam array system (Panomics
TranSignal" Arrays, Redwood City, CA) utilizing a membrane #pd with antibodies
that capture a variety of protein analytes (IL-G8CSF, M-CSF, IL-, IL-2, IL-3, IL-4,
IL-5, IL-6, IL-12, IL-13, INF+y, TNF-a, GM-CSF, VEGF, Monokine Induced by Gamma
interferon [MIG], Rantes and Macrophage InflammgatBroteins [MCP-&]) were used.
Those cytokines and chemokines play key roles éenntlaturation of effector cells and
activation of immune response. Compared with theventional ELISA essay, the array
method, which detects the presence of analyteshbyniduminescence, can sensitively

and accurately characterize multiple cytokines @memokines in a single experiment.

Data obtained from cultures containing PL&éuepIL-10 modified DCs were
compared with those from untransfected DCs to ewaluhe effect of IL-10 gene-
modification on DC cytokine secretion. Results frogtokine microarray analysis were
obtained from two independent experiments andalaive level of cytokine expression
in the DC: T cell co-culture was indicated as tlecpntage of positive control signal

(Figure 6.4a). The result showed no significantnges in the levels of ILd, IL-2, IL-3,
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IL-4, IL-6, IL-12, IL-13, TNFa, INF-y, G-CSF, MIG, and Rantes between the
supernatants from cultures containing Pl&afeplL-10 modified DCs and control
untransfected DCs. ILdl, IL-2, IL-3, IL-6, IL-12, TNF<, INF-y and G-CSF are pro-
inflammatory cytokines whose function includes \eating effector T cells, promoting T
cell differentiation and proliferation, and indugimnflammation. MIG and Rantes are
chemokines that promote leukocyte trafficking aackuitment to inflammatory sites. IL-
4 and IL-13 are anti-inflammatory cytokines becao$dheir ability to suppress Thl
response and down-regulate IL-1 and T&lFThe result showed that IL-10 gene
modification in DCs does not decrease major prammatory cytokine and chemokine
production in DC : T cell co-culture. Additionallgnti-inflammatory cytokines were not
up-regulated in the co-culture. These results atéit that immunosuppressive function
of PLGAo1016PIL-10 modified DCs was not related to the altemraof the production of
these pro- and anti-inflammatory cytokines, whifle@ Thl response as well as T cell

trafficking.

Conversely, we found increase in IL-10 and IL-Jpression, and decrease in
macrophage colony-stimulating factor (M-CSF) andngiocyte macrophage colony-
stimulating factor (GM-CSF) when T cells were stlatad with PLGAy1016pIL-10
modified DCs (n = 2; Figure 6.4 a-b). IL-10 prodontwas increased when DCs were
transfected with PLGAyonepIL-10 (p = 0.005). The up-regulation of suppressive
cytokine IL-10, and down-regulation of pro-inflamtogy cytokine M-CSF and GM-CSF
indicated that the IL-10 gene-modified DCs disptaguppressive phenotype in the co-

culture.
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Given that TGH3 production is an important characteristic of Toads (lzcue,
Coombes et al. 2006), we evaluated the expresgitimsocytokine using ELISA in the
DC: T cell co-culture in which expansion of Foxp@eession was noted. Co-culture
with untransfected DCs and T cells were assayaxb@asol group to exam the alteration
of TGF{3 production. The result showed that T@GFup-regulated four-fold in
supernatants from T cell culture conditioned by RldmneplL-10 modified DCs
(1598.23194.22 pg/mL) compared to control DCs (35£862.53 pg/mL) (p = 0.001;
Figure 6.5a). This result is in agreement with &xpansion of Treg cells in mixed

lymphocyte cultures containing IL-10 gene-modifl2@s.

IFN- y is a major product of Thl cells and plays a kdg mo promoting Thl type
immune response. Results from the cytokine arrgemment showed that amount of
INF-y remained unchanged in the co-cultures containib@Adi0nepIL-10 modified
DCs compared to control untransfected DCs. Herancanfirmed the result of IFNg
secretion in the DC: T cell co-culture using ELISFhe amount of INF remained
unchangedf = 0.4; Figure 6.5b) in the co-cultures when PldzfepIL-10 modified
DCs (423.8641.38 pg/mL) were used as stimulators compareamdéral untransfected
DCs (441.5%37.43 pg/mL). This result is consistent with theeoobserved in the
cytokine array experiment, indicating that the seppive effect of IL-10 gene-modified

DCs was not mediated by altering the secretiorytufkines that promote Thl response.

