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ABSTRACT
The goal of my thesis woiik to discover new ways to enable the use of nanoparticle

therapeutics to treat human disease. The work presented here touches on several areas in
medicine and is united by a common theme: engineering ways to make, use, and evaluate
therapeutics that maxige the benefit to the patient and minimize the harm. | have
explored three interrelated strategies to achiey@bjectives: (1)he use of targeted
nanoparticlebased therapeutics to deliver therapeutic entities to specific sites in the body,
(2) the usef a highly specific type of therapeutic, sSiRNA, and (3) the evaluation of
strategies for usingxtracellular microRNAs to noimvasively monitor therapeutic
activity and disease response to that activity.

In Chapter 2, | present the first evidence ofieéaednanoparticle delivery of sSiRNA
to solid tumors following systemic administration to patients. My coarsriand |
demonstrate both dogkependent accumulation of the siRNA nanoparticles and evidence
of gene knockdown via the canonical RNAIi mechanism.

Chagpers 3i 5 describe the therapeutic potential of targeted nanopatrticles (one
version used in the clinic and described in Chapter 2) for: (i) targeting ribonucleotide
reductase subunit M2 in human melanoma cedldi(Chapter 3), (ii) Herceptiargetel
nanoparticles containing siRNA against Her2 in Her2(+) breast cancer (Chapter 4), and
(iii) si RNA target i neRasfdi dRasinutant melagagnasb | e 0
(Chapter 5).

Chapters 6 8 focus on the interaction of nanoparticles with the kid@dnapter 6
explores a previously unknown phenomenon of-dzgendent glomerular accumulation

of nanoparticles. In Chapter 7, a new mechanism of clearance for polypalyoner



based nucleic acid delivery systems is demonstrated, based on interactiaenbet
polymer components in the nanoparticle and the anionic surface of the renal filtration
barrier, explaining the rapid clearammfethese siRNA nanoparticle systems. Chapter 8
illustrates targetedanoparticle delivery of SiRNA to the kidney.

In Chapte 9, | test the hyothesis that analysis of tumsecreted microRNAs within
patient blood samples can be used astimeed markers of drug pharmacodynamics.
Specifically, | focus on efforts to characterize microRNA expression patterns following
pharmacolow inhibition of the oncogene BRAF in melanoma cells and their secreted

exosomes.
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Chapter 1: Introduction and Thesis organization

1.10verall goal of thesis research: To develop ways to design, use, and evaluate
nanoparticle-based therapeutics that seek to maximize the benefit to the patient

while minimizing the harm

The results from my PhD researghnensented ithis thesistouchon many different
areas of medicine including cancer treatment, evaluation of circulating microRNAs, and
kidney physiology. Although diverse, each area of research presented here shares a
common theme: engineering ways to design, use, and evaluate niat®pased
therapeutics that seek to maximize the benefit to the patient while minimizing the harm.
In this work, my coworkers and | have explored three interrelated strategidse (I9et
of targeteehanoparticlebased therapeutics to deliver therapeatitities to specific sites
in the body, (2) the use of a highly selective therapeutic, sSiRNA, to inhibit a single gene
target with high specificity, (3) and the evaluation of strategies for using extracellular
microRNAs to noAnvasively monitor the aatity of these types of therapeutics to aide

in their clinical validation and employment.
1.2 Thesis organization

This thesis is comprised of chapters that fall into the three major research areas. The
first research area focuses on evaluating siRNA nanoleaised therapeutics for use
as anticancer therapies (Chapter®R The second research area concentrates on

understanding how nanoparticles behave at the kidney (Chaggr3iee final research



area (Chapter 9) focuses on evaluating the use ofceltriar microRNA as markers of

drug response.

This chapter (Chapter 1) provides the background and motivation for all sections of
the thesis. The advantages and behavior of nanopdastisked therapeutics, siRNA based

therapeutics, and extracellular mBNA markers are discussed.

