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ABSTRACT
ROLAND CHEUNG: Antibody Carriers of CpG Oligodeoxynucleotides for Solichor

Immunotherapy
(Under the direction of Moo J. Cho, Ph.D.)

The use of CpG oligodeoxynucleotide (ODN) TLR9 agonists for oncalogsapy
has been primarily limited to its use as an adjuvant in combin#tenapies. Successful
anti-cancer therapy has been limited to the intratumoral andumerial routes of
administration. Subcutaneous (SC) administration has showed promisessbiis have
been modest at best. For cancer monotherapy with CpG, we develdpédeay system
utilizing an endogenous antibody as a carrier for CoG ODNs. waters first involves
conjugation of a small molecule 2,4-dinitrophenyl (DNP) hapten to Cp@ext, we
immunize mice against the hapten such that a high titer oD&fRi-antibodies is maintained
in the systemic circulation. Upon injection of DNP-CpG, an immuneptamwill be
formed. Subsequently, the immune complex will be taken up by dendzltscfor CpG
processing by TLR9 endosomal receptors.

This system was shown to be effective in tumor growth inhibition inamimal
model upon intravenous (1V) delivery of CpG ODNs, an administration tbatehas never
shown to be effective. In the following investigations, we found thatS@eroute of
administration exhibited great efficacy. Anti-tumor responseagagood as IV delivery and
showed an improvement over SC administration of underivatized CpGm&takinetic

analysis suggests that increased half-life of CpG may plegleatoward the therapeutic



effect. In vitro studies suggest that our immune complex effégtaativates dendritic cells
and that this effect is possibly due to facilitated processingeoimmune complexes via Fc
receptor-mediated endocytosis and not due to the extent of CpG upaded on collective
results, we proposed mechanisms by which we were able to gswmchr a positive
immunological response. Additional opportunities stemming from this work wiliogr be
of great value. The establishment of SC and IV formulationsettiabit desirable properties

carries tremendous implications for the deliver of other therapeutic agents.
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CHAPTERI

INTRODUCTION



Historical Perspective

It has been observed for hundreds, and perhaps even thousands of years,dhat canc
patients who developed concurrent pathogenic infections would experianssioas of
their malignancies. Many surgeons in the 1800s noted the link between erysipelas infections
(a superficial infection of the skin caused Sigeptcoccus pyogenes) and cancer remissions,
but years would pass before a breakthrough in active cancer immuapgthdn 1891, Dr.
William B. Coley, then a young surgeon at New York Memorial Hasp&xperienced great
distress from the loss of a female cancer patient. Fredtwith the failure of surgery, he
spent numerous hours examining all records of sarcoma casewatdik Hospital hoping
to find alternative treatments. Coley eventually discovered vensgear-old record
describing a man with sarcoma of the neck whose case wasdeepaless after multiple
failed surgeries. The patient's last surgery resulted irveresenfection of erysipelas and
high fever, but the man survived the infection and the tumor healegletely. Coley spent
weeks eagerly searching for this patient in lower Manhateastside slums and found him

in good health and free from cancer.

Coley's interest in erysipelas led him to discover historidataliure and other
publications that recorded similar findings linking acute infectiontts tumor regression.
He then decided to treat cancer patients by infecting themenytipelas. Some cases met
with great success, even after metastasis, but limitatoribet treatments soon became
apparent. some patients never developed an infection while otherspkl/a@n infection so
severe that they proved to be fatal. Coley also observed thatrigduéebrile response was

vital in producing anti-cancer effect.



To address these difficulties, Coley eventually developed a wacomprised of two
heat-killed bacteria: the Gram-positi® eptococcus pyogenes and Gram-negativEerratia
marcescens. This vaccine became known as “Coley's toxins”. Although thousands of
patients were treated with Coley's toxins, responses to the vaeeraestill highly variable
and depended on many factors including cancer type, route of adntimisteand precision
of the vaccine formulation. Eventually, after Coley's death in 1936,0lL$#s vaccine
diminished as radiation and chemotherapy became the preferreddsieif treatment. As a
result of the Kefauver Harris Amendment in 1963, the Food and Drug Astration gave

Coley's toxins “new drug” status, making it illegal to sell them in the UnitedsStat

Thanks to the efforts of Coley's daughter, Helen Coley Nauts, andeAMartin, a
chemical engineer who had a great interest in medicine, d@tdreesearchers developed a
renewed interest in Coley's toxins. In line with contemporarylagigns and advances in
medical research, the need and desire for a more refined anduretégstood method of

cancer treatment has led to the eventual development of CpG oligodeoxynuclediitiss. (O

CpG Oligodeoxynucleotides and Toll-like Receptor 9

Until the 1980s, the active bacterial component in Coley's toxin kaght to be
lipopolysaccharide. A Japanese research group working with Badclhlmette-Guerin
(BCG), a vaccine against tuberculosis that is prepared fretmam of the attenuated live
Mycobacterium bovis, found that the anti-tumor activity came from bacterial DNA.

Arthur Krieg's work in the 1990s contributed greatly to the understandinghe



immunotherapeutic effects of bacterial DNA and the design of skgnthetic DNA

sequences meant to mimic bacterial DNA for the induction of selective immapenses.

The vertebrate immune system recognizes invading pathogens usitagn pa
recognition receptors. The Toll-like receptors are among the meH-characterized
receptor family with Toll-like receptor (TLR) 9 establishesithe receptor that recognizes
and processes bacterial DNA. The ability of this receptor to distinguish between
prokaryotic and eukaryotic DNA comes from a fundamental evolutionffgrefices. TLR9
recognizes and is activated by cytosine-phosphate-guanine (Cp@)editides which are
unmethylated and common in bacterial DNA, but are found methylated/iém suppressed

frequency in the vertebrate genofme.

Knowledge of this has fueled the development of immunostimulatory CpSsQ©
also known as TLR9 agonists. These short, synthetic DNA oligodedewntide sequences,
ranging from eight to 30 nucleotides long, contain unmethylated CpGcldotides in
specific base contexts called CpG motifs. Specific modifinatsuch as those to the sugar,
base, backbone, and number of CpG, can be made to selectivelg &ice and the degree
of an immune responde.For example, CpG ODNSs usually contain phosphorothioate (PS)
modifications to the backbone to hinder nuclease degradation. CpG QBNsireently
classified into one of four classes: A, B, C, and P. To date, ofidee vaccine work has
utilized B-class CpG ODNs. Class B is potent in producingdFhd B-cell activation and
most well characterized in terms of anti-tumor activity andlmasism’® For many murine-
basedin vivo and cellular experiments, the B-class CpG ODNSs used is CpG 18%6.a

well-established ODN specifically developed for mouse studies andénésltwing 20-mer



sequence with two CpG motifs: 5-TCCATGACGITTGACGTT-3'. A commonly used

control is the non-CpG-containing ODN, ODN 1982, which has identical dmsposition

as 1826, but ordered in a non-stimulatory sequence: 5-TCCAGGAGTTCTCTCAGGTT-3

TLR9 activation results in a cascade of innate and adaptive imnespenses’
Since dendritic cells (DCs) act in the initiation of primaegponses and as the interface
between the two arms of the immune systérhey are logical targets for CpG ODN

delivery.

Dendritic Cellsand the Immune System

Dendritic cells are the most potent of antigen presenting (8FPCs) and specialize
in antigen presentatio:* Immature DCs originate from bone marrow and migrate
throughout the body. DCs exist in all lymphoid and most non-lymphoid $sissue, with
high endocytic capacity, continuously sample their environment fergiorantigens. There
are multiple means by which DCs capture antigens: phagocytosisiopmnocytosis,

pinocytosis, and receptor-mediated endocyttsis.

When activated, DCs follow the unidirectional flow of the lymph throulga
lymphatic vessels until they reach the secondary lymphoid organsasutie lymph nodes
where they will interact with T celf§. DCs are so effective at stimulating the immune
system because of their ability to interact with natural k{lNK) cells of the innate arm and
with CD4' (T helper cells) and CO§Cytotoxic T cells, CTL) T cells of the adaptive afm.
The major histocompatibility complex (MHC) molecules, known in humantha human

leukocyte antigen (HLA), are the molecules that present the antigd cells. The two



types, MHC class | and MHC class I, are distinct in themlvement in antigen processing.
MHC | presents antigen fragments derived from cytosolic protei@D8+ T cells. MHC I
presents antigen fragments derived from exogenous proteins to CDé&ltsT &MHC 1l
antigens come from extracellular pathogens which have been enddcyd€s are unique
because they can effectively use MHC | to also present exogentgsnafragments to

CD8+ T cells through a specialized cross-presentation mech&hism.

Plasmacytoid dendritic cells (pDCs), a subset of immature B@$B cells are the
only human immune cells known to constitutively express TLR9 (Figuty'’ When
activated by CpG ODNSs, pDCs excrete cytokines and chemokineh watiivate cells of the
innate immune system which can confer direct anti-tumor eff&{sDC stimulation also
results in increased expression of co-stimulatory molecules such asa@D&D86 to signal
proliferation of T-cells, particularly type 1 helper T cell$;1). In the presence of tumor-
associated antigens, DCs can process these antigens for MHGtgtieseto T cells. Both
the co-stimulatory and MHC signals are required for successfivation of T cell$!
Suggestive of DC involvement in CpG ODNs therapy, intralymphatimim@istration
considerably improved therapeutic response to CpG &DMsle another study was able to
treat large murine tumors using combined DC and CpG ODNs th&tastill others have
attempted to use receptor-mediated delivery of antigens to D@stioancer applicatiorfs.
These findings warrant the use of CpG ODNs for dendritic @efivation, ultimately
resulting in T cell effector functioft,in cancer immunotherapy. As such, delivery of CpG

ODNs to DCs would benefit greatly using a drug delivery system.



Endogenous Antibodiesas Drug Carriers

A major concern with current synthetic delivery systems ig ihherent
immunogenicity?® Even some protein therapeutics can elicit immune responses emgtatt
have been made to minimize their immunogenitityThe ideal drug delivery system must
not only carry intact cargo to the target location, but avoid actyahe immune system or
undesired neutralization that leads to elimination from the bodyeitées the enormous
potential of endogenous antibodies in CpG ODNs and general deliveryex&ople, DCs,
in addition to TLR9, express cell-surface Fc receptors suchcd® Wwhich bind the Fc
domain of immunoglobulin G (IgG) antibodies. This implicates the paiefati IgG to be
used for delivery to DCs. Because of this and other desirable pesperatural and
synthetic antibodies have been developed for many applications inimeegc research. In
fact, more than 20 antibody products are approved by the U.S. Food and Drug
Administration (FDA). Typically, the antibody itself is the thgeutic entity. CpG ODNs
have been used to boost the therapeutic effect of an antibody tre&tinenonly recently

has the opposite been done: using antibodies to support the activity of CpG*ODNS.

Antibodies, also called immunoglobulins (Igs), are serum glycoproteimsh all
have the same basic structure of two identical heavy chainsaandiéntical light chains
held together by disulfide bonds in a 'Y' shape (Figure 1.2). Theynaurally-occurring
proteins produced and secreted by B cells of immune system talizeutr destroy ligands
to which they bind. Human Igs have two types of light chaimsdA, but are classified into

five families, or isotypes, based on their heavy chain: immunoglohu{igA), é (IgD),



(IgE), vy (1gG), andu (IgM). The isotypes differ in size, overall structure, and antigen binding

sites.

Of all Igs, IgG makes up approximately 80% of the total at arageeconcentration
of about 10 mg/ml and a maximum concentration as high as 17 mg/ml in the blood, making it
the second most abundant blood protein after albumin. Most, if not athpéhgic
antibodies to date are of the IgG class. An example of IgG's role in protectiuaity is its
natural function in providing passive humoral immunity to a fetus frommtbther. Based
on structural differences of the heavy chains, which allow féer@ifices in receptor binding,
IgGs can be further divided into four subclasses; |¢g8>,, 1gGs, and IgG. Each intact IgG
has a high molecular weight of approximately 150 kDa. Each light chain is arounc&2s kD
size and each heavy chain is about 50 kDa. A single IgG moleasilevo identical antigen-
binding domains, or Fab (fragment of antigen binding), and an Fc (fragmestallizable)

domain. The Fc domain is involved in the binding to a variety of cell-surface receptors.

Not only is the neonatal Fc receptor (FcRn), specific for thasport of IgG,
important in conferring passive immunity from mother to fetuslaygan important role in
IgG homeostasis. Also known as the Brambell receptor, FCRn profetle 1gG from
catabolism and allows IgG to be recycled via endocytic pathtireysby giving IgG a long

circulatory half-life (i,2) of greater than 21 days in humans.

The FcRn protection pathway initially involves the uptake of I1gG istoous cells
via non-specific fluid phase pinocytosis. As the endosome matures;agteistic decrease
in pH follows which provides a favorable condition for viable 1gG bindtogFcRn.