Thus, the inhibitory cytokine TGB-appears to dominate immune activating
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cytokines in these cultures. These data confirnedsuppressive phenotype of I1L-10
gene-modified DCs, reconfirmed that their immungsepsive mechanism is based on

the expansion of regulatory T cells.
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Figure 6.4: Cytokine released in DC- allogeneicell co-cultures with PLGAqonepIL-10
or control DCs using TranSignal™ Arrays (Panomies)Cytokine levels in the ooilture
were presented as percentages of positive congdls. Images intensity was quantifi
using the NIH Image J software. Data were averdgmd two independent experimel
performed. Error bars indicate standard error chmé. Images of GM-CSF, M-CSF, IL-
10, and IL5 detected in a cytokine array membrane in one hef tepresentati
experiments. Statistical significance was deterchinging the Student’s t-test (twaHded

paired-samples;p= 0.005).

- 154 -

www.manharaa.com



TGFB in DC-T Cell Cultures
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Figure 6.5: TGH31 (a) and INFy (b) ELISA. The cytokine was assayed in DC-
allogeneic T cells co-cultures with PLGAHsPIL-10 transfected DCs or control DCs.
Data were averaged from three independent expetsnmformed. Error bars indicate
standard error of mean. Sensitivity of the assag Wa6 pg/ml. Background TGEL
signal from sera in culture media was subtractéatisfical significance was determined
using the Student’s t-test (two-tailed, paired-skasyptp = 0.001, p = 0.4).
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TGF{ (pg/ml) IFN-y (pg/ml)

Mean SEM Mean SEM

Control DCs 357.95 102.53 441.57 37.43

PLGAO10H6-plL-10

transfected DCs 1598.23 194.22 423.86 41.38

Table 6.5: Summary of data from T@H-and INFy ELISA assay. Data were averaged
from three independent experiments performed. izl significance was determined
using the Student’s t-test (two-tailed, paired-sksipp = 0.001, p = 0.4).
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Discussion

Previous data from our lab has shown that thg;§s particle is an efficient
vector for oligonucleotide delivery to DCs, capaldé introducing NFkB decoy
molecules into greater than 50% of primary D@itro, down-regulating DC maturation
and Thl cytokine IFNr production (Kovacs, Zheng et al. 2005). I1L-10 gemadified
DCs have promising therapeutic potentials (Mahnk@hnson et al. 2007). We have
shown that DCs transfected with synthetic vectas,R{g-plL-10 suppressed allogeneic T
cell responsen vitro and host cell infiltration into MHC-mismatched fjrassuein vivo.
Potential immunosuppressive mechanisms of IL-10egendified DCs include down-
regulation B7 co-stimulatory molecule expressidteration of cytokine secretions, and
up-regulation of allogeneic or Ag-specific Treglselin this chapter, we explored the
suppressive functional utility of Rore- pIL-10 and PLGA104spIL-10 transfected DCs

in a mixed lymphocyte model in which T cell supsies was noted.

We first examined the expansion of regulatory Tscel plL-10 modified DC: T
cell mixed lymphocyte cultures because of the pakrof Treg cells to suppress
damaging immune response toward auto and alloarstigeegulatory T cells are capable
of restraining proliferation and cytotoxic activityf effector T cells (CD4 and CD8)
through contact dependent or independent mannerimfortant measure of T cell-
mediated tolerance is the expansion of Foxp3, tlesten transcriptional regulator
constitutively and exclusively expressed in mowesgutatory cells (Hanck, Glatzel et al.
2000). In our experiments, we observed up-reguladioFoxp3 expression in allogeneic

T cells co-cultured with R§oneplL-10 or PLGAoiouspPIL-10 gene-modified DCs,
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indicating that both DCs render their suppressiVieces through the expanding

allogeneic regulatory T cells.