In Chapter 2, the clinical proaff-principle of nanoparticle delivery of SIRNA to
patient tumors is demonstrated. Our experiences from that study provided the motivation
for the work presented in the tliresearch area diisthesis. In Chapters 3, the
therapeutic potential of the current, clinical SIRNA nanopatrticle formulation targeting
ribonucleotide reductase subunit M2 (RRM2) via siRNA is examined in human
melanoma cell lines. This example of RRM2 inhibition illustsaboth the potential
(activity over wide range of melanoma cell lines) of this target and its shortcomings (no
induction of cell death). Chapters 4 and 5 provide examples of how siRNA based
therapeutics can be used to overcome traditional barriers ¢erddwerapeutics. In
Chapter 4 the therapeutic potential of using Herceptin targeted siRNA nanoparticles is
demonstrated. siRNA inhibition of Her2 is also shown to achieveiambr effects in
cell lines that are resistant to Herceptin treatment. In @h&pthe use of SiRNA
targeting the f uRagslisexgoedds h posdsiblp thevapertic nptidd for

N-Rasmutant melanomas.

Chapters @ focus on the interaction of nanoparticles with the kidney. The
SiRNA/CDP nanoparticle that has been used in animals and humans has been shown to

have a faster than expected clearance time from circulation through a renal route. We



believe thatinderstanding how these nanoparticles behave in the kidney will provide key
insights into how to engineer a nanoparticle with a longer circulation time and thereby
provide increase time to deposit in tumors. Additiondtlym what we have learned in
thiswork, we believe that siRNA nanoparticles have potential as a therapeutic modality

for kidney disease.

Chapter 6 explores the general interaction of nanoparticles with the kidney and the
discovery of previously unknown phenomenon of size dependent maisagli
accumulation of nanoparticles. In Chapter 7, a new mechanism of clearance for
polycatiorrpolymer based nucleic acid delivery systems is demonstrated. This
mechanism of clearance, based on interactions between polymer components in the
nanoparticleand the anionic surface of the renal filtration barrier, explained the rapid
clearance of the siRNA nanopatrticle system and provides clues for strategies to engineer
nanoparticles with longer circulation times. Chapter 8 explores the potential of targeted

siRNA nanoparticles as therapeutic modalities for kidney disease.

Chapter 9 focuses on testing the hypothesis that analysis tumor secreted microRNAs
within patient blood samples can be used as real time markers of drug
pharmacodynamics. Specifically, wactised on our efforts to characterize microRNA
expression patterns following pharmacologic inhibition of the oncogeRafih
melanoma cell lines and their secreted exosomes. Chapter 9 summarizes our work to date
in this area and discusses the challenigasmust be overcome to translate these

methodologies to the clinic.



1.3. Background:

1.3.1 Nanoparticle-based therapeutics have great potential for cancer and a
multitude of other human ailments

The term nanoparticlbased therapeutics describes aedharray of therapeutic
entities that are grouped together because of they are between 1 and 1000nm in size and
are roughly spherical in shape. This class of therapeutic entities is usually distinguished
from macromoleculabased therapeutics, such asréfpeutic antibodies, that also fall
into the nanoparticle size rarfgdlanoparticlebased therapeutics are typically comprised
of a therapeutic entity includirgmall molecule drugs, nucleic acids, or proteins that are
packaged together with structural components (e.g., lipids or polymers) into nanoparticle
sized objects There are also classes of nanoparticles composed of inorganic compounds
such as gold, cadmium, or iron that are also beingsitiyated as therapeutics and

imaging agents’.

1.3.1.1Nanoparticle-based therapeutics can oveome two major barriers to
successful drug usage and development.
The utility of traditional small moleculbased therapeutics is often limited by
their side effects; sufficiently high doses for optimal therapeutic activity may not be
reached before aode limiting toxicity. Development of small molectlased
therapeutics can be stalled by the need to balance drug activity (pharmacodynamics) with

the ability to be absorbed and distributed throughout the body (pharmacokinetics).

Nanoparticle formulatiof drugs offers a solution to both these key problems in
drug usage and development. Because of their size, nanopb&sed therapeutics have

restricteddistributions throughout the body (biodistributian)vhereas small molecules



can move freely across small gaps in the cells liningdlhessel walls (endothelial

cells), nanopatrticles require large spaces between endothelial cells to move from blood
circulation into body tissudsAfter dosing, nanoparticleased therapeutics are trapped in
the blood streamexcept when they enter tissues with fenestrated endothelium large
enough to allowheir passage into the tissue interstiti&éndothelial barriers are
compromised in many human pathologies such as cancer and inflammation. In these
situations nanoparticle can accumulate in these pathologic tissua high extent, while

sparing the rest of the body from harmful side effects of their encapsulated drug.