Eventually, the endosome fuses with the lysosome and unbound IgG wilgdstedi by



proteases. The IgG-FcRn complex is trafficked back to thesuwd#ace when the endosome
fuses with the plasma membrane. Exposure to the physiologicehyd¢s the complex to

disassociate, releasing IgG back into the plasma or interstitiafiéfd.

Upon IgG binding to an antigen, however, different processing patheeaysccur.
A polymeric antigen-IgG immune complex (IC) is subject to dediawalan the lyosomes
after FcRn-mediated uptak®. However, a 1:1 antigen-lgG immune complex (IC), being
structurally similar to free IgG in that it cannot crosslinkigen, is subject to uptake via
FcyR-mediated endocytosis into APCs such as DCs. There aretypeseFgR on various
immune cells that recognize the Fc domain of IgG molecules, damhirgy a different
affinity for 1gG or IgG-containing ICs. Of the three, onlyyRt (CD64) processes
monomeric IC&3*and exhibits a high affinity (IM) for IgG.3° As a result of their ability
to recognize their specific antigen, they have been exploitechéar éffector function or
targeted drug delivery. A highly unique approach is to use tagma drug carrier for
therapeutic compounds that otherwise would exhibit undesirable pharmaaKiREl)

profiles, such as CpG ODNs.

Constitutive fluid-phase endocytosis including macropinocytosis is nerg
consuming and non-specific in solute uptake. The process diminishes signifasatite DC
matures’’ The rationale behind the use ofyRcin delivering CpG in a monovalent IC is
supported by the discovery that theyRs expressed on DCs can effectively take up and
process IC¥ and are involved in the efficient priming of; Tell responses vivo.*® Indeed,

a DNA vaccine comprised of an antigen fused to an IgG Fc fradeerd ovalbumin/anti-

ovalbumin ICs successfully demonstrated both major histocompatibdityplex (MHC) I-



and Il-derived responses when targeted to DCs in fhic&everalin vitro studies have
shown that DCs present IgG-complexed antigens more effectoeGD8+ T and CD4+
cells than soluble antigefi5** In a murine tumor model, treatment has been shown to be
more effective using DCs which have been pre-loateavo with ICs compared with direct

injection of soluble 1C&*

Unlike the often intensive and difficult synthetic process requit@ddevelop
nanoparticulate carriers, antibodies can be produced in high quantitaghhtbothin vivo
andin vitro methods. Monoclonal antibodies (mAbs) are extensively used in kasigrch,
diagnostics, and as therapeutic agents for cancer, inflammatidmfactious disease. The
monoclonal antibody production process permits large quantities of aesbtaligeted
against a particular antigen to be produced. Initially, a mousemsimized by injection of
an antigen to stimulate the production of antibodies targeted agiaenparticular antigen.
The antibody-secreting B cells are isolated from the spleionoclonal antibodies are
produced by fusing a single B cell to a tumor cell and thieigged hybrid cell, hence called
a hybridoma, is then grown in culture. By allowing the hybridoonentiltiply in culture, a
uniform population of cells is produced, each of which produces identicddodnt
molecules. These antibodies are called monoclonal antibodies bduayisee produced by
the identical offspring of a single, cloned antibody-seegetiell. Hybridoma cells can be
grown using two methods. A major benefit using hybridomas istliegt can be cultured
indefinitely in cell culture media. Alternatively, the ceatisn be injected into the peritoneal
cavity of mice where they produce tumors containing an antibodyftah called ascites
fluid. Although mAb production is constant, offers high concentration, puatyd

homogeneity, monospecificity sometimes limits their use and praductten requires more

10



time, skill, and money relative to polyclonal antibody (pAb) productioMonoclonal
antibody usage as drug carriers in humans may not be idealnsimcee mAbs in humans
have been shown to only have serum half-lives of one to two*d&yand can be
immunogenic. Even humanized, or chimeric, mAbs do not have the shak RK
properties as fully human IgGs. However, there is promise ininglmAbs as drug carriers
since fully human mAbs have recently been produced through advanced genetic

manipulations’’

Polyclonal antibodies are produced by immunizing an animal agaipatt@&ular
antigen and, if desired, are then isolated from collected blood. Thentoaton of antigen-
specific antibodies ranges from 50 to 3a§ml although absolute quantity is dependent on
the size and age of the anim&l.Due to aforementioned issues with mAbs, pAbs are a
promising alternative for drug delivery. Atrtificial activ@munization involves injection of
an antigen into the host to elicit production of antigen-specific ligGs large excess of
antigen. The resulting stoichiometric excess of antibody igeants desirable for sustained

immune complex formation.

Passive Tumor Targeting and the EPR Effect

Antibody usage in drug delivery has enormous potential. Not only mi#Enodies
bind cargo and deliver it to DCs, they can be used in passive targetihg. The enhanced
permeability and retention (EPR) effect is a phenomenon describe®@weears ago for
passive targeting of macromolecules to solid turfibrsfumors trigger angiogenesis and

maintain a high density of vessels to obtain the vast amount of oxgm@nmnutrients

11



necessary to sustain their growth. Unlike in normal tissuesnebgasculature exhibits
abnormal vascular architecture. These defective vesseleag dlue to large openings
called fenestrae which can range from 100 to 60G‘hifhe lack of a smooth muscle layer
results in irregular blood flow. Impaired lymphatic cleardhemd reduced venous blood
flow in the tumor leads to retention and accumulation of macromekeciand

nanoparticles?

Tumor targeting strategies based on the EPR effect haverégamed with soluble
polymeric drug¥** as well as particulates such as liposofie# standard explanation is
that macromolecules or particulates are passively trappedtiallyadenuded endothelium.
A major weakness in this argument is the failure to recegpatential competition with a
large excess of endogenous macromolecules such as immunoglobulindoamdh end
particulates such as platelets and lipoprotein particles. dfortire, synthetic nanocarriers
require meticulous design for size control since they must avw@dmajor clearance
mechanisms. The kidneys are known to filter compounds with molecuighsvess than
about 70,000 daltons (Da) and particles less than 10 nm in size whwareagyreater than
100 nm are subject to clearance by the [eNanoparticles must also be shielded from the
reticuloendothelial system (RES), a system of phagocytis @mlind in the circulation and
tissue, primarily comprised of monocytes and macrophages, which emgiilfdestroy

foreign or abnormal cells and substances.

Interstitial transport of macromolecules from the site ofnteda in the endothelium
to tumor interior can be unfavorable. This is because the int&rstinsport of

macromolecules and particulates is mainly via solvent drag @Grecection) and because
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high interstitial fluid pressure and elevated oncotic pressuesudt iof impaired lymphatics

in the tumor, would work against the convective transpoft.The dilemma of the large size
needed in exploiting EPR effect and the small size desifablaterstitial transport could
well be the reason for the paorvivo outcome of many tumor-targeted macromolecular drug

delivery strategies that otherwise have shown tremendous potential inrcglBilms.

In the proposed use of IgG as a carrier, the dilemma is yaagelded as our target is
not tumor cells per se but DCs in the tumor vicinftyTherefore, it may not be required for
our CpG-containing ICs to penetrate deep into the tumor tissuen All, the multitude of
benefits that antibodies can provide may offer an enhanced syneeffistit for anti-tumor

therapy.

Routes of Administration

To date, CpG ODNSs use in monotherapy continues to be limited. Although anid
peri-tumoral injections have been effective in murine moddlsese routes limit the use of
CpG ODNSs to only specific types of cancer. Intravenous (1V) adtnation is often used
because the drug has 100% bioavailability such that maximum absoapidl distribution is
ensured. However, IV delivery of any ODN results in rapidrelece from the circulation to
the clearing organs, particularly the liver and kidneys. dbsing also subjects ODN to
dilution and non-specific binding to serum proteins. Only recentlytiaen shown that it

can be effective in anti-cancer therapy after intravenous admiitiatfat

Due to the failed attempts of intravenous CpG ODNs delivery, thaisrnsous (SC)

route of administration has been studied although not established forhm@my!>**° SC
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administration offers many practical benefits. IV and intramasc{iM) injections require
skilled personnel whereas SC injections can be self-administgredpatient and can be
painless. In fact, many drugs such as insulin and heparin have lggdyn $uccessful
through SC administration. The SC route is very promising esfyesiate it allows for
slow release from the injection site and for accumulation inyimph nodes where many

DCs are located.

Development of tumor vaccines using CpG ODNs monotherapy has not been
successful although use of CpG ODNSs as adju¥afiter in multi-modal treatments show
clinical promise®*®® The importance of delivery route was recently manifesteBflzer’s
decision not to develop CpG 7907 (also known as PF-3512676) any further imytreat-
small cell lung cancer, after the initial human clinical steidieow no clear-cut efficacy with

a systemic route of administration (http://www.forbes.com/heai#i2@07/06/20/pfizer-

coley-drug-biz-bizhealth-cx_mh_0620pfizer.hymTlhe following drug delivery strategies

were devised to resolve issues with CpG delivery regardless of administraite.

Development of a Drug Delivery System

In order for 1gG to be used as a CpG ODNSs carrier, major @eragions must be
taken into account. IgG must recognize and bind specifically to GPp&s with a high
enough affinity such that the cargo is not subject to clearaecdanisms before it reaches
the DC targets, but also must bind in such a way that does not olistumiake by DCs nor
obstruct binding of CpG ODNs to TLR9. To maximize binding, IgG waoddglly exist in

large excess such that 100% of administered CpG ODNs is bound. Ar1i12
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stoichiometric ratio of IgG to ligand, such that either one or bathdomains are occupied,
would confer an apparent IGtsimilar to that of the antibody itséff.”® Initially, it would
appear that ICs containing CpG as an antigen would eliminate BeGI)N rather than
extending its circulation time. In reality, IC formation cawéia wide range of PK effects
on the bound antigen depending upon the size of the antigen, the stoichiontie¢ry&fand

the titer of the antibod{} Antigen crosslinking must be avoided since polymeric ICs not
only neutralize the cargo, but are themselves subject to enhanced clearance. |évibi@sa
however, do not induce antigen crosslinking and enjoy a prolongednige tiThis PK
property has been utilized in the systemic delivery of smaleouté§® as well as protein®,

and may also be applied to ODN delivery.

Binding of 1IgG to CpG ODNs can readily accomplished by simpgientcal
modification (Figure 1.3). The most straightforward method is toaaklapten to CpG. 2,4-
Dinitrophenyl (DNP) moiety can easily be conjugated to CpG OiiNsigh a linker during
automated solid-phase ODN synthesis. This small moleculahtvéigpten lacks any
inherent immunogenicity and mono-derivatization on CpG ODNs avoids ciasgli Since
any chemical modification at the 5’-end of CpG ODNSs reduces thenune-stimulating
activity,® DNP is introduced only at the 3'-end. Logically, an anti-DNPhanly would need
to be used. Fom vitro and mechanistic studies, anti-trinitrophenyl (TNP) mid®m
1B7.11 and IGEL a2 hybridoma cells and anti-DNP jg@m ANO6 hybridomas are
available. Forin vivo polyclonal antibody production against a specific antigen, standard
immunization protocols have long been established. Antigens are uguwatBins or
polysaccharides. In order for smaller molecules such as DNPaords to become

antigenic, multiple molecules are extensively conjugated te laegrier proteins, such as
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albumin or keyhole limpet hemocyanin (KLH). A primary injectioh this highly
derivatized carrier protein along with an adjuvant via a relevaningstration route into the
host will trigger antibody production against the antigen. Additiongdctions, called

boosters, can be administered at regular time intervals to maintain a highdguttier.

The strength of association is one variable that can easitpriteolled to improve
serum 1, in vivo and has been optimized for the effects of several variables cwottie
interactive energy, or avidity, between anti-DNP monoclonal angilzotl DNP-modified
ODNs®" Monovalent 1:1 ICs indeed exhibit a long circulatign, providing a sufficient
time for tumor accumulation in DNP-immunized mice whereas I@s8 @pG haptenized
with two DNP (DNR-CpG ODNSs) showed increased clearance possibly due to polyi@eric
formation?® Perhaps more importantly, the Fc domain of the ICs appears to prémeat

entry to DCs thereby facilitating DC activation.

Since 1gG is found ubiquitously throughout blood and tissue alike, CpG can be
injected via multiple routes of administration to form ICs afietive immunization. A
substantial amount of endogenous IgG is found in the interstitial tissudynamic
equilibrium with plasma, approximately at 25% of the plasma condiemtra Therefore,
regardless of most administration routes, CpG ODNSs is expectedhain as ICs which will

eventually find their DC targets (Figure 1.4).