Co-stimulatory molecule expression is related ®rtraturation functions of DCs.
Interaction between these molecules expressed @mmémbrane of DCs (CD80 and
CD86) and the T cell (CD28) is required as the sdaoy signal to activate Ag-specific T
cell responses. In the literature, conflicting date found regarding the effects of IL-10
on B7 co-stimulatory molecules in DCs. Dependingtbe model system employed,
CD80 and CD86 could be up-regulated, unchangeddawn-regulated in IL-10-
conditioned DCs (Enk, Angeloni et al. 1993; Mitdaidge et al. 1995; Morel, Quaratino
et al. 1997; Sharma, Stolina et al. 1999; FaulkBachan et al. 2000). In this study, the
effect of P91onepIL-10 and PLGA10nspIL-10 particles on CD80 (B7.1) and CD86
(B7.2) expression on DCs was evaluated using flgtwraetry analysis. Results showed
no significant changes in CD80 and CD86 expressimmCs transfected with B&ue
pIL-10 or PLGAo1046PIL-10 compared to control DCs, indicating tha¢ thuppressive
effect of IL-10 gene-modified DCs is not mediatdarough the changes in DC
maturation. Additionally, because no up-regulatodrB7 was found in DCs exposed to
PS10n6pIL-10 and PLGAo10n6PIL-10, we believe that those two polymers carubed

as carriers for the delivery of immunosuppressiyends.

To further evaluate the phenotypes of IL-10 geneliffted DCs, cytokine
secretion in DC: T cell co-cultured with PLGAHsPIL-10 modified or untranfected

DCs was analyzed. Cytokines are regulators of hesponses to infection, immune
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responses, and inflammation. Depending on thee molinfection and/or inflammation,
some cytokines clearly promote inflammation andcaléed pro-inflammatory cytokines,
whereas other cytokines suppress the activity ofipitammatory cytokines and are
called anti-inflammatory cytokines. IL-1, up-regld in mature DCs, are pro-
inflammatory cytokines involved in immune defend$le:1 activates effector T cells,
increases the expression of adhesion factors ootleelchl cells to enable transmigration
of leukocytes. IL-2 promotes the differentiatiordgoroliferation of T cells. In addition,
IL-2 is necessary during regulatory T cells devalept (Thornton and Shevach 1998;
Thornton, Donovan et al. 2004). IL-3 is secretedabtivated T cells to support growth
and differentiation of T cells in immune responBemor necrosis factor-alpha (TN#B;
IFN-y and IL-6 are also classified as pro-inflammatoytokines because of their role in
promoting T cell differentiation, NK cell activanpand neutrophil trafficking. IL-12 is a
cytokine produced by mature dendritic cells. Its-mflammatory functionalities include
promoting the differentiation of naive T cells infbhl cells and stimulating the
production of IFNy and TNFe from T cells. MIP, secreted by macrophages, induke
synthesis and release of pro-inflammatory cytoksesh as IL-1, IL-6 and TNE- IL-4
and IL-13 are anti-inflammatory cytokines owing teir ability to suppress Thl

response and the expression of pro-inflammatorgkoyes such as IL-1, and TNE-

Our results showed no changes in most pro-inflarargatytokines (less than one
fold) including IL-1a, IL-2, IL-3, IL-6, IL-12, TNF, INF-y, G-CSF, MIP-&, MIG, and
Rantes in the supernatants from cultures contai®b@Ao10nspIL-10 modified DCs

compared to control DCs. Additionally, expressidnile4 and IL-13 were also the same
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between co-cultures containing IL-10 modified D@s aontrol DCs.

Generally, IL-10 is considered an anti-inflammatocytokine capable of
suppressing TNk and other pro-inflammatory agents. In some expemiad models,
autocrine 1L-10 showed no suppression of pro-infteatory cytokines, which is in
agreement with our data (Connor, Harkin et al. 20@rle et al. also found in their
model, the suppressive effect of IL-10 is not metiaby the down-regulation of
inflammatory cytokines (TNF- and IL-6), but rather through the interferencettudir
downstream signaling, such as Thfrduced phosphorylation of Jun N-terminal kinase

(Strle, McCusker et al. 2007).

Among all the chemokines tested, MIG, also know@hsmokine (C-X-C motif)
ligand 9 (CXCL9), contributes to T cell traffickin@iao, Rabin et al. 1995). Rantes
(CCL5) promotes the recruitment of leukocytes idatg T cells, eosinophils, and
basophils into inflammatory sites. Our results sadwhat PLGA101espIL-10 modified
DCs does not alter the secretion of MIG and Rahted cells 2 days post-treatment,
indicating that the suppressive effect of IL-10 genodified DCs is not mediated
through the interference of these chemokines innobodel. Krensky et al. reported that
CCL5 was not up-regulated in normal T lymphocytedilu3 to 5 days after their
activation (Krensky and Ahn 2007), suggesting tloager observation period may be

required in order to observe a change of the le/€ICL5 in the co-culture.