Some healthy tissues possess fenestrated endothelium that allows for passive
accumulation of nanopatrticles and are potential sites for nanopaffitirget toxicity.
These tissues are liver, spleen and kidney. A common misconception is that nanopatrticles
should be readily delivered to bone marrow. Bone marrow microvasculature has an intact
endothelial lining that includes diaphragrifedestrations Therefore, nanoparticles
without surface modifications to encourage uptake by the bone marrow endothelial cells

themselve$will not efficiently accumulate in the bone marrow.

The pharmacodynamic and pharmacokinetic properties of nanopadsxel
therapeutics can be decoupled. The structural components of nanoparticle therapeutics
usually do not perform therapeutic actions; therefore, they carotdied and optimized
to give the desired pharmacokinetic behavior, independent their ability to package their
drug payload (or the biological activity of the drug). Because drug packaging into
nanoparticlsis usually mediated by hydrophobic interactiongonvenient covalent
linkages, drug design for a nanoparticle formulation need not be hindered by

pharmacokinetic considerations. Additionally, this decoupling of pharmacodynamics and



pharmacokinetics means that the structural and therapeutic compoheat®particles
can be mixed and matched to suite the desired delivery location and therapeutic target

without extensive relesign of any of the components.

1.3.1.2 Nanoparticle-based therapeutics can be tuned to enables more precise drug
delivery to desired sites of action.

Besides overcoming traditional obstacles to drug usage and development
nanoparticlebased therapeutic have several other desirable properties. Nanopatrticles are
highly tunable. Nanoparticle properties such as their size, surface composition (size and
targetingligands), and decomposability can be tailored to specific applsatThe
behavior of nanoparticles in the body depends mostly on these three properties,
regardless of the fundamental composition of the nanopatrticle. Therefore, nanopatrticles
of any material and therapeutic payload can be rationally designed to behlage i
desired manner in the body, provided the general characteristics (size, surface

composition, decomposability) needed to behave in that desired manner are known.

1.3.1.3 Size is a major determinant of the circulation time and tissue deposition of a
nanoparticle-based therapeutic.

The circulation time of a nanoparticle depends on three factors: renal excretion
rate, tissue uptake rate, and nanoparticle degradation rate. The first two factors are largely
dependent on size. Nanoparticles < 10nnmsaffciently small pass through the renal
filtration barrier and enter the urihdNanoparticles above this size can have very long
circulation times as they amnt subject to first pass renal filtration, unless they degrade

into components <10nm.



The circulation times of neadecomposable nanoparticle is determined by their
uptake by the reticutlendothelial system (RES)RES uptake is largely determined by
size, provided surface charge is close to neutral. Nanoparticles fr@@0hon are
increasingly taken up by liver Kupffer cell and splenocyfdsove 200nm (size cut off
for the fenestrated endotheliwnhliver sinusoids}heyprimarily accumulate in the
spleen. Examples of this phenomenon for-tamgeted PEGylated gold nanoparticles are

presented in Chapter 6 of this thesis.

1.3.1.4 Nanoparticle surface composition can be engineered to alter tissuptake
and intra-tissue localization.

The surfaces of nanopartielieerapeutics are in direct contact with the plasma and
tissue milieu. The nature of these interactions can influence the behavior of the
nanoparticle in the body and with each other. Fangx{e, nanoparticles with high
surface charges tend e more rapidly taken upy the RES’. This phenomenon may be
mediated by increased plasma protein binding to the surface of these particles or stronger
interactions between the nanoparticles and the surface of the cells of the RES.
Additionally, the surfacefahe nanoparticle can be engineered to encourage binding to
certain plasma proteins that may facilitate their entry into non RES cell types, such as
hepatocytes.