As a proof on concept, we first employed our system for intraveselugery?® In
the first pharmacokinetic study using this endogenous immune complsbtenmsy
underivatized CpG administered intravenously to non-immunized, tumondgeatice

exhibited rapid clearance with almost complete elimination aftrtwo hours. In contrast,
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DNP-derivatized CpG administered to DNP-immunized, tumor-beanicg showed a long,
sustained systemic circulation with high serum levels eviem @2 hours (Figure 1.5). The
PK properties of DNP-CpG were highly favorable. Compared toGpe, DNP-CpG had a
266-fold increase in elimination half-life, a 1650-fold increase stesyic exposure, a 13-
fold decrease in the tissue volume of distribution, and a 1530-fold decireas/stemic
clearance. DNfCpG, a CpG derivative which contains two DNP haptens was used to
determine whether a greater binding affinity to the anti-DNPbad$i could confer
additional improvements in PK properties. Although BNXIPG showed better PK
properties than free CpG, DNP-CpG improvements were much gidatiele 1). Since
DNP,-CpG has two DNP haptens, antibody crosslinking could have occurred which
subsequently led to the rapid elimination of such polymeric imncongplexes. Based on

this finding, all further studies utilized DNP-CpG.

Analysis of the biodistribution of free CpG shows that the ODfdusd primarily in
the clearance organs while only up to 2% of the injected ddeand in the tumor tissue at
any given time. In contrast, tumor accumulation of DNP-CpG wase @p-fold higher with
over 20% of the injected dose found in the tumor tissue. A high percesfttye dose was
sustained in the tumor tissue even after 72 hours (Figure 1.6). iftisgf supports the

involvement of the EPR effect as we had proposed.

In a preliminary tumor growth inhibition study, PBS, free CpG, and {Q§& were
intravenously administered to DNP-immunized, tumor-bearing micemidistration of free
CpG did not result in any anti-tumor response and the rapid tumothgpattern mirrored

that of the PBS negative control. DNP-CpG treatments, howeveg, aide to inhibit the
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rate of tumor growth, especially when the anti-DNP antibody wi&s high (Figure 1.7).
Around dose 3, the time when antibody titers dropped to low levels, getsmvere no

longer effective which attests to the need for immune complex formation.

In the following chapters, we further employ this intricaddyeloped drug delivery
strategy in the treatment of solid tumors and explore the possibtEhanistic effects
involved. Our approach was already shown to be effective wheatntents were
administered intravenously. Further studies confirm these prevesudts. Furthermore,
contralateral subcutaneous (SC) injections were also found tdeloéivaf in the same mouse
model. One possible explanation of these successful outcomes wasethetrey able to
provide: (1) sustained circulation of the CpG ODNs through spontaneoustifamnof
monovalent ICsn vivo; (2) targeting of the CpG ODNSs to DCs in the tumor marginthva
EPR effect; and (3) facilitated uptake of ICs by DCs throtinghFc receptor expressed on

pDCs.
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Figure 1.1 Activation of the immune system by CpG oligodeoxynucleotides. gtis fi
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Figure 1.2. Structure and function of immunoglobulin G. 1gG can be used as an endogenous
protein carrier because it can be found in high lenedsso, can bind drugs with high

affinity, exhibits a long circulatory half-life and lack of antigenicity, aad target drugs to
antigen-presenting cells via Fc receptor-mediated endocytosis.
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Figure 1.5. Serum pharmacokinetic profile of free CpG, DNP-CpG, &fe-OpG after a
single intravenous dose. Serum concentrationsHif¢pG-ODN in CT26 tumor-bearing
mice and of DNP3H]-DNP-CpG and DNR[’H]-CpG-ODN in DNP-immunized, CT26
tumor-bearing mice. The above oligodeoxynucleotides (2.8 nmole, 18)2%ere injected
as an intravenous bolus via the tail vein. At specific time point® mere exsanguinated by
decapitation or cardiac puncture; collected blood was processsdrion and counted via
liquid scintillation counting. n = 3 mice per time point. Figure is from refer@8c
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Table 1. Serum pharmacokinetic parameters followisingle intravenous bolus injection &f[-CpG-ODN, DNP-
[*H]-CpG-ODN, and DNR[*H]-CpG-ODN into DNP-immunized, tumor-bearing mice.
[*H]-CpG-ODN DNP-[PH]-CpG-ODN DNP,-[*H]-CpG-ODN
0.121 +0.200 0.259 +£0.519

tyo, (D) 0.0215 + 0.00427 (5.634) T (12.04)

185 +95.8 74.6 £15.0
tmp (HN) 0.694 +0.745 (266 4) (108 4)

2410 +1120 1290 £ 214
AUC (hr-ug / ml) 1.46 £0.903 (16504) (884 4)

V, (ml) 1.75+£0.131 154 £0.172 1.60 £0.167

0.657 £0.234 0.228 £0.194

V, (ml) 8.46 £6.24 (12.9%) (37.0%)

2.20 £0.159 1.83+0.103
V(ml) 10.2 £6.26 (4.63) (5.59¥)

0.00825 +0.00385 0.0170 + 0.00281
CL (ml/hr) 12.6 £7.85 (1530%) (746¥)
267 +£138 108 +21.6
MRT (hr) 0.807 +0.949 (3314) (1344)
* In non-immunized, tumor-bearing mice; control ORNshaded gray
T Fold-change relative to control ODN. Arrows indiairection of change

Table 1. Serum pharmacokinetic parameters of free CpG, DNPaDW@NR-CpG after a
single intravenous dose. Table from E. Palma, “Antibody-Mediayste®ic Delivery of

CpG Oligonucleotides for Solid Tumor Immunotherapy,” PhD Dissertaubmitted to the
University of North Carolina, 2006
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Figure 1.6. Biodistribution of DNP-CpG and free CpG after a singl@venous dose.
Tumor-bearing mice were pre-immunized against DNP. The coloaesl represent the
average percent of the total injected dose at given time pdietstize given dose. n =3
mice per time point. A large amount was found in the clearan@srgiowever, a very
high percentage was found in the tumor tissue which supports the involvefrtaet EPR
effect. See reference 29.
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Figure 1.7. Comparison of tumor growth inhibition between intravenous doflsireg CpG
and DNP-CpG in immunized mice. Tumor growth inhibition by PBS dtieg control,
n=7), free CpG (n=10), and DNP-CpG (n=10) administered intravenounsl{pNP-
immunized, CT26 tumor-bearing mice. Tumor volumes were plotted adaires in days
after tumor inoculation. Data are expressed as means + Skhhe lower graph, the anti-
DNP titer after immunization with DNP-KLH along with Freunddjuvants is shown. n =
10 mice. CT26 cell inoculation took place immediately after 6k&edter immunization,
marked by the first arrow. Mice were subsequently treatece thmees with DNP-CpG as
indicated by subsequent arrows. Note that the titer did not increifisethe DNP-CpG
treatments, supporting that B cells were not activated with -DNB treatment. See
reference 29.
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CHAPTERII

PHARMACOKINETICS OF CpG OLIGODEOXYNUCLEOTIDES UPON
SUBCUTANEOUSADMINISTRATION IN MICE



Abstract

A prolonged circulatory half-life that will allow for a sustaineslipply to
(intra)cellular targets are important in oligonucleotide deliveryits pharmacological
intervention in a given disease state. To confer favorable phakmatic (PK) properties to
our model CpG oligodeoxynucleotide (ODN), we have devised a 2,4-dinitrophenyl iferivat
of CpG ODN (DNP-CpG) which exhibits a favorable systemil-lifa in the presence of
endogenously produced anti-DNP antibodies. We have previously shown taatniotsly
(IV) administered DNP-CpG exhibits prolonged circulationvivo whereas underivatized
CpG (free CpG) is rapidly eliminated.

In this study, we characterized and compared the pharmacokinetics and
biodistribution of underivatized®l]-CpG and DNP-H]-CpG in DNP-immunized, CT26
tumor-bearing mice upon subcutaneous (SC) administration. Serunssume samples for
PK and biodistribution analysis were collected at set post-daosegoints for analysis by
liquid scintillation counting. In both cases, an absorption and elimingdi@ses are
apparent although DNP-CpG exhibits slightly faster peak seruralsleand gradual
elimination. A high percentage of the injected dose remains imjgtion site, but there is
little accumulation in the tumor for both treatments. These teestllaracterize the
differences between the subcutaneous administration of DNP-Cpf imnaune complex

(IC) forming system and free CpG.

34



I ntroduction

Small oligodeoxynucleotides (ODN) that contain unmethylated Cpgtifsncan
activate immune responses, providing potential applications in candetiaer diseases’
However, for CpG monotherapy to be effective in tumor models, th&¥sOnust be
injected intra- or peri-tumorally. Recently, we were able to dramatically improve the
pharmacokinetics (PK) of intravenously administered 20-mer CpG, knev@p& 1826 in
the literature, by injecting its 2,4-dinitrophenyl (DNP) detiva to tumor-bearing mice that
had been immunized against the DNP hapten. More significantly,intin@venous
administration inhibited tumor growth.

The PK behavior of the systemically administered ODNs wifthasphorothioate
backbone is largely nucleotide sequence-independent, equivalent acressiman and
human species on a normalized-dose basis. It is thus acceptadithat PK study results
can be extrapolated to humandJpon bolus IV administration, these ODNs generally show
a serum profile consisting of a rapid tissue distribution phase avith of a few minutes
followed by an elimination phase with g 0f 15 to 45 min. The poor anti-tumor effect of
intravenously administered CpG ODNSs in niieed humarfsis possibly due to their poor
uptake by target cells; i.e., the amount of the CpG delivered tet teelis, such as dendritic
cells, was insufficient. This is in turn caused by the rapmélrelearance of this class of
ODNs. One solution is to use an antibody carrier to exploit the enhanomeatslity and
retention (EPR) for passive targeting of CoG ODNSs to dendslis. Leaky vasculature and
impaired lymphatics in the tumor vicinity will allow accumulatiai antibodies and

subsequent presentation of CpG ODNSs to surrounding dendritic cells.
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In our preliminary studies, BALB/c mice were first immurzeith DNP. They
were subsequently inoculated with BALB/c-derived colon carcinom26CGElls. When the
solid tumor was clearly palpable’H]-labeled DNP derivative of CpG 1826°{]-DNP-
CpG) was injected via tail vein. At a given time inten@phG concentrations in blood,
organs, and tumor tissue were determined. These PK studies ftastacee days. In a
separate series of experiments but in a similar protocol,wanbsteffect of DNP-CpG was
continuously monitored over a 30-day period with weekly IV dosing. The
PK/pharmacodynamic (PD) results are highlighted as folfowse serum elimination phase
t12 increased from 0.69 hr for CpG to 185 hr for DNP-CpG, which is an serefanearly
270-fold. The {, observed is in a reasonable agreement with the value for freeingG
mice!®*!  Accordingly, the mean residence time increased 330-fold. HEaeumder curve
in serum concentration increased 1,650-fold. Clearance decreaseddl¢R6+faccordance
of these extraordinary PK findings and the expected EPR effiect;action of injected dose
(% ID) found in tumor tissue ranged from 10 to as high as 23%parsisted for 3 days.
These numbers correspond to approximately 40 and 90 %ID/gm tumor,tiredpecin
contrast, CpG accumulated less than 1% and not detectable after\®dwkly IV dosing of
0.1 mg/mouse inhibited tumor growth when the initial tumor was on theged 75 mrh
To our best knowledge, this is the first time anti-tumor éffeas successfully observed
subsequent to the IV route of administration. Tumor shrinkage was roedfir
macroscopically as well as histologically. Cell infiltcatj presumably lymphocytes, was
clearly noticed.

Since a substantial amount of endogenous IgG is found in the irkerstgue in

dynamic equilibrium with plasma, approximately at 25% of the plaspmeentratiotf, we
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reasoned that a significant amount of SC dose of DNP-CpG woult asxian IC at the
injection site in the tissue. These complexes will be draindgntphatics and eventually
discharged to general circulation where a high anti-DNP isteavailable for further IC
formation. In the present study, we investigated the PK and aligarbution including

tumor accumulation subsequent to SC administration of DNP-CpG eetatiynconjugated,

free CpG in DNP-immunized, CT26 tumor-bearing mice.

Experimental Procedure
General Procedures and Materials

All reagents were purchased from commercial sources andusedewithout further
purification unless noted otherwise. Forty female BALB/c mioes weeks of age, were
purchased from The Jackson Laboratory (Bar Harbor, ME). All mw&e housed in the
UNC Eshelman School of Pharmacy Kerr Hall Animal Facgitgording to NIH guidelines.
All procedures were approved by the UNC Institutional AnimaleGard Use Committee.
Molecular biology-grade water, phosphate buffered saline (PB&)jum carbonate,
thimerosal, Tween 20, ethylenediaminetetraacetic acid (EDBBY% HO, solution, B-
mercaptoethanol, Tris base, complete Freund’'s adjuvant (CFA), aoohpfete Freund’s
adjuvant (IFA) were purchased from Sigma-Aldrich (St. Louis, M®ammersten-grade
casein was purchased from Research Organics (Cleveland, Ori)rofthenylated keyhole
limpet hemocyanin (DNP-KLH) was purchased from Calbiochem (SagoD CA).
BALB/c-derived colon carcinoma CT26 cells were purchased fronerfAian Type Culture
Collection (ATCC) (Manassas, VA) and cultured in Dulbecco's Matliftagle Medium

(DMEM) with low (1 g/L) glucose supplemented with 10% fetal bovine serum BB& 1%

37



penicillin/streptomycin.  All cell culture reagents, includingpsin-EDTA and Hank's
Balanced Salt Solution (HBSS) were purchased from Invitrogen (Carlsbad,C&X culture
vented flasks and conical tubes were purchased from Corning, Inc. (Corning, NY).