Conversely, we detected decreases in M-CSF and GM-@hen T cells were
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stimulated with IL-10 gene-modified DCs comparedhweontrol DCs (Figure 6.4).

Members of the CSF cytokine family play importaates in stimulating immune cell

activation, differentiation, and recruitment. GM¥$roduced by activated T cells and
macrophages, promotes Thl immune response, alleftacnmation, and autoimmunity

(Fleetwood, Cook et al. 2005; Cao 2007; Eksioglahimood et al. 2007). M-CSF, also
named as CSF-1, is known for its role in promotmacrophage and T cell survival and
proliferation, as well as enhancing functionalitedsthese cells (Martinez-Moczygemba
and Huston 2003; Barreda, Hanington et al. 2004jdgku, Mahmood et al. 2007). M-
CSF also up-regulates MHC class Il molecule on Dggpromoting its synthesis and
translocation to the plasma membrane. Previousestughowed that IL-10 inhibits the
production of GM-CSF and M-CSF by monocytes (de MMalefyt, Abrams et al.

1991). In agreement with this study, our resultvadd that both M-CSF and GM-CSF
were suppressed in co-cultures containing PbAspIL-10 modified DCs compared to
control DCs, indicating that these IL-10-gene miedif DCs display a suppressive

phenotype in the mixed lymphocyte culture.

Additionally, we observed increases in IL-10 and5lLwhen T cells were
stimulated with IL-10 gene-modified DCs comparethvaontrol DCs (Figure 6.4). IL-10
production increased four-fold when DCs were tracsfd with PLGA;0nspIL-10.
PLGAo10n6PIL-10 transfected DCs could contribute to theregon of IL-10 in the co-
culture. However, because only one in 5 cells endtblture was DCs, a major portion of
IL-10 could come from Foxp3-expressing Treg calksjt was demonstrated that Foxp3+

Treg cells secrete 1L-10 (Izcue, Coombes et al62Qhlig, Coombes et al. 2006). We
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cannot rule out, however, that other suppressacells ¢type 1 and type 3) in the system
which might have contributed to the IL-10 pool ¢ois and Rudensky 2007). IL-5 was
initially characterized as a Th2 cytokine that patenthe growth and differentiation of
eosinophils. IL-5 could also contributes to coumregulating the production of Thl
cytokines, including IFNr (Randolph and Fathman 2006). Recent study by Nakeget
al. demonstrated that IL-5 suppresses Ag-specifdifpration of CD4+ T cellin vivo
(Nakagome, Dohi et al. 200Further study revealed that IL-5 plays a role idinectly
promoting immunosuppressive response through uplaggg TGFS production. Thus,
an increase of IL-5 in the co-culture may contrébtd the suppressive phenotype of IL-

10 gene-modified DCs.

Our data also show that suppressive cytokine PG&ppears to dominate
activating cytokines in these cultures, up-regulatur-fold in T cells conditioned by
PLGAG10n6PIL-10 modified DCs compared to control DCs. T@GHs a pleiotropic
cytokine with potent immunoregulatory propertiesl @ essential for the maintenance of
immunological self-tolerance in the CD4+ T-cell quantment (Letterio and Roberts
1998). Studies showed that T@Feontributed to CTLA--4-mediated T-cell inhibition
(Shull, Ormsby et al. 1992) to IL-12-induced JAK2dal YK2 phosphorylation kinases,
which is associated with T-cell proliferation arfeNFy production (Bright and Sriram
1998). TGFB is also a key feature of Treg cells (Enk 20063ypig an important role in
the conversion of naive CD4+ CD25- T cells into GD@D25+ and Foxp3+ Treg cells.
Besides, TGH signaling is required for the immunosuppressivpacgy of CD4+

CD25+ Treg cells (Shull, Ormsby et al. 1992). Thaowsr result of TGH secretion is
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consistent with the expansion of Treg cells.