Using targeting ligands, the surfaces of nanoparticles can be engineered to
encourage much more specific interactions between therssatdetissues within the
body. Targeting ligands, including proteins, peptides, antibodies, sugars, aptamers, etc.,
are chemical moieties displayed on the surface of a hanopatrticle that can engage one or

more surface features (usually tranembrane recepts) on a tissue of interest to



encourage nanoparticle binding. Most commonly, theyiseel to facilitate nanoparticle
internalization by cells within target tissues. For example, the iron carrier protein
transferrin is commonly used as a targeting liglemnatancer cells. When attached to the
surface of a nanoparticle, transferrin can engage the transferrin receptor (often
upregulated on the surface of cancer cells) and mediate receptor medddegtosis of
the nanoparticleTargeting ligands may alé® used to bind to the surface of endothelial
cells to localize nanoparticles to tissues without a fenestrated endothelium.
Targeting ligands can also be therapeutic themselves (e.g., Herceptin).
Additionally, multiple targeting ligands can be incorpodat&to a nanoparticles surface
to enable distinct desired functions (e.g., one ligand is used for trancytosis across an
endothelial layer and another is used as an internalization signal for cells beyond that

endothelial layer).

1.3.1.5 Specific consideations for nanopatrticle delivery to tumors.
Nanoparticle targeting to tumors is an often misunderstood process. Because anti
cancer nanoparticlbased therapeutics often employ targeting ligands, it is commonly
assumed that the targeting ligand is resjid@gor the delivery of nanoparticles to the
tumor. In fact, the major mechanism for nanoparticle accumulation within tumors is
passive and ligand independ&nfhe phenomnon known as the enhanced permeability
and retention (EPR) effect is responsibl e
Most tumors have abnormal, dilated and tortuous vasculature, lacking in regular
structure and possessing large irgadothelial cdldistances and fenestratidhsThe
spaces betweenemd hel i al cell s can PeTheseessdlsatee m i n s

therefore hypepermeable and can allow the passage of nanoparticle sized objects from



circulation into the tumor interstitia. Tumors also have compromised lymph drainage due
to compression of lymph vessels by the tumor. These two effectsiresdteased entry

of nanoparticle sized objects into the tumor interstitia and reduced clearance and
therefore a net accumulation of material. This phenomenon is known as the EPR effect.
Nanoparticles and macromolecules can reach concentrations highglasma through

this mechanisif. The primary consideration for increasing nanoparticle delivery to
tumors is plasma circulation time.

Although nanoparticles of adizes can accumulate in tumors due to the EPR
effect, nanoparticles under 100nm are ideal fortamtior therapy. Once extravassated
from circulation, nanoparticles must diffuse through the dense extracellular matrix that
makes up the tumor interstitia@ach the tumor cells themselves. Thghhriscosity of
theextracellular matrixnhibits the diffusion of larger nanoparticles through the tumor
and they remain close to the vessels #dyavesatedirom. Smaller nanoparticles (10
50nm) more readily diffuse through the tumor environment away from the vessels they
extravessatefiom'®. Because many areas of the tumor are either hypovascular or have
poor perfusion, nanoparticles that can reach tumor cells djstahces away from blood
vessels have increased therapeutic actfvity

Targeting ligands still play an important role in nanopari@sed therapeutic
activity in tumors. One nanoparticles deposit in a tumor they may or may not be
internalized by the tumor cells depending on their surface properties. The inclusion of a
targeting ligand on the nanoparticle (e.g., transferrin) can facilitate their uptake by tumor

cells, but nonecessarily overall tumor accumulatiérintracellular localization is
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paramount for therapeutic modalities (e.g., SIRNA) that can function only if delivered

intracellula environment.

1.3.1.6 Nanoparticle-based therapeutics have great potential for many other
diseases besides cancer.

The field of nanopartickeased therapeutics is heavily focused on cancer.
Although cancer is one of the leading causes of death in tiledBtates, there are many
other chronic diseases that impose a significant disease lndeniety that could
benefit from new nanoparticleased therapeutics. Any disease that results in increased
vascular permeability at the desired site of therapaation could potentiatlbe targeted
by a nanoparticibased therapeutic.