CpG 1826 (free CpG) and dinitrophenylated CpG 1826 (DNP-CpG) welgesyred
with a phosphorothioate backbone and provided in lyophilized form by Dr. Rowshom Al
of the Nucleic Acid Core Facility of the Program Proj&ant in Pharmacodynamics of
Genes and Oligonucleotides at the University of North Caroli@dapel Hill. Solvable and
Ultima Gold were purchased from PerkinElmer (Waltham, MA).takene HCI (Ketaved,
100 mg/ml) used during PK experiments was provided by Dr. PhilighSah the UNC

Eshelman School of Pharmacy.

Oligonucleotide Radiolabeling

Oligonucleotides were tritium labeled witfH]-water (5 Cilg; Sigma-Aldrich, St.
Louis, MO) according to similar methods previously desccriiédgive milligrams of DNP-
CpG in water was placed in a 1.0 ml Reacti-Vial (Pierce, RwodkflL) and lyophilized
overnight. Two hundred microliters of 50 mM sodium phosphate containing 0. EDIVA
at pH 7.8 was added to DNP-CpG and lyophilized overnight. Subsequently adp’H]-
water was added to the dry DNP-CpG with84-mercaptoethanol. The reaction mixture
was placed in an oil bath at®@for 6 hours. The sample was then removed from the oil
bath and lyophilized overnight. Free CpG was radiolabeled simil&pgcific activity (SA)
and purity were determined to be in the range of 6.5-7.6"xdftfig. All ODNs were

dissolved in sterile PBS prior to usevivo.
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Vaccine Preparation, Active lmmunization, and Tumor Inoculation

To prepare the primary vaccine, 20 mg of DNP-KLH was dissolwel0 ml of
endotoxin-free water to give a 2 mg/ml solution. Prior to vationaan equal volume of
CFA was added. The mixture was emulsified by vortexing airmanm rpm for 15 minutes
using a multi-tube vortexer (VWR, West Chester, PA). Secondawgings were prepared
similarly, but replacing CFA with IFA.

Forty BALB/c mice were immunized intraperitoneally with 20®f freshly prepared
primary vaccine. A booster injection was given two weeks lageng 200ul of the
secondary vaccine. Anti-DNP antibody titer was monitored b\SEL Four to five weeks
after primary vaccination, DNP-immunized mice were inoculateti ®i5x16 CT26 cells

suspended in 100 HBSS into the right flank. Tumor growth was monitored daily.

Pharmacokinetics and Biodistribution

On the ninth day after tumor inoculation, 18 mice were dosed subcuthneotise
left flank with 100pg of [PH]-CpG (SA = 7.6x16dpmfig) in 100ul of PBS. At 5, 10, 20,
60, 120, and 240 minutes post-dose, three mice per time point were amredtheti
intraperitoneally with 10@l of 200 mg/ml ketamin¢lCIl. Additionally, 21 mice were dosed
subcutaneously with 108y of DNP-PH]-CpG (SA = 6.5x16dpmijig) in 100pl of PBS. At
0.5, 2, 6, 12, 24, 48 and 72 hours post-dose, mice were anesthetized as described abov
Mice were exsanguined by cardiac puncture and each blood sampétiaveed to clot in a
1.6 ml eppendorf tube for two hours at room temperature (RT). Seasollected after
centrifugation of coagulated blood at 500 x g for 15 minutes and stor2@@tfor further

analysis. The injection site, heart, lungs, spleen, liver, kidaggstumor were subsequently
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harvested, rinsed briefly with water, blotted dry, placed in prigiveel 20 ml scintillation
vials, flash frozen in liquid nitrogen, and stored af’éQntil analyzed.

Organ and tissue samples were processed as previously ed&crilith slight
modifications. Samples were thawed at RT and homogenized iroBaonld homogenizing
buffer comprised of 10 mM EDTA, 1 migtmercaptoethanol, and 100 mM Tris buffer at pH
7.5 using a PowerGen 700 tissue homogenizer (Thermo Fisher Sciemaitham, MA)
followed by addition of 2 ml of Solvabletissue solubilizer. Vials were then heated
overnight in a 68C shaking water bath. Solubilized organs were decolorized using @2 ml
30% H0, and heating once more at°@0for 2 hours. Vials were cooled to RT and 10 ml of
Ultima Gold scintillation cocktail was added. Serum samplegevprocessed only by the
addition of 25ul of sample to 10 ml of scintillation cocktail. The radioactivitydpm of all
samples was measured using a Packard Tri-Carb 2900TR Liquidl&ecdmt Analyzer and
corrected for background radioactivity. No additional correction peaormed for organ-

associated quenching nor organ-associated radioactivity from resident bloo@ volum

Results

Serum concentration-versus-time data was derived from radiogceti@g@surements.
As seen in Figure 2.1, biphasic pharmacokinetic profiles were obstwédth FH]-CpG
and DNP-fH]-CpG. At points prior to two hours’H]-CpG levels are higher than DNP-
[*H]-CpG levels. However the opposite was seen after two hotli<DMP-PH]-CpG levels
sustained aboveéH]-CpG levels. {H]-CpG showed a large drop in serum levels between 1
to 2 hours. Serum levels persisted past the measured time fooirtsth groups. A

noncompartmental analysis was performed using WinNonlin 5.2.1 (Pharsighbr&tion,
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Cary, NC) to elucidate the elimination half-life (Figure 2.Analysis using the method of
residuals gives an elimination half-life estimate of 1.08 hourE’ftffCpG. This estimate is
comparable to that obtained from intravenous 8afhis analysis indicates the ascending
portion of the serum data actually represents the elimination piiaite the descending
portion represents the rate-limiting absorption. In contrast, teeedding portion of the
DNP-PH]-CpG plot represents rapid absorption whereas the terminal portidme oplot
represents slow elimination. Data for DNI#JCpG results in an estimate of 715 hours
which is consistent with the substantial increase in eliminatialfi-life as seen with
intravenous data for DNPHI]-CpG compared to°’H]-CpG.

Figures 2.3 and 2.4 present the tissue distribution profil-H)¢pG and DNP3H]-
CpG, respectively. In both cases, injection site radioactivitgl$ewere initially high, but
diminished over time, a finding consistent with SC administratiormaoAt no radioactivity
was detected in the heart and lungs. At all time points, botNsOizere found in the liver
and kidneys. 3H]-CpG was found in the spleen at low levels while DRIRHCpG levels
were almost zero. As expected, levelsf]{CpG in the tumor were low. However, a key
observation was seen with DN#4[-CpG. Even at later time points, negligible levels of
DNP-PH]-CpG were detected in the tumor tissue. This finding is ankstontrast to the
results seen with IV data in which accumulation of DRFHCpG in the tumor was as high
as 30% of the injected dose. This suggests that the two rouadsnafistration may utilize

two different mechanisms for presentation of CpG to target cells.
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Discussion

During this experiment, anti-DNP antibody titer levels were cordd to be high by
ELISA. Based on the available results, the time to peak serum conaemfatiDNP-FH]-
CpG nor the maximum serum level could not be concretely establistoedvwee do not have
data at the 1 hour time point. However, noncompartmental analysig th& method of
residuals was employed to determine whether flip-flop kinetigs present. Based on the
results, fH]-CpG was shown to exhibit flip-flop kinetics in which the absorpttrase,,
represented by the declining portion of the concentration-time prifil@uch slower than
the elimination rate constant, represented by the ascendingrpoftthe curve. This result
is typical of extravascular administration, especially in saseolving depot injections such
as SC administration. In contrast, the initial declining portiothefDNP-fH]-CpG data
represents a rapid absorption while the flattened portion indicaies edimination. As
shown in the DNP3H]-CpG profile, serum levels of DNPH]-CpG after two hours are
maintained higher thar’H]-CpG. This additionally supports the argument that antibodies
can be used as systemic carriers to mediate ODN haiftltfee circulatior: Analysis of the
DNP-[’H]-CpG data is also supportive of the above conclusion since theatian half-life
was over 700 hours which is much higher than thalttif CpG.

Detection of fH]-CpG in the kidney and liver agrees with the typical renal and
hepatic clearance observed for many synthetic OBN8ince DNP-{H]-CpG is assumed to
exist as an IC, it is unlikely that the levels found in the kidmey liver are due to the same
clearance mechanisms but rather Fc receptor-mediated assowdh glomerular epithelial
cells®*” or Kupffer cells®®?° Accumulation in the spleen is likely due to ODN uptake by

plasmacytoid DC&' Negligible accumulation offH]-CpG in the tumor tissue was expected
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and coincided with the high radioactivity levels in the liver and kidnélsis is consistent
with results from IV administratioh. However, the remarkable observation that DRHJ-[
CpG did not accumulate in the tumor greatly differs from INVadathis may be a result of
multiple reasons. Intravenously administered DNP-CpG is 100% biablatb circulation
and a higher concentration has immediate access to the tumor peripPNP-CpG
administered subcutaneously exhibits lower serum concentrations dugepot effect at the
injection site thereby limiting serum concentration and the exiEmtmor accumulation.
Tumor accumulation is also restricted since DNP-CpG and wtlCanti-DNP will be first
subject to lymphatic drainage and transport before reachingrtheatiorf?. As a result, it
could well be immediately processed by DCs found in the lymph rfddestimately, the
amount of DNP-CpG that does reach the circulation may be lowtsath high percentage
will be processed by blood DCs. In fact, these outcomes may badmdrtef CpG delivery
since a clinical regimen can potentially be established t@ Ug@er dose and lower dosing
frequency. Based on the accumulation results, it can be proposeddpanding on the
route of administration, the EPR effect may or may not be wvitéhe processing of CpG-
containing immune complexes. In fact, the EPR effect may playnamal, if any, role in
anti-cancer effects upon SC administration. More discussion osutbjisct can be found in

Chapter IIl.

Conclusions
The similarities in the pharmacokinetic and biodistribution profieEH]-CpG and
DNP-PPH]-CpG suggest that both may also demonstrate similar anti-tumoraeffic

However, pharmacokinetic analysis of serum data indicates th&-CpG would have
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greater anti-tumor efficacy. Based on these findings, subcutadebtwusry of DNP-CpG in
pre-immunized hosts exhibits potential in anti-cancer therapyné respect, however, low
tumor accumulation may hinder DC-mediated anti-tumor effectiseifEPR effect plays a
major role in CpG delivery. Although the EPR effect may plagla in the intravenous
administration of DNP-CpG, distribution of DNP-CpG to the tumor wasimal upon
subcutaneous administration and it is unlikely that the EPR effiéetsoa significant
contribution to CpG delivery and subsequent anti-tumor effects. Foad&@nistration,
delivery to the lymphatics and also sustained serum levels noag po be substantial in
activating anti-tumor immune responses via DCs not residing ituther locale. Further
studies focused on biodistribution of CpG ODNSs to the draining lymph nodlekelg to
establish a mechanism of action. Current observations suggest thatlélip&y could
involve two distinct physiological mechanisms for delivery and psangsdepending on the

route of administration.
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Figure 2.1. Serum pharmacokinetics of free CpG and DNP-CpG adtegla subcutaneous
injection. Oligonucleotides are tritium labeled. Red is free CjBRie is DNP-CpG. All
mice were immunized against DNP. Data are presented og-lméar scale. The inset
depicts PK profiles from 0 to 6 hours. Concentrations are expressbé anean and bars
represent the standard deviation (SD). n =4 mice per time point.
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Figure 2.2. Noncompartmental analysis of serum pharmacokineticfataH]-CpG and
DNP-PH]-CpG. The upper plot is®f]-CpG and the lower plot is DNPH]-CpG.