In summary, suppression of co-stimulatory molecwas not observed on IL-10
modified DCs and among all the pro-inflammatoryo&yne tested, only GM-CSF and
M-CSF secretion were suppressed in the co-cultomgaming IL-10 gene-modified DCs.
Nevertheless, emergence of Treg cells in the DCell co-culture was evident in the
generation of Foxp3-expressing CD4+ cells concamitath elevated I1L-10 and TGE-
production, suggesting that the suppressive efféthese IL-10 gene-modified DCs is
mainly mediated through the expansion of allogemegulatory T cells. In general, our
results establish that B®psplL-10 and PLGAo101epIL-10 modulates DCs into

suppressive phenotypes.
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CHAPTER 7
SUMMARY AND ORIGINAL CONTRIBUTIONS

Summary

In this work, we investigated polystyrene and pdlgctic-co-glycolic acid)
particles modified with the cationic peptide O10HS$ carriers to introduce a plasmid

encoding murine interleukin-10 to dendritic celsiodulate immune functions.

The delivery systems were formed by coating O10H@tGA and polystyrene
fabricated particles and their physical charadiesswere evaluated. Results from
particle size analysis showed that both PldafsplIL-10 and P3i0neplL-10 particles
display unimodal (Gaussian) distributions in thebraicron range (mean diameter
297.2+14nm of PLGA10nepIL-10 and 126.0+8nm of RaoneplL-10), indicating that
both systems exist as uniform stable colloidal elispns, which is preferable for DC
uptake. Their positive zeta potential (4.7 £0.5 ofi\PLGAo10nePIL-10 and 31.26+2.46
mv of PSionsplL-10) stabilize the particles in the dispersid@el electrophoresis
analysis revealed that plL-10 was condensed orstiniace of PLGA1016 particles via
electrostatic interaction, as evidenced by theassebehavior after the addition of
excessive amount of negatively charged low moleoukight heparin. Results from the
serum stability study demonstrated that the O10b#iex] surface on these particles can

bind and protect plasmid DNA molecules from serwegrddation.

Using confocal image analysis and reverse transmnippolymerase chain
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reaction method, we demonstrated thaps and PLGAvi0nsparticles are effective in
delivering reporter gene pGFP as well as plasmiddlto DCs. Results showed that IL-
10 gene expression was enhanced by three-foldtin B&ions- pIL-10 and PLGA10Hs-

pIL-10 transfected DCs compared to control DCs.

The suppression of T cell responses by IL-10 geodHnred DCs was evaluated
usingan in vitro mixed leukocyte model containing DCs and allogenieicells. The T
cell response was quantified by the proliferatibraltiogeneic lymphocytes. Our results
indicated that DCs transfected with &2&gIL-10 and PLGA10ug0IL-10 particles elicit
the weakest proliferation in allogeneic bulk T sglis well as in CD4+ and CD8+ T cells
among other transfected DCs. Furthermore, usingelkembedded Matrigel as a
surrogate graft, we showed that2&¢pIL-10 and PLGA;ongIL-10 transfected DCs
suppress allogeneic host cell infiltratiomvivo compared to untransfected DCs. These
data demonstrated that f&spIL10 and PLGA10nplL-10 transfected DCs display a

suppressive phenotype to down-regulate allogeneellTresponses.

To further evaluate their immunosuppressive medmsy co-stimulatory
molecule expression, regulatory T cell expansioth @tokine production in co-cultures
containing IL-10 gene modified DCs and allogeneicells were characterized. Results
showed that co-stimulatory molecule expressionmeashanged in DCs transfected with
PS10n6PIL10 and PLGA0ndrIL-10 particles. Data also demonstrated that egguy T

cell marker Foxp3 was up-regulated in allogeneaells exposed to IL-10 gene-modified
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DCs. This result was confirmed with the elevatidnTGF3, a cytokine that plays an

important role in regulatory T cell development.

Taken together, data from this work demonstrated @10H6 surface-modified
PS and PLGAdarticles are effectual vehicles to deliver IL-16€ng to DCs to induce T
cell tolerance. The expansion of allogeneic reguafl cells by IL-10 transfected DCs
may lead to the down-regulation of effector T aasponses in local environments.
Collectively, these results raise the prospectsuigi P%10160r PLGAo10H6 @S Vectors to
deliver immunosuppressive therapeutics to modulatecell responsesin vivo.
Biodegradable PLG#oneparticles are the choice for treatments that reglaing-term

administrations.