Atherosclerosis and hypercholesterolemi&noparticles also have great
potential for both atherosclerosis and hypoercholeserolemia. A siRNA nanoparticle
formulation targeting PEK9, known as ALNPCS, being developed by Alnylam
Pharmaceuticals has been demonstrated lower plasma low density lipoprotein (LDL)
levels in healthy patients with elevated LDL levels. Inhibition of liver PCSK9 results in
upregulation of LDL receptors on p&tocytes and increases hepatocyte LDL uptake in a
similar manner as statins but avoids common statin side eféegtarfyopathy) and
resistance. Nanoparticles have also been shown to accumulate in atherosclerotic plaques,
due to increased vascular peahgity in the small capillaries supplying the larger
arteries and arterioi§'® Direct targeting of the cells (foam cells, smooth muscles cells,
etc.) could be another option fantaplaque therapy. siRNA nanoparticles targeting
monocytes have been demonstrated to reverse plague formation (and reduce damage

from myocardial infarctionsy.
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Renal diseaseChapters @ of this thesis explore the interaction of nanoparticles
with the kidney.

Autoimmune diseases/inflammatiénhallmark of inflammation is increased
vascular permeability. Autoimmune diseases such as lupus are difficult to treat because
of the low therapeutimdexes of the immunosuppressive drugd #re often used.
Nanoparticlebasedtherapeutics could help overcome these limitation by delivering these
drugs only to sites of inflammation. Despite this potential and the unmet medical need,
only a modest numbef studies examining this application have appeared in the
literaturé®?%

Central nervous system disorders and the blood brain barieng deliveryto
the CNS is often stymied by the tight junctions between the endothelial cells of the CNS
microvasculature that form the blood brain barrier (BBB). Only hydrophobic compounds
that can cross cell membranes can access the CNS. But even then these cocapounds
be pumped out. There is much interest in development of nanopatrticles that can engage
endothelial receptors to facilitate their trancytosis acrosbltdoel brain barrier to deliver
therapeutic entities into the CNS. Nanoparticiéesed therapeuticseaa particularly
promising strategy for this indications because they can be engineered to incorporate
multiple targeting ligands to enable both trancytosis across the BBB andhlizi&tion

by specific CNS cellgvhile carrying a drug payload.

1.3.2 Smallinterfering RNAs (siRNAs) can be used as high potency, high specificity
therapeutics
Synthetic siRNAs are 21 base pair double stranded RNA oligonucleotides than can

engage the RNA interference (RNAIi) machinery to induce the degradation of target
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MRNAs. RNA is an endogenous cellular mechanism for the sequspasfic regulation
of mMRNA transcript levels and mRNA transcript translation in eukaryotic’ellee
RNAI machinery is guided by double stranded RNAs including siRNAs and microRNAs.
These RNAs are endogenously transcribed as long doubldesdrprecursors that are
exported from the nucleus and processed into smaller fragments36bpMdy the
RNaselll -type enzyme Dicer. In the cytoplasm, these short double stranded RNAs are
then incorporated into the RNikduced silencing complex (RISC). RT cleaves the
sense sand of these RNAs and then udles antisense strand to target itself to mMRNA
transcripts with complementarity to the asginse strarfd
MRNA transcript silencing occurs via several mechanisms-g&mse strands with
perfect complementarity (SIRNAS) to their mRNA targets induteespecific cleavage of
MRNA targets between t he 10-semsedequerdchk pntif r om
sense strands with imperfect complementarity (microRNAS) to their mRNA targets,
specificallyl 1 mi t ed compl ement ar i2t8ypntherantisehsei r fisee
strand) to the 306 Uindcedranslatitnal iepressBRNA t ar get s
Synthetic sSiRNA can be used to silence genes in cells and tissues. Exogenously
applied siRNAs engage the RNAI maohiyp at the level of RISC and induce the
cleavage of their target mMRNA transcripts. Once in complex with Ri#Se siRNAs
are extremely stable and can induce gene knockdown las@mtagsin rapidly dividing
cells and over a month in natividing cell$>. Dilution of the RISC/siRNA complex due
to cell division is responsible for these observations. Nuclease stabilization through

chemical modifications to sSiRNAs does not greatly alter their gene silencing kimetics
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vitro orin viva®®, although it can improve the amount of siRNA delivered to the
cytoplasm by avoiding any prior degradation in circulation or tll®some.