Elimination and absorption rate constants were obtained, respectwalyhe method of
residuals using the shaded area which was determined based ont-fitepbedicted line fit
to the raw data (red circles).
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Figure 2.3. Biodistribution of free CpG after a single subcutaneows ddsmor-bearing
mice were pre-immunized against DNP and anti-DNP antibody was confirmed to be
high during the study. The colored bars represent the averaggnpef the total injected
dose at given time points after the given dose + SD. Violet, Reohg®, Green, Blue, and
Pink represent 5, 10, 20, 60, 120, and 240 minutes, respectively. n = 3 miceeppoint.
As expected, a large amount was retained at the injectiorarsitea very trivial amount
accumulated in tumor tissue.
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Figure 2.4. Biodistribution of DNP-CpG after a single subcutaneous dbsmor-bearing

mice were pre-immunized against DNP and anti-DNP antibody was confirmed to be
high during the study. The colored bars represent the averaggnpef the total injected
dose at given time points after the given dose + SD. Violet, Reohg®, Green, Blue, and
Pink represent 0.5, 2, 6, 12, 24, 48, 72 hours, respectively. n = 3 mice per time point.
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CHAPTER 111

ANTI-TUMOR ACTIVITY OF CpG OLIGODEOXYNUCLEOTIDES UPON
INTRAVENOUS AND SUBCUTANEOUSADMINISTRATION



Abstract

Routes of administration have been a limiting factor for CpGodégxynucleotide
(ODN) monotherapy for tumor growth inhibition and only recently has @um@&otherapy
been shown to be effective in a murine tumor model after intravéidudelivery. Success
has been attributed to utilization of IgG as an endogenous drugr darrdelivery of CpG
ODN:s to dendritic cells, especially those around tumor locales.sutimitaneous (SC) route
has shown great potential, but current studies have shown poor efficanyCpG therapy is
given without additional intervention. In the following studies, we contp#re anti-tumor
effects between SC and IV administration of dinitrophenylated @p&EP-CpG) in DNP-
immunized BALB/c mice bearing subcutaneous CT26 colorectal tum&scondly, we
compared anti-tumor efficacy between free, non-haptenized CpG MRIPG in the same
animal model. Subcutaneous administration of DNP-CpG was highlgtieffein tumor
inhibition and showed equivalent response to intravenous administration wheMNantiter
was high. Increased dosing intervals resulted in tumor regressitowever, loss of
therapeutic efficacy was evident when antibody titer was I¢#ee CpG failed to show
comparable anti-tumor activity when administered subcutaneouslgll tases, DNP-ss, a
DNP derivative of an ODN which has an identical nucleotide composagoCpG 1826 but
has a scrambled and non-immunostimulatory sequence, failed toteahybianti-tumor
activity. Collectively, these results show the potential of dhlecutaneous route of CpG
ODN administration for anti-cancer monotherapy by means aftu formation of immune

complexesn vivo.
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Introduction

To date, CpG ODNs used in monotherapy for tumor control suffer faoknof an
effective route of administration. Although intra- and peri-tumongdtions have been
effective in murine modefsthese routes limit the use of CpG ODNSs in humans to only
specific types of cancer. Intravenous administration is often wessibe the drug achieves
100% bioavailability such that maximum absorption and distribution tettaitg is ensured.
However, IV delivery of any ODN results in rapid clearanaamfrthe circulation to the
clearing organs, particularly the liver and kidnéy#ntravenous dosing also subjects ODNs
to dilution and non-specific binding to serum proteins, especially thogh a
phosphorothioate backbofheOnly recently, upon use of an endogenous protein carrier, have
we shown that CpG can be effective in anti-cancer therapy I&ftadministratior’ Our
novel drug delivery strategy utilizes a chemical conjugate @& @ a 2,4-dinitrophenyl
(DNP) hapten such that it forms a monovalent immune complex (k&)ami anti-DNP IgG

antibody in animals which are pre-immunized against DNP.

Since a substantial amount of endogenous IgG is found in the intetsgige in
dynamic equilibrium with plasma, approximately at 25% of the plasomeentration) we
reasoned that a significant amount of SC dose of DNP-CpG wouwtdasxiC at the injection
site in the tissue. These complexes will be drained to lymphatics and ewediscttlarged to
general circulation where a high anti-DNP titer is availdbtefurther IC formation. Due to
the failed attempts of intravenous free CpG ODNSs deliveryStheaoute of administration
has been previously studied although not established for monottiérafSubcutaneous
administration offers many practical benefits. Intravenous ananmiscular (IM) injections

require skilled personnel whereas SC injections can be ealibdsainistered by a patient,
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painless, and administered at many different sites on the bodwpctJjmany drugs such as
morphine, insulin, and heparin have been highly successful through SQistchtion. The
SC route is very promising especially since it allowssfow release from the injection site
and for accumulation in the lymph nodes where many DCs are located.

Development of tumor vaccines using CpG ODNs monotherapy has not been
successful although use of CpG ODNSs as adjuvVahtsr in conjunction with additional
therapies show clinical promi$&™® In exactly the same murine tumor model as ours, CpG
failed to elicit anti-tumor activity after subcutaneous admiaiin® In the following
studies, we utilize our novel delivery strategy in two seoifesxperiments to compare the
effectiveness between SC and IV administration for CpG monothenaghyto determine
whether SC administration of DNP-CpG exhibits improved therapeegigonse over free

CpG in mice which were pre-immunized with DNP.

Experimental Procedures
General Procedures and Materials

All reagents were purchased from commercial sources andusedewithout further
purification unless otherwise noted. For each experiment, 30 ferddl&/8 mice, five
weeks of age, were purchased from The Jackson Laboratory (Bar HslifBpr All mice
were housed in the UNC Eshelman School of Pharmacy Kerr HallaAiiatility according
to NIH guidelines. All procedures were approved by the UNC uigtital Animal Care and
Use Committee. Molecular biology-grade water, phosphate bufgaigte (PBS), sodium
carbonate, thimerosal, complete Freund’s adjuvant (CFA), and incorirpbeted’s adjuvant

(IFA) were purchased from Sigma-Aldrich (St. Louis, MO). Hamsten-grade casein was
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purchased from Research Organics (Cleveland, OH). Dinitrophethykatghole limpet
hemocyanin (DNP-KLH) and dinitrophenylated bovine serum albumin (DNR)}Bere
purchased from Calbiochem (San Diego, CA). Critoseal, non-hepadamicrocapillary
tubes, Nunc MaxiSorp 96-well flat-bottom plates, and Tween 20 werehgmed from
Thermo Fisher Scientific (Waltham, MAD-phenylenediamine dihydrochloride (OPD) and
Stable Peroxidase Substrate Buffer, and were purchased frooe FRockford, IL). Goat
anti-mouse IgG-peroxidase conjugate was purchased from SouthernhBiBtaningham,
AL). BALB/c-derived colon carcinoma CT26 cells were purchagedchfAmerican Type
Culture Collection (ATCC) (Manassas, VA) and cultured in Dulbechtdslified Eagle
Medium (DMEM) with low (1 g/L) glucose supplemented with 10% Ifétavine serum
(FBS) and 1% penicillin/streptomycin. All cell culture reagemsluding trypsin-EDTA
and Hank’s Balanced Salt Solution (HBSS) were purchased frotndgen (Carlsbad, CA).
Cell culture vented flasks and conical tubes were purchased fronng,omc. (Corning,
NY). CpG 1826 (free CpG), dinitrophenylated CpG 1826 (DNP-CpG), and cdiwbt
ODN 1982 (DNP-ss) were synthesized with a phosphorothioate backboneoaitegrin
lyophilized form by Dr. Rowshon Alam of the Nucleic Acid Core Hkgcf the Program
Project Grant in Pharmacodynamics of Genes and Oligonucleotidine dJniversity of

North Carolina at Chapel Hill. ODNs were diluted in PBS before use.

Vaccine Preparation and Active Immunization
To prepare the primary vaccine, 20 mg of DNP-KLH was dissolnel0 ml of
endotoxin-free water to give a 2 mg/ml solution. Prior to vadonaan equal volume of

CFA was added. The mixture was emulsified by vortexing airman rpm for 15 minutes
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using a multi-tube vortexer (VWR, West Chester, PA). Secondagings were prepared
similarly, but replacing CPA with IFA.

Thirty BALB/c mice were immunized intraperitoneally with 2Q0 of freshly
prepared primary vaccine. A booster injection was given two watksusing 20Qu of the
secondary vaccine. In the first pharmacodynamic experimeetoad booster injection was

given five weeks after the first booster to maintain a high antibody titer.

Antibody Titer

In each experiment, four mice were selected for antibodyhiesds and the same
four mice were used throughout the entire duration of the experim&ainples were
collected before immunization to establish background antibodyslexetl were then
collected every two weeks. Fifty-microliter blood samples weo#lected into non-
heparanzied microcapillary tubes by tail clip. Blood samplere allowed to clot at room
temperature (RT) for up to 1 hour and were then centrifugé&@,@00 x g for five minutes
using an IECMicro-MB Centrifuge (Thermo Fisher Scientificaltham, MA). Serum
fractions were collected and diluted 10-fold in PBS, pH 7.4. Anti-DYP titers were
determined by the enzyme-linked immunosorbent assay (ELISA). MariSorp 96-well
plates were coated with 128& per well of a 10ug/ml DNP-BSA solution in 0.1 M sodium
carbonate buffer, pH 9.6 and incubated overnight°@t 4Wells were washed in triplicate
with 250l per well of PBS containing 0.1% v/v Tween 20 (PBS-T washing hudfeat then
blocked with a mixture of 0.5% w/v casein and 0.02% w/v thimerosal I8, RBlI 7.4
(blocking buffer) for two hours at RT. Wells were then washed aigainiplicate and

incubated with 5Qul of serially diluted serum samples and incubated for 2 hours at RT
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Serum samples were serially diluted from 5x&®010 at half-log increments in PBS. After
a triplicate wash, wells were incubated with 1@250f goat anti-mouse IgG-peroxidase
conjugate diluted in PBS for two hours at RT. Wells were washg&iplicate and incubated
with 125ul per well of a 1 mg/ml OPD solution in Stable Peroxidase SatlesBuffer for 20
minutes at room temperature. The colorimetric reaction wasrated by the addition of
125 ul per well of 1.8 N sulfuric acid. Absorbance at 492 nm was medsur a Bio-Rad
3550 Microplate Reader. Best-fit sigmoidal curves were obtdimed plotting absorbances
vs. log dilution factors using GraphPad Prism 4 (La Jolla, CA)kr Tevels were obtained as

ECsp values from the midpoint of each sigmoidal curve.

Tumor Inoculation, Tumor Measurements and Dosing Schedule

Four to five weeks after primary vaccination, DNP-immunizedcernaere inoculated
with 2.5x10 CT26 cells suspended in 1QDHBSS into the right flank. Tumor growth was
monitored daily. Measurements were performed using an electtigiial caliper. Tumor
volumes were calculated based on the formula for an ellipsoid: lengtidth® x «/6.
Treatments began nine days after inoculation when tumor sizes were between 751’150 m

In the first experiment, 24 mice were divided evenly intoehest groups: DNP-ss
via IV (negative control), DNP-CpG via IV (positive control), and DEPG via SC (test).
Here, DNP-ss is a scrambled nucleotide sequence of compositiorcatiéntthat of CpG
1826 and is known as 1982 in the literattfrsvlice dosed intravenously were given a 168
bolus dose of the treatment in 100of PBS into the tail vein. Mice dosed subcutaneously
were given a 108g dose of the treatment into the left flank (contralaterah&ttimor).

This quantity is equivalent to 100 pug of un-derivatized CpG. Three doses given in
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seven-day intervals followed by three additional doses at thiegv@davals for a total of six
doses. Tumors were monitored daily and measured every two or tlyge Bce were
euthanized when tumors exceeded 2.0 cm in any dimension.

In the second series of experiments, 29 mice were divided inte tésé groups:
DNP-ss (negative control, n=9), free CpG (test, n=10), and DNP-@gs§ (=10). Five
10849 doses in 10@l of PBS were administered subcutaneously into the left flardach
mouse every five days. Tumor monitoring, measurements, and anithahasia were as

described above.

Satistical Analysis

Using Van der Waerden normal scores, a nonparametric pa&resimparison test
was performed to determine if there were statistical rdiffees in tumor volumes between
each group at each day. Statistical analyses were perforitieth@/SAS statistical software
by Dominic T. Moore of the UNC Lineberger Comprehensive Cancate€®iostatistics

and Data Management.

Results

In the first of two series of animal experiments, high antiPDéntibody titer levels
were established before initiation of treatments and persistezhst up to the third dose
(Figure 3.1). Over a six-week period subsequent to the first boogtetion, the titer
continuously increased. This was in agreement with our previous fin@ndalma,
“Antibody-Mediated Systemic Delivery of CpG Oligonucleotides f8olid Tumor

Immunotherapy,” PhD Dissertation submitted to the University ottiNGarolina, 2006).
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Animals were inoculated with tumor cells while the anti-DNiertwas still increasing.
Figure 3.2 shows that IV dosing of the DNP-haptenized non-immunostonulebntrol
ODN, DNP-ss, was unable to elicit any therapeutic responseexpected, tumor growth
proceeded in an exponential-like manner when no therapeutic interventsopraxaded.
However, IV administered DNP-CpG exhibited anti-tumor efficagjost notable is that SC
administration of DNP-CpG was not only highly effective, it wasiparable to the 1V route
and even resulted in almost complete tumor regression after omlgdses. When tumor
growth rate noticeably increased, dosing frequency was indreasevery three days and
once again partial tumor regression was achieved. Note thatsirexperiment, a third
immunization was made to keep anti-DNP antibody titer high througtheutreatment
schedule.