Original Contributions

IL-10 has been investigated in the past as a tkatapmeans of attenuating
damaging immune response. However, using polynperiticles as vectors to genetically
modified DCs with IL-10 gene to modulate immune dtions has not been examined
extensively. This approach could potentially oveneothe limitations of current IL-10
delivery strategies, namely, short half-life of asthinant IL-10 protein when
administrated 1.V. (Moore, de Waal Malefyt et abD02), immunological responses
toward viral vectors (Sen, Hong et al. 2001; BuanecVan Meirvenne et al. 2002), and
inflammation associated with cationic lipids in dgomal formulations (Stamatatos,

Leventis et al. 1988; Zelphati and Szoka 1996).
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This work found that the immunosuppressive mecimasisf IL-10 gene applied
to DC can be attributed to as alteration of theas¢ of TGH (Pestka, Krause et al.
2004; Kopydlowski, Salkowski et al. 1999; Kubin, rdaun et al. 1994; Willems,
Marchant et al. 1994; Tong, Toshiaki et al. 2008) @xpansion of regulatory T cells.
Recent studies have found that Treg cells play icalr role in inducing immune
tolerance via restraining proliferation and cytatoactivity of effector T cells. Our data
emphasize the important role of Treg cells in IL#&aQucing immune tolerance, perhaps

by increasing the local concentration of TGF-

This work demonstrated that PS and PLGA can be ased component of
carriers to deliver an immunosuppressive gene tdulabe immune functions. Synthetic
polymeric particles fabricated from polystyrene &idSA have been tested as vaccine
carriers in animal models in the past (Fifis, Gaatlig et al. 2004; Scheerlinck, Gloster et
al. 2006). Minigo et al. have developed formulasionade of PLL-coated polystyrene
nanoparticles, which condense and deliver DNA vagito C57BL/6 mice (Minigo,
Scholzen et al. 2007). Our work suggested that PlcGgolymers are suitable materials
in constructing platforms to deliver genes thatagiieg suppressive cytokines to promote
immune tolerance. It has been reported in liteestuhat the adjuvant effect of PLGA
may hamper their use in tissue engineering or e@jtins that promote immune
tolerance. Some studies have shown that PLGA pestiand films elicit human and
murine DC maturation (Yoshida and Babensee 2004shia, Mata et al. 2007),

implying that the polymer might be pro-inflammatogonversely, Fischer et al. have
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demonstrated that DC phenotypes remain unchangesh veixposed to PLGA and
polyelectrolyte-coated PLGA particles (Fischer, 2Jedn Allmen et al. 2007). Although
we did not directly address the effects of PLGAIlit®n DC maturation status in these
experiments, our data do support the notion thaGA&d4ionspIL-10 delivers an
overriding suppressive signal to T cells. Consisteith these observations are results
reported by Haddadi et al. showing that immunosesgive effects of rapamycin on DCs
are enhanced by encapsulating the drug in PLGApaatioles (Haddadi, Elamanchili et

al. 2008).

Several studies have shown that PLGA particles fdnts elicit human and
murine DC maturation (Yoshida and Babensee 2004shia, Mata et al. 2007),
implying that the polymer might be pro-inflammatoiyhis effect of polymers may be
desired in vaccine delivery, but may not be acd#ptan tissue engineering or in
applications that promote immune tolerance. Ouulteshowed no significant changes
in CD80 and CD86 expression in DCs transfected WitlisAo10nspIL-10 as well as
PS10n6pIL-10 particles. Although we did not directly adds the effects of PLGA on
DC maturation, the immune suppression data pregeant¢his dissertation support the
notion that PLGA10nspIL-10 delivers an overriding suppressive signal Tt cells,
suggesting that PLGA are suitable materials in tan8ng vectors to deliver

immunosuppressive modalities to promote immuneadolee.