1.3.2.1 siRNA-based therapeutics overcome many barriers to traditional
small molecule based drug development.

Historically, many therapeutically interesting proteins have been considered
Aundr ug g aRag becausd of thegextreme difficultydeveloping small
molecules that can effectively inhibit these protéfoactiors. Because all mRNA
transcripts are susceptible to RNAI, therapeutic siRNAs can be designed to inhibit any
desired gene target. Also, SiRNA sequences can be designectextiemely high

selectivity and potency (IC50s in the femtomolar range).

Another major advantage of siRN#ased therapies is that they can facilitate the
rapid translation of new understanding in cancer biology to new therapeutics. The
timeline from cowept to clinic for siRNAbased therapies can be <2 y&ars
Furthermore, it is feasible that once clinically approved delivery systems enter the
market this time can be even morapidbecaus®nly the siRNA sequence will require
modification. It is possible that in the near future patients will have their whole genomes
rapidly sequenced and tailor made siRNA against one or more disease targets could be
ordered and delivered in a matter of week

siRNAs by themselves are also fairly benign. Although siRNAs can induce immune
responses in animals, these responses are often sequence and delivery system
specific®? Many types of chemical modifications have been developed to circumvent
these off target effectd siRNAs may also induce nemmunostimulatory off target

effects through several mechanisms. siRNA may inhibit expression of nuheatgene
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targets via microRNA like mechanisisAdditionally, they may saturate the RNAI
machinery and interfere with the normal étion of endogenous regulatory RNAs

Both these problems can be circumvented by selection of high potency siRNA sequences
and through certain chemical modifiicans to the siRNA itself.

Because the activity of the siRNAs is only based on their sequence and not structure,
SiRNA delivery systems can be used to delivery several SIRNAs against one or more
targets. Multiple siRNA sequences in a delivery system shaat significantly change
the toxicity profile of the therapeutic. Additionally, different SIRNAs against the same
target can be used simultaneously or sequentially to avoid mutatiorreassence to

therapy.

1.3.2.2Many challenges remain in the deglopment of successful siRNAased
therapeutics.

Cost is a significant challenge with sSIRNA badkdrapeutics. Large scale sSIRNA
synthesis is costly. However, the shortened time line to the clinic may helptaffis
factor. Additionally, we also expethe cost of synthesis to drop as the demand increases.

Intellectual property (IP) is a short term challenge in therapeutic development.
Currently, the IP for RNAbased technology is concentrated in a few companies. This
means that many gene targets arabt chemical modifications to siRNAs are off limits
to new companies entering the mafketiowever, these problems will ultimteesolve
when the patents expire.

The biggest challenge to the development of sikdé8ed therapeutics iglivery.
SiRNA are large, charged, and unstable. siRNAs camadllyenter cells unaided and

are rapidly degraded by nucleases in blood plasma and the extracellular milieu. Although
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they are relatively large molecules, siRNAs are still rapidly cleaged @irculation via
first pass renal filtration following system administration, further limiting their ability to
reach target tisste Therefore, siRNAs require carriers to be delivered to desired sites of

action.

1.3.3 Cyclodextrin-containing polymer-based siRNA delivery system

The Dauvis lab has spent the past decade developing a siRNA yslygtem
designed to transport SiRNA to tumor tisSu&he delivery system consists of three
components (Fig. 1.1): (i) a linear, cationic cyclodexb@sed polymer (CDP), (ii) a
hydrophilic polymer (polyethylene glycol (PEG) used to promote nanopatrticle stability in

biological fluids), and (iii) SIRNA.

0 H o H
@Ex,\gwwofwo}(\olﬁ«gb AD-PEG-Tf .
+

siRNA T

Figurel.l: Components of the sSiRNA/CDP nanopatrticle delivery systensiRNA
nanoparticles assemble due to electrostatic interactions between the cationic cyclodextrin
containing polymer and the anionic siRNA. PEG provides steric stabilization and is bound to the
particles via inclusion complex formation between its terminal adtana (AD) modification
and the cyclodextrin cup of the CDRansferrin (Tf) targeting ligand covalently linked to AD
PEG.