In a separate, second series of experiments, the second boosterzation was
omitted. Figure 3.3 shows that anti-DNP antibody titers werte &ighe start of dosing, but
started to fall between dose 2 and 5 since the second booster ittad.offihe failure of the
SC administration of DNP-ss to hinder tumor development, much lik&ilhee of the IV
administration, was as expected. This negative control group ofwakeacrificed earlier
than the treatment groups following UNC IACUC guidelines sinomots reached a
maximum allowable size and quickly became ulcerated. A notabibitory response,
however, was seen with SC-administered free CpG. Nonethdiesbest response came
from DNP-CpG treatments. Although inhibited by free CpG treats) tumor growth still
continued to steadily increase. In contrast, DNP-CpG was glabté to induce patrtial
regression at early time points, an observation consistent witlprth@ous experiment.

Tumor growth was also more variable, in favor of the DNP-CpGnieais, with occasional
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durations of nearly complete tumor inhibition as can be seen byntlosteplateau-like areas
in Figure 3.3. However, when anti-DNP titers dropped substantiaNy?-DpG treatments
became less effective at tumor growth inhibition. At this poumhadr growth rate was rapid

and mirrored the growth rate with the free CpG treatment group.

Discussion

DNP-ss has the same nucleotide composition as the therapeutiou€& sequence
is arranged such that no CpG motifs are present. Since DN&3%0 immunostimulatory
function, but are structurally similar to regular CpG, it wdsced as a negative control as
commonly found in the literaturé*® As shown in Figure 3.2, IV dosing of DNP-ss failed to
prevent tumor growth although it may have circulated for a longgeri time, confirming
the literaturé. The SC administration of DNP-ss also failed to elicit spoase. Results
from IV dosing of DNP-CpG in the first series of experimesmts almost identical to the
results we reported receritignd confirms the potential use of IV administration for CpG
monotherapy in a clinical setting.

The ability of SC administration to achieve such similaratfenay be attributed to
multiple reasons. Since plasma antibody levels are normallgnstant equilibrium with
tissue antibody levels, it is reasonable to believe that amarne readily formed at or near
the injection site. An SC injection is also a type of depotciiga especially for
macromolecules, which would allow for a prolonged and constant redé&¥¢P-CpG over
time. Thirdly, drainage of DNP-CpG from the injection site osaua the lymphatic system.
DNP-CpG will first encounter lymph nodes before reaching slgstemic circulation.

Therefore, DNP-CpG can be presented in a more direct mannemtbitdecells and
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macrophages in the lymph node, which would initiate the adaptive immspense leading
to anti-tumor activity via its endosomal TLR9 receptors. Theceflexhibited by SC
administration of free CpG can be explained by similar reagoniim contrast to IV dosing,
CpG injected via the SC route is not subject to immediate sigstdimination and has the
opportunity to first reach the DC targets. The only differeadhat free CpG can be readily
taken up by dendritic cells via fluid-phase endocytosis for praugsather than by receptor-
mediated means, a subject discussed in Chapter IV.

The importance of our antibody carrier system is evident in ¢censl series of
experiments where one booster immunization was omitted (Figure &3jlear inverse
correlation is observed between antibody titer and tumor volumgialRamor regression
and higher inhibition of tumor growth rate attests to the enhanceduardr- effects of
immune complexation over free CpG treatments, the implication kbhangmportance of
maintaining a high fraction of the oligonucleotide in the form ofimmune complex.
Statistical analysis indicates that tumor volumes were maistally different when
treatments began. Differences were deemed significaptvdfilues were less than 0.05.
DNP-CpG already showed statistical significance at day 2ywbhmpared to DNP-ss, but no
statistical difference was seen with free CpG until day Xcefpt for those days and at day
16, which was borderline significant, tumor volumes were stalbtisignificant between

DNP-CpG and free CpG.

Conclusions
Our antibody-based carrier system for CpG ODN has great @itéorticlinical use.

Not only can the intravenous route of injection now be used fortie#eCpG treatment, the
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subcutaneous route of administration is shown to be just as effettweever, because of
the possibility of highly variable titer levels, this systemsinbe further developed to avoid
inter-individual variability and even intra-individual variability deperglion progression of
disease. Nevertheless, these results strongly support an appooatlizé pre-existing
endogenous antibodies or to devise other development means such thanhprézation of
patients can be avoided completely. The ability of SC admatimtr of DNP-CpG to
perform as effectively as the IV route is promising for Cg&elopment and is also
remarkable for many reasons. The advantages of using a long-depot injection include
increased cost-effectiveness, medication compliance due to reducttbe frequency of

dosing, as well as more consistent serum concentrations.
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Figure 3.1. Anti-DNP antibody titer levels in BALB/c miceteafimmunization against
DNP-KLH. A booster was given two weeks and seven weeks h#tgorimary vaccination
to maintain high antibody titer in order to ensure quantitative coraptexof DNP-CpG to
antibody. Titers are expressed as means + SD. n=4.
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Figure 3.2. Comparison of tumor growth inhibition between subcutaneousteacenous
dosing of DNP-CpG in immunized mice. Tumor growth inhibition by wr@reus DNP-ss
(negative control, n=10), intravenous DNP-CpG (n=10), and subcutaneous DN}
administration in DNP-immunized, CT26 tumor-bearing mice. Tumor veduwwvere plotted
against time in days after administration of the first dose. Data are saghi@s means = SD.
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Figure 3.3. Comparison of tumor growth inhibition between free Cp@aRICpG during
subcutaneous dosing in immunized mice. Tumor growth inhibition by sulecwutsn
administration of DNP-ss (negative control, n=9), free CpG (n=dt) DNP-CpG (n=10) in
DNP-immunized, CT26 tumor-bearing mice. Tumor volumes were plogahst time in
days after administration of the first dose. Data are egpdeas means = SD. Anti-DNP
IgG titer measurements are overlaid and expressed as means * SD.
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CHAPTER IV

UPTAKE OF CpG OLIGOMERSBY DENDRITIC CELLS
AND DENDRITIC CELL ACTIVATION



Abstract

Dendritic cells (DCs) are the most potent antigen-preseititlg involved in CpG
oligodeoxynucleotide-based therapies. To enhance delivery of CpG toviCéave
modified an immunostimulatory CpG through conjugation to a 2,4-dinitroph@&myP)
hapten such that it forms a monovalent immune complex (IC) witlardhkDNP 1gG
antibody. Ourin vivo IC system has been effective in tumor growth inhibition in a meuri
model. We attributed the observed anti-tumor activity to the enhadekekry of the
monovalent IC to DCs via FRI-mediated endocytosis. In this study, DCs were treated with
our IC and with free CpG to compare the extent of CpG uptake ancteérd ef dendritic
cell activation using flow cytometry. We showed that uptakref CpG was greater than
immune-complexed CpG. However, expression of DC activation nsavkas greater with
IC treatment. Inhibition of Fcreceptors resulted in expression levels comparable for both
IC and free CpG treatments. Taken together, the data ajgpsapport the importance of
FcyRI in the receptor-mediated uptake and processing of CpG imnumplexes for the

effective enhancement of DC activation.

Introduction

Plasmacytoid dendritic cells (pDCs), a subset of immature B B cells are the
only human immune cells known to constitutively express TLR®hen activated by CpG
oligodeoxynucleotides (ODNs), pDCs excrete cytokines and chemokinels activate cells
of the innate immune system which can confer direct anti-tunfiectsf* DC stimulation
also results in increased expression of co-stimulatory mokesuleh as CD80 and CD86 to

signal proliferation of T-cells, particularly type 1 helper dll€ (T41). In the presence of
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tumor-associated antigens, DCs can process these antigens jéor hisstocompatibility
complex (MHC) presentation to T cells. Both the co-stimulatorg MHC signals are
required for successful activation of T célls. Suggestive of DC involvement in CpG
therapy, intralymphatic administration considerably improved tleetapresponse to Cp&s
while another study was able to treat large murine tumors wsimpbined DC and CpG
therapy’ Still others have attempted to use receptor-mediated delifeagtigens to DCs
for anticancer applicatiorfs. These findings warrant the use of CpG ODN for DC activation,
ultimately resulting in T cell effector functionin cancer immunotherapy. As such, delivery
of CpG to DCs would benefit greatly using a drug delivery system.

A major concern with current synthetic delivery systems, éspedased on
macromolecular assemblies, is the inherent immunogenfcity.Even protein-based
therapeutic ICs and antibodies can elicit immune responses angtatteame been made to
minimize their immunogenicity: The ideal drug delivery system must not only carry intact
cargo to the target location but also avoid activating the immusemyor undesired
neutralization that leads to elimination from the body. Heremtihe enormous potential of
endogenous antibodies in CpG and general delivery. Furthermore, DCs nokjomgse
TLR9 receptors, they also express cell-surface Fc receptchnsas FgR which bind the Fc
domain of immunoglobulins. This implicates the potential for antibottiese used for
delivery to DCs.

We developed antibody-based drug delivery strategy in the tnetathseolid tumors
and explore the possible mechanistic effects involved. Our approach, sthdvenhighly
effective, consists of IV bolus injection of CpG that was deriedtiwith 2,4-dinitrophenol

(DNP) to tumor-bearing mice that had been pre-immunized againsbNe haptert?
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Furthermore, we will show later, contralateral subcutaneous ifg€tions of DNP-CpG
were also found to be effective in the same mouse model.

Although immune complexes are known to enhance antigen presentatioBsby D
cellular mechanisms of non-crosslinking, monovalent CpG immune compexasiclear.
One possible explanation of these successful outcomes was thaere/eable to provide
facilitated uptake of ICs by DCs through the Fc receptor egpk on pDCs. We also
propose that our ICs activate DCs more effectively than free. Cpiés hypothesis arises
because we expect ICs to enter the cell efficiently vigRFaesulting in facilitated

interactions with TLR-9 in the endosome. Here, we present some supportive evidence.

Experimental Procedures
General Procedures and Materials

All reagents were purchased from commercial sources andusedewithout further
purification unless otherwise noted. C57BL/6 mice 6 to 8 weeks ovagepurchased from
Charles River Laboratories. All mice were housed in the UNC EshelntmolSaf Pharmacy
Kerr Hall Animal Facility according to NIH guidelines. Adrocedures were approved by the
UNC Institutional Animal Care and Use Committee. RPMI 1640 agllure media was
used for marrow harvesting. Dendritic cells were cultured inpbeten media comprised of
RPMI 1640 supplemented with fetal bovine serum (FBS) (10% v/v), 1x aintHi
antimycotic solution, 1x non-essential amino acid solution, 1000 U/ml t@oamt mouse
granulocyte macrophage-colony stimulating factor (rmGM-CSF), d@D0 U/ml
recombinant mouse interleukin 4 (rmiL-4). All media components wera invitrogen

except for cytokines which were purchased from R&D Systems. fiNorescent DNP-CpG
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1826 (DNP-CpG) and control ODN 1982 (DNP-scramble) were synthesmkegravided
lyophilized by Dr. Rowshon Alam of the Nucleic Acid Core Fagibf the Program Project
Grant in Pharmacodynamics of Genes and Oligonucleotides. Fluaoraesathiocyanate
(FITC)-conjugated DNP-CpG was custom synthesized by Midl@wmitified Reagent
Company (Midland, TX). ODNs were resuspended in molecular biolcagegmwater
(Sigma-Aldrich) and concentrations were confirmed by UV sppbtitometry. Anti-DNP
monoclonal IgG was produced by the Tissue Culture Facility at the UNC LigelneCancer
Center using 1B7.11 hybridoma cells and was purified before uséy &uantibodies and
oligonucleotides were confirmed by polyacrylamide gel electrogiwreAll test treatments
were prepared using endotoxin-free, cell-biology grade watergm@iAldrich).
Lipopolysaccharide (LPS) and human serum albumin were purchased ifyora-Aldrich.
Mouse IgG, was purchased from Bethyl Laboratories (Montgomery, TX). Uptaick
activation experiments were performed using a BD FACSCanto faytometer.
Fluorophore-conjugated antibodies against DC surface markers aBtbdéig a rat anti-
mouse IgG, monoclonal antibody which is used to block Fc receptors, were purciased

BD Biosciences (San Jose, CA).