This work also demonstrated that the polycation lBL&s effective in modifying

polymeric particles for DNA binding. ConventiongllfpNA can be encapsulated in
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polymeric particles (Cohen, Levy et al. 2000). Hoer hydrolysis of PLGA may
substantially decrease the pH environment in PLG#tiges, potentially resulting in
degradation of DNA (Walter, Moelling et al. 1999;aWy, Robinson et al. 1999).
Moreover, because plasmid DNA has to diffuse thihotlng polymer matrices, the rate of
release is often too slow (release lasts for séwegs/weeks) (Walter, Moelling et al.
1999; Tinsley-Bown, Fretwell et al. 2000; Zhu, Mail et al. 2000; Luten, van Steenis et
al. 2003), leading to less optimal gene expresstamface loading of nucleic acids with
polycation allows DNA to be protected and releassdle cells without having to diffuse
through acidic matrices, thereby increases DNAdfiestion efficiency. Additionally,
surface loading of nucleic acid allows DNA to belease faster compared to
encapsulation methods, which will result in more ADbiccumulation in cytoplasm and
more efficient gene transfer. In this work, we émgpd polycation O10H6 modified
polymeric particles loaded with pIL-10 as the defi vector to DCs. O10H6, a cationic
peptide that has endosomal escape mechanism, éasbhewn in our lab to have more
efficient uptake by DCs and is less toxic than pofPlel. containing cationic peptides. The
principal role of O10H6 is to exert a tunable DN#ding surface so that DNA can be
loaded and protected on the particle, considetiag the ionic interaction between the
DNA and O10H6 peptide is strong enough to bind DI®#&e of the potential advantages
of these particulate vectors is they can be adjusteachieve different payload of DNA
by changing the amount of O10H6 peptide added éopirticles during fabrication.
Excessive amount of O10H6 coated on the particldislikely to increase amount of

positive charge available for DNA binding, therebgreasing DNA loading per patrticle.
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A cell transplant model that utilizes Matrigel seddvithex vivo plL-10 modified
DCs from BALB/c (H-2) mice as a scaffold to establish surrogate “graftC57BL/6
(H-2b) mice. Matrigel has been used extensively as aixnataffold for implanting
tissuesin vivo (Shih and Towle 1995; Edamura, Ohgawara et all2@mmermann,
Didie et al. 2002; Zimmermann, Melnychenko et 8102, Bharat, Benshoff et al. 2005).
In this system, the immune response from the restpcan be evaluated by analyzing
host cell infiltration to the graft after implantt. This Matrigel system embedded with
ex vivo transfected DCs provides an opportune settingsfiodying alloreactivity oex
vivo-modified DCin vivo. An advantage is the number of donor cells initgglant can

be controlled, leading to reproducible inflammation
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APPENDIX 1

Glossary

Antigen-presenting cell (APC) : a cell that can break down protein antigens into
peptides and present the peptides, in conjunctitim nvajor histocompatibility complex
on the cell surface, where they can interact witkeell receptors. Professional APCs

include dendritic cells, Macrophages, and B cells.

Colloidal dispersion : A system in which particles of colloidal size ofyamature (e.g.
solid, liquid or gas) are dispersed in a continuphase of a different composition (or

state).

Cytotoxic T cel (CTL): a sub-group of T lymphocytes with a CD8 marker that
recognizes antigens on the surface of infecteds amil tumor cells. It is capable of

inducing the death of these infected somatic ortucells.

Effector T cell (helper T cell) : a sub-group of lymphocytes that play an importafe r
in establishing and maximizing the capabilitiesteg immune system by activating and

directing other immune cells.

Enzyme-linked immunosor bent assay (EL1SA):. A sensitive immunoassay that uses an
enzyme linked to an antibody or antigen as a maféerthe detection of a specific

protein.
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Flow cytometry: a technique for counting, examining, and sortingrogcopic particles
suspended in a stream of fluid. It allows simultaree multiparametric analysis of the
physical and/or chemical characteristics of sirmghs flowing through an optical and/or

electronic detection apparatus.

Liposome: a spherical vesicle composed of a phospholipid emalesterol bilayer.

Liposomes contain a core of aqueous solution.

Major histocompatibility complex (MHC): a group of genes that code for proteins
found on the surfaces of cells that help the immsystem recognize foreign substances.
The proteins encoded by the MHC display both setf aonself antigens to T cell that
has the capacity to kill or co-ordinate the killiafpathogens, infected or malfunctioning

cells.

Regulatory T cell: a specialized subpopulation of T cells that acduppress activation
of the immune system and thereby maintain immuséegy homeostasis and tolerance to

self-antigens.

Reverse transcription polymerase chain reaction (RT-PCR): a sensitive method for
the detection of MRNA expression levels. UsualljARstrand is first reverse transcribed
into its DNA complement (complementary DNA, or cDNAsing the enzyme reverse

transcriptase, and the resulting cDNA is then aimepliusing primers specific for one or
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more genes. RT-PCR can also be carried out astepeRsS-PCR in which all reaction

components are mixed in one tube prior to stattegreactions.

Zeta potential: electric potential in the interfacial double layar the location of the
slipping plane versus a point in the bulk fluid gweom the interface. In other words,
zeta potential is the potential difference betwdba dispersion medium and the

stationary layer of fluid attached to the dispersedicle.
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