The siRNA delivery system sedissembles into polyplexes through electrostatic

interactions between negatively charged siRNA tedoositively charged CDP. The
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CDP is a linear, water soluble po-lymer tha
cyclodextrin cups linked together with short spacer polymers containing two imine
charge centers. The spacing and of these charged centerhé&ayclodextrin cup and
their composition has been optimized for interaction with nucleic #¢ftighe two
terminal cyclodextrins of each pod ymer str
designed to buffer the endosomal pH following cellular internalization and facilitate
endosomal escaffe A 3+/- charge ratio of CDP to siRNA was determined taHze
optimal formulation for corplete complexation between the two comporénts

Polyplexes of siRNA and cationic polymers are known to be unstable (will
aggregate) in physiologic fluids such as bloode TDP/siRNA nanopatrticle is
engineered to incorporate polyethylene glycol (PEG) steric stabilization to prevent self
aggregation or aggregation with exogenous components. For incorporation into the
polyplex, 5 kDa PEG is covalently linked to a small hydrabic molecule called
adamantane (AD) that wil |I-cydlodextrmcaps. PEGhc | usi o
covalently linked to AD (ABP E G) wi | dcyclodexirid cups on tle surface of the
polyplexes and provide steric stabilization.

When the compants are mixed together they satfisemble into spherical
nanoparticles between 50 and 100nm in size with a slightly positive salage
(ca.10mV). Each nanoparticle has been determined to contain ~2000 siRNA molecules,
~10,000 CDP chains, and ~4000 AEG molecules.

The nanoparticles have been engineered to incorporate targeting ligands such
transferrin (Tff8, sugars, or antibodies at the terminal ends of their PEGs that facilitate

their uptake by target tissue. Tf targeting had been demonstrated to increase the potency
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of siRNA knockdown, but not totaélimor uptake, of sSiRNA nanopatrticles following
their intravenous administration to tumor bearing rifice

The TEsiRNA nanoparticles delivery system was one offitlsé to demonstrate
successfully therapeutic application of a polyrhased siRNA delivery system in an
animal model. In this breakthrough study;SIRNA nanoparticles containing siRNA
targeting the breakpoint of the EWRLI1 gene product were used tdibit the growth
of disseminated Ewingo6s s &rToallovafor ereadeo gr af t s
targeting of a variety of tumor types the siRNA nanoparticles were formulated to contain
siRNA against Ribonucleotide Reductase subunit M2 (RRRI&RNA nanoparticles
against RRM2 were demonstrated to inhibit tumor growth in multiple xenograft cancer
modelé™.

The T£siRNA nanoparticles have been demonstrated to have a favorable toxicity
profile in mice and noimuman primates. In mice, no abnormalities inriete&kin-12 and
IFN-A, liver and kidney function tests, complete blood counts, or pathology of major
organs were observed following long term intravenous ddsignorhuman primates,
low (3 mg/kg) and intermediate (9 mg/kg) dosing did not results in any evidence of organ
damage, changes in hematologic parameters, or immune stimulation. High dosing in
primates (27mg/kg) was associated with mild kidney toxicity and slight immune
stimulations eident from elevations in U6 and ING2%*. Overall, no signs of clinical
toxicity were observed at any dose.

This TEsiRNA nanoparticle formulation targeting RRM2 was the first target,
systenically applied siRNA nanoparticle to reach the clinic in Z808hapter 2 of this

thesis will discuss performance of the siRNA delivery system in this clinical trial.
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1.3.3.1 Efficacy ofCDP/siRNA nanoparticles is limited by poor pharmacokinetics.

Although the CDP/siRNA nanopatrticle can successfully delivery siRNA to
tumors from an intravenous injection, there is still much room for improvement for this
system. Specifically, the CDP/siRN#anoparticles have been demonstrated to be
eliminated by firstpass renal filtration and completely cleared from circulation within 30
minutes after intravenous administrafforBecause delivery of these nanoparticles to
tumors