Dendritic Cell Harvesting and Culture

Mouse bone marrow-derived DCs were harvested and cultured asbeescr
elsewher with some modifications. Briefly, femurs and tibias wereleztéd from
C57BL/6 mice, disinfected with 70% ethanol, washed twice with RB8,stored in RPMI
1640. Marrow was flushed out of the bones, centrifuged at 300 x g for Sesyirauntd the

supernatant was discarded. Cells were resuspended in ACK lufés (Invitrogen) by
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vortexing to lyse all red blood cells followed by addition of RPNMQ. Cells were
centrifuged again and the supernatant discarded. Cells waispeesled in RPMI 1640,
transferred to T-75 flasks, and incubated &C3for 2 hours. Media was then discarded and
cells were incubated with complete media. Complete mediauses for subsequent media
changes on day 2 and 4. On day 6, loosely adherent and suspemsieceharvested for
experimental treatments. Cells were confirmed to be >95% Cpdditve using a

phycoerythrin (PE)-conjugated anti-CD11c antibody.

Dendritic Cell Uptake

Dendritic cells were transferred to a 96-well plate andeat a density of 2x10
cells per well in 10Qul of complete media. Cells were incubated for 15-min, 30-min, 45-
min, 1-hr, or 2-hr durations with either free FITC-DNP-CpG orG-DNP-CpG with anti-
DNP mligG. In addition, a series of cell samples were pre-incubated5wittof Fc Block
for 30 minutes at %€ prior to incubation with treatments. For treatments, cellse wer
incubated in a 20Ql total volume with a Jug/ml equivalent to underivatized CpG. Of the
total mass used, 50% was FITC-DNP-CpG and the rest was wdabélP-CpG. After
incubation, cells were transferred to a 5 ml Falcon tube (BDcEinses, San Jose, CA) to
which 10% v/v of 0.4% Trypan Blue solution was added to quench cell menitvand
fluorescence. Unquenched non-fluorescent DNP-CpG was used aati@enegntrol while

unquenched FITC-DNP-CpG was used to determine maximum total fluorescence.
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Dendritic Cdll Activation

Dendritic cells were transferred to a 96-well plate andies@t a density of 2x10

cells per well per 10Ql complete media. Cells were incubated with a gDtbtal volume

with the following final concentrations for O, 6, 12, or 24 hours:

1.

2.

3.

8.

9.

Complete media only

DNP-CpG (1ug/ml relative to CpG)

DNP-scramble (ug/ml relative to CpG)

anti-DNP IgG (1 molar equivalent to DNP-CpG)

DNP-CpG + anti-DNP IgG (immune complex) 1:0.25 molar ratio
DNP-CpG + anti-DNP IgG (immune complex) 1:1 molar ratio
DNP-CpG + anti-DNP IgG (immune complex) 1:5 molar ratio
DNP-scramble + anti-DNP IgG 1:1 molar ratio

Fc Block then IC 1:1 molar ratio

10. Fc Block then DNP-scramble + anti-DNP IgG 1:1 molar ratio

11.Fc Block then media

12.DNP-CpG + Human Serum Albumin

13.Human Serum Albumin (based on mass equivalent of IgG from 1:1 IC)

14.DNP-CpG + Mouse Ig& 1:1 molar ratio

15.Mouse IgG, (1 molar equivalent to DNP-CpG)

16.LPS (0.1ug/ml)

37°C.

For IC formation, DNP-CpG was incubated with anti-DNP antibodylfdrour at

At the end of the incubation intervals, all samples wereifteyegd at 300 x g for 5

minutes and the supernatant was decanted. Cells were washedevBl0Qul volumes of
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FBS Stain Buffer (BD Biosciences) and resuspended inilR00the buffer. Cells were then
incubated with 5ul of Fc Block for 30 minutes at°@ followed by addition of various
fluorophore-conjugated antibodies against various DC surface activation snafkee series
of cells was then incubated withyd of FITC-conjugated anti-CD86 antibody,l of PE-
conjugated anti-CD80 antibody, and jll of allophycoerythrin-conjugated anti-CD40
antibody. Another series of cell samples were incubated withofl FITC-conjugated anti-
CD86 antibody and I PE-conjugated anti-I-FA(MHC Il marker for the C57BL/6 mouse
strain). Cells were allowed to incubate in the dark for 30 ménatefC followed by two
500 ul washes with buffer. Cells were finally resuspended in plO0f buffer for flow
cytometry. In all cases, we ran isotype controls with ratJgGITC and rat IgG.-APC to

establish the absence of non-specific staining of DCs in all of the treatment

Results
Dendritic Cell Uptake

As shown in Figure 4.1, non-fluorescent DNP-CpG treatmentsedsulho levels of
fluorescence while unquenched FITC-DNP-CpG established maximwsibleouorescence
levels for each incubation period. Cells incubated with FITC-WE- at 4C followed by
guenching were used to establish baseline levels of intraceflutaescence. Maximum
uptake of FITC-DNP-CpG and FITC-IC occurred around 1 hour. FITC-DpB-C
treatments exhibited the most intracellular fluorescence aatbs$isne points. Across all
incubation durations, except for the 2-hour incubation, the FITC-IC also higld

intracellular fluorescence although approximately 10% lower th#hCBNP-CpG.
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Incubation of cells with Fc Block prior to treatments resulteddiastic decreases in

intracellular fluorescence levels for both FITC-DNP-CpG and FITC-IGrreats.

Dendritic Cell Activation

For activation studies, only CD86 activation results are shown urd-i.2, as they
were also representative of those obtained for all aforementaithed markers. Since LPS
is known as a potent activator of DCs and can fully activate ig@geen 16 to 24 hours, it
was used as a positive control. Cells incubated with media onla maaximum baseline
activation level around 35%. Free CpG and free anti-DNP antibodyndapendently
activate DCs, but the non-immunostimulatory ODN, DNP derivative of sitrambled
sequence 1982, does not. Incubation of DNP-CpG with either albumin groigi activate
to free DNP-CpG levels. Pre-incubation of cells with Fc Blodtably decreases DC
activation levels equivalent or lower than free CpG levels. Most notable, hoveethext our
immune complex (IC) shows increased dendritic cell activation foge DNP-CpG. A 1:1
immune complex was found to be the most effective while a laxgese of antibody

displayed levels of activation similar to free CpG and free antibody.

Discussion
Dendritic Cell Uptake

FITC-DNP-CpG showed highest intracellular fluorescence acatisime points
(Figure 4.1). This is most likely due to the high endocytic capadi dendritic cells?
Although slightly lower, FITC-IC also displayed great intrbdal uptake. A lower

intracellular fluorescence may be explained as its internalization couddole@n restricted to
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FcyRI-mediated endocytosis. Lower IC fluorescence levels aréhnaght to be a result of
complexation with the antibody, but this has yet to be confirmed. tNeless, the high
intracellular fluorescence, especially after 1 hour, cantatbtethe efficient uptake of ICs.
After two hours, intracellular levels of FITC-DNP-CpG and FIIGCdrop dramatically.
Cellular processing and degradation of treatment compounds can besdxgiettis point.
Increase in fluorescence of both Fc Block treatments atheowrs appears to be also
consistent with the possibility that the cells are likely alating Fc Block and restoring
normal endocytic function. The decrease seen with FITC-DNP-Cp¢ ba due to the
hindrance of ODN in accessing endocytic routes. Use of Fc Blaskalically decreases

fluorescence for FITC-IC as expected.

Dendritic Cell Activation

The increased activation of the IC over free DNP-CpG is not caeside be simply
due to an additive effect since levels of free DNP-CpG alone mndBP antibody alone
are rising from 12 to 24 hours whereas IC levels from 12 to 2deayesimilar (Figure 4.2).
In addition, IC activation should not decrease with increasing antibodgeantration if
activation is thought to be an additive effect of antibody and DNP-CPEP-CpG with
either human serum albumin or an unrelated antibody (mouse) lg@y has the same level
of activation as DNP-CpG alone. This is consistent with the finthagalbumin and Ig&
alone only exhibit baseline activation. Therefore, our specific aNB-YG antibody is vital
for the increased activation which also suggests thé@lFoediated endocytosis is involved.

Multiple treatments were included to specifically elucidtte importance of our

hypothesized R&RI-mediated uptake. At a 1-t0-0.25 molar ratio of DNP-CpG to[2N#
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antibody, enhanced DC activation was seen. However, except fpositeve control, the
1:1 molar ratio gave the maximum DC activation. The data shioatsan excess (5 molar
equivalent) of anti-DNP antibody resulted in the worse activagspanse between all three
ratios examined. At a lower antibody ratio, a lower amount of {ONB existed as an
immune complex and, therefore, was not efficiently endocytosed anespeatby DCs. At
the other extreme, an excess of antibody resulted in low aotvatiost likely due to
competitive inhibition. Based on this reasoning, a 1:1 ratio would bd gileee a
guantitative amount of DNP-CpG would be bound and mainly immune compleges a
occupying FgRI receptors. Results also further indicate the involvementy@®IFsince Fc
Block also significantly lowers the activation of both DNP-CpGnti-BNP antibody and
DNP-scramble + anti-DNP antibody. When comparing DNP-scramblgi-DNP-antibody
with Fc-block + DNP-scramble + anti-DNP antibody, lower actorais also noted for the
latter treatment. These findings all independently suggesEthBi must be important for
processing of ICs.

As a footnote, the data presented in this section as well aseieys section were
obtained from single determination of each activation marker ahelt entailed counting of
over 10 cells. Ideally, the effect of each treatment should have bsesssed at least
triplicate determinations. In summary, the present data alienprary in nature and warrant

further investigation.

Conclusions

DNP-CpG can freely be taken up by DCs via macropinocytosis whé@zamust

enter the cell via BRI. This is supported by our finding that free FITC-DNP-CpG treatment
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had a higher intracellular fluorescence compared to IC treatrhlwever, although ICs are
limited to this single uptake mechanism and intracellular fluerese was lower, we find
that ICs are able to stimulate DC activation better thanDféP-CpG. It is also important to
note that even though free DNP-CpG exhibits good uptake and activatiotro, these

promising results are not translateditovivo therapeutic effect¥. Taken together, our
findings suggest that RI plays an important role in the cellular uptake of ICs andduat

IC is effective in enhancing levels of dendritic cell activation.
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Figure 4.1. Dendritic cell uptake of free CpG and DNP-CpG. Dendml uptake as
measured by fluorescence in dendritic cell samples after 0.85,0.75, 1, and 2-hour
incubations with: free FITC-DNP-CpG on ice (red); free FITRFEBCpG (blue); FITC-IC

(yellow); Fc Block then free FITC-DNP-CpG (orange); Fc Bldaben FITC-IC (pink).

Samples were quenched with 10% v/v of a 0.4% Trypan Blue solution tmirexa
intracellular fluorescence. Cells were incubated &€ 3ihless otherwise noted.
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Figure 4.2. Dendritic cell activation by free CpG and DNP-CpG with and witteoui-DNP
antibodies. These CD86 results are also representative of those obtainecCd@® CD

80, and MHC Il. Dendritic cell activation as measured by surfadesation marker
expression levels after 0, 6, 12, and 24-hour incubation periods with: ow@gigwhite);
DNP-CpG (blue); DNP-scramble (blue lines), anti-DNP antibodgyealgreen); ICs with 1.1
DNP-CpG:antibody ratios (red); DNP-scramble with antibody ljrest); Fc Block followed

by IC (violet); Fc Block followed by DNP-scramble with antibo@yolet lines); DNP-CpG
with albumin (yellow); DNP-CpG with Igg (turquoise); and LPS (black). In all cases, 1.08
ug/ml DNP-CpG was used to activate cells. Negative contrdls kg block alone, albumin
alone, and lgg, alone yielded baseline activation at all time points studied (data not shown).
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CHAPTER YV

CONCLUSIONS AND FUTURE STUDIES



Recent promising results obtained with intravenous delivery of CpG
oligodeoxynucleotides (CpG-ODNs) for solid tumor immunotherapgrranted further
study to establish additional means of administration and to elucitathanistic immune
responses. In the present studies, we have analyzed the pharmacokineti
pharmacodynamic effects of dinitrophenylated CpG (DNP-CpGegr affubcutaneous
administration into DNP-immunized, tumor-bearing mice. We found taises release of
DNP-CpG from the injection site and enhanced circulation in the seAlthough there was
low accumulation of DNP-CpG in tumor tissue, significant anti-tuawbivity was observed.
Here we confirmed that antibody complexes with haptenized CpG @RINbit anti-cancer
effects in pre-immunized animals. Low antibody titers redulte significant loss of
therapeutic activity by DNP-CpG thereby confirming the importai¢ of antibodies to
mediate CpG delivery. These studies establish the opportunitZfad®inistration in CpG
ODN monotherapy. We also propose based on these results that adseef DNP-CpG

per injection could be used to achieve similar anti-tumor efficacy.

To determine possible mechanistic means by which anti-tumortgativsued upon
SC administration of our treatment, we examined the ability ofnsomovalent immune
complex to promote uptake of DNP-CpG into dendritic cells througfRIFmediated
endocytosis and to subsequently enhance activation of dendritic c€k3. (e found that
while free CpG uptake was higher than IC uptake, DC activatioremiagnced in the latter
case. Blocking of Fc receptors using the Fc block reagentedsalta significant decrease
in IC uptake by DCs. Our study also confirms that DC actimally our system is specific

and activation enhancement requires DNP-CpG with an anti-DNP ayntibAttempts to
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activate DCs using non-immunostimulatory ODNs or other proteine naras effective as
the IC. The decrease in DC activation markers after blockipglHeceptor uptake supports
the involvement of Rd&RI-mediated processing of ICs.

Although we previously reasoned that the success of our delivetggstreould be
partially attributed to the enhanced permeability and retention)(Efétt, pharmacokinetic
and pharmacodynamic results, such as the low levels of DNP-CpGedeia the tumor
tissue and the ability of free CpG to hamper tumor growth, sugtfestwise. In the case of
intravenous administration, the EPR effect may be the mechanibougth activation of
DCs in the spleen may contribute to anti-tumor effects. Inctmse of subcutaneous
administration, no EPR effect is expected because the DNP-G@& le the systemic
circulation at any given time remains low and accumulation irtuhmr periphery is also
very low. We propose that the mechanism of action may be the datcation of DCs in
the draining lymph nodes. Elevated interstitial fluid pressi®)(In the tumor vicinity is a
barrier to macromolecular drug delivery which means that Kliraalation in the tumor
periphery could be limitel. Any accumulation would also only be transient and retention
would require receptor-ligand bindifig Even if a sufficient level of binding was to occur,
chaotic and impaired tumor lymphatics could limit dendritic oatjration from the tumor
periphery to the lymph nodes, thus preventing antigen-presentatioedlsT As such, the
ability of the immune complex to target DCs through generaphatic and/or systemic
circulation may be a more reasonable explanation. Dendritis, ¢ellthis case, can find
tumor antigen released into the systemic circulation due thephdhomenon. CpG
stimulation of DCs also leads to the stimulation of naturaékitlells which may also be

involved in anti-tumor activity. Since there is still much specutats to the processes
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involved in the immune response upon CpG stimulation, further mechartigiess are
necessary. Nonetheless, our results lead to the important dis¢bae the mechanism of

action in CpG processing is dependent on the route of delivery.

These promising results warrant further development of antibasigebsystems for
CpG delivery. For patients who have compromised immune function due tdrpatments
or due to the negative effects of disease progression gselimmunization against a hapten
may not be acceptableEx vivo complexation is a possible alternative although previous
unpublished preliminary data from our lab has suggested that tayGiot be maintained
in a dynamidn vivo setting. An alternative would then be to chemically conjugatp@ C
ODN directly to an antibody molecule. However, this may only wonkgughe host’s own
endogenously produced antibodies since usexofivo murine and chimeric monoclonal
antibodies can exhibit poor half-livesor altered affinity to Fc receptors upon storagehe
ideal method of development would then be to use an alreadyhgxéstdogenous antibody
which is known to recognize a particular hapten or epitope. As a césudtcines received
during childhood and adulthood, antibodies against certain pathogens areeseat-pn the
systemic circulation although concentrations may be insufficidiie anti-Gal antibody is
the only naturally occurring antibody known to exist in large @am®in all human$. The
anti-Gal antibody recognizes thegal carbohydrate epitope which is normally absent in
humans. A system can be envisioned then in which CpG is conjugatedotgadhepitope
instead of DNP. In fact, recent work has utilizedivo anti-Gal-based immune complexes
for DC delivery of a vaccin&. Further development would also allow co-administration of

CpG with tumor antigen as a therapeutic anti-cancer vaccine.
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Through the present studies it has become apparent that multiplésaspest be
investigated to establish primary mechanistic processes involveticugaly with the
relevance of the EPR effect towards vivo systems. Mechanistic studies can be
accomplished by multiple techniques. Rather timavitro activation, DC activation levels
after treatment can be studied from acquisition of DCs from lymoples for flow cytometry.
Immunohistochemistry of normal and tumor tissue can reveal the agpeextent of
lymphocyte involvement. Additionally, studying the impact ofyRedeficiency on IC
processing in a pre-immunized, tumor-bearing mouse model would beeaif igterest.
FcyR-knockout mice are available for such studies. IC uptake andtawtivd DCs can be
further confirmed by utilizing RdRI-deficient DCs cultured from the bone marrow of the
same mouse straih. Effector cell involvement can be analyzed by looking at T-cell

proliferation in spleens and infiltration into tumor tissue.

Collectively, our findings promote the use of CpG monotherapy for alinise in
cancer therapy although cellular toxicity and immunological mgrabould first be studied.
Additional routes of administration could be established, such amasahor intradermal
delivery where DCs are definitively located as a first-lahefense against pathogenic
invasion, for treatment of various diseases. Our systemidellyered ICs could result in
reduced CpG ODN therapeutic dose and dosing frequency. Treabveotluded and
metastasized tumors may also be possible without further intemvenith invasive surgery
or toxic chemotherapy. Successful outcomes of these studiesnadubtedly bring about

an accelerated development of CpG-based immunotherapy, possibly rgysyntn other
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treatment modalities, for various human diseases in addition to camcleras infectious
diseases, allergic conditions, and asttifhaVe also envision a general application of using

antibodies as a drug carrier, not as a targeting ligand, to delivery of othensabailc acids.
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APPENDIX

CYTOKINE LEVELSDURING CpG TREATMENTS



Previous investigations have showed that alteration of cytokine geneé&eot
administration of various cytokines could result in anti-cancer tsffe¢iowever, certain
dismal results have been consistent with the difficulties as®ociwith cytokine cancer
therapy, where systemic administration of cytokines produgesfisant toxicity side effects
at an effective dose. Success may be obtained by mimickingataerine functions of
cytokines in the tumor microenvironmérft. We attempted to demonstrate that our delivery
strategy mimics local infection or inflammation in the tumesue. This is a reasonable
hypothesis given that CpG is derived from bacterial DNA aatlwe measured as much as
20% of the total intravenously injected dose in the tumor tiSsugince SC administration
showed little tumor accumulation, we were curious to see wh#tkeanti-tumor activity
could have been due to a cytokine effect. Nonetheless, it has pooledather difficult to

present experimental evidence.

Elevated level of serum cytokines from CpG administration may noditeetly
related to anti-tumor activity” This notion was experimentally supported as follows. Three
groups of BALB/c mice each with 5 to 6 mice received either: (A) comgralasubcutaneous
(SC) dosing of DNP-CpG in DNP-immunized mice, (B) SC dosingred¢ CpG to non-
immunized mice, and (C) peritumoral injection of CpG also to non-imrednimice
(positive control). Four hours after each of the four weekly administrationsamiately 50
ul of blood was withdrawn via tail nick and processed to serum. Thd2 ikoncentrations

were determined using a commercially obtained BD OptEIA® kit (BD dérges).
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Although the data presented in Figure A.1 are on only one cytokinéolibeing
conclusion can be made. In all cases, a tremendous IL-12 responseenasompared with
the basal level (the first small bar only visible on Group C).th&lgh subcutaneous
administration of free CpG generates a higher level of IL-12 coedpga DNP-CpG, tumor
inhibition studies showed that DNP-CpG treatment results in arhbatti-tumor response.
This finding supports the notion that local production of cytokines, notgisiemic levels,

is the key to anti-tumor activity.

The above set of data supports only a negative conclusion. Nexpugat safter
direct evidence for the very premise upon which the proposed studids\eeloped: i.e., our
CpG delivery systems are able to induce proinflammatory cytokacadly in tumor tissue
although the CpG is administered via bolus IV or SC. In essence, lmargsystem mimics
local bacterial infection that would induce immediate innate imenuesponse. The

experiments dealt with 3 groups of CT26 tumor-bearing BALB/c mice, eahivainimals.

Group A consisted of DNP-immunized mice receiving DNP-CpG intravenously
(test). In Bnon-immunized mice received free CpG intravenously (negativeatpwinereas
Group Creceived free CpG peritumorally (positive control). A single dos&00fug IV or
20 pg PT was administered when tumor becomes approximately 30~180 The latter
dose was chosen based on the fact that in the literature PTygdasdly ranges from 3~10
ng*, 10 ug®, 20 ug®, 20~40pug’, to as high as 100g® and the finding that our formulation
delivered to tumor tissue approximately 20% ID at the time/tokine assay, i.e., 4 hrs after

administratior®
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Surgically removed tumor and normal tissue contralateral to tumvere
homogenized with T-PER® Tissue Protein Extraction Reagent, 10 mbrpen tissue,
supplemented with protease inhibitor cocktail (Pierce, Rockford, #s), described
elsewheré. The supernatant and serum were serially diluted in PBS Lit8AEwith BD
OptEIA® ELISA Kits: TNFa, IFN-y, IL-6, IL-12, and GM-CSF. It is known that these
cytokines become overexpressed in tumor tissue upon repeated Pdladaily of free CpG
especially when tumor burden is IG\vBriefly these cytokines are indicative of the following
phenomena in innate immunity triggered by CpG OBN&F-a and IL-12, DC activation;
IFN-y, NK cell activation; IL-6, B cell growth and differentiation; andM&SF, DC

stimulation.

As shown in Figure A.2, there is some indication our approach préduaoee pro-
inflammatory cytokines in tumor tissue than free CpG injectedide to a small number of
animals tested in each group (n = 4) and wide inter-subjectisasahowever, there were
no statistically significant differences based on t-testyaisaamong the test treatments for
all five cytokines measured (p>0.05). This must be because waeddhe sample just after
one treatment. The amount of CpG delivered via ICs was simplyfiment to create a

situation to mimic local inflammation.

In the prior study, we attributed the lack of statisticallyngigant differences in

various cytokine levels among the three treatments to thehf@ictve measured them after

only one single dosing. Since then we have repeated the experiitieritvey daily doses.
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When the tumor volume was between 20 to 75°mfiour mice in each of three groups
received a daily dose of: test grougr&d), 50ug IV to immunized mice; negative control B
(green), 5Qug IV; and positive control Qgray), 10ug intratumoral. Four hours after the fifth

and final dose, animals were sacrificed and the tumor was processed for. ELISA

As shown in Figure A.3, IL-12 is the only cytokine that appeared twidgmficantly
more produced in the tumor with the test formulation. Even here, thaasthdeviation was
so large and the number animals used was small (n=4), the p vaduasvhigh as 0.31 for
the test formulation-negative control comparison. Similarly TN#toduction in tumor with
the test formulation is greater than that of negative control. Kenvence again, the p value
was close to 0.38. Within experimental error, the other two cytoldresiot show any

modality-dependence.

The inter-subject variations we observed were in the same mdgras previously
reported The cytokine study in this manuscript was what prompted asdtyze cytokine
levels in our own model. In retrospect, we should not have run this sémeperiments.
Instead, we should have characterized cell infiltration via immuroahiemistry, an
important subject of investigation in the future. The complexitieslved with cytokine
management suggest that this method of anti-cancer treatmgmiinze the ideal treatment

modality.
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Figure A.1. Comparison of serum IL-12 concentrations upon various sioge-CpG
treatments. Serum concentration of I1L-12 found 4 hrs after dosinApMDNP-CpG in
DNP-immunized mice via SC route, (B) CpG to non-immunized mic&@aoute, and (C)
CpG to non-immunized mice via PT route. In all cases, mice hatareé tumors of 50 to
150 mn? of starting size. In each group there are 5 bars: theofistrepresents IL-12 of
mice not dosed (baseline level). It is almost non-detectable beitybasible in Group C.
The 2nd (filled in black) through the 5th bars (filled with dots) reprethe IL-12 level after
the 1st through the 4th weekly dosing, respectively. The red halzomgs represent the
average values in each group of 5 or 6 mice.
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Figure A.2. Comparison of cytokine levels in tumor, muscle, andrsepon single-dose
CpG treatments. Three pro-inflammatory cytokine levels foundnot tissue, contralateral
muscle tissue, and serum after single administration @ed), DNP-CpG to pre-immunized
mice IV; B (green), free CpG IV; and @rey), free CpG PT. In all cases, n = 4 and tumor
was 30~100 mrin size when injection took place. Normalization is in terms obtusize
based on the size-dependent T-PER buffer volume used.
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Figure A.3. Comparison of cytokine levels in tumor tissue afteltiple dosing of CpG
treatments. Four pro-inflammatory cytokine levels found in tutizsiue after five daily
administrations of: Ared), DNP-CpG to pre-immunized mice IV;(Breen), free CpG 1V;
and C(grey), free CpG IT. In all cases, n = 4 and tumor was 20-7% imreize when
injections took place. Four hours after the fifth/final dose, aninvale sacrificed and the
tumor was processed for ELISA. Normalization is in terms ofotusize based on the size-
dependent T-PER buffer volume used.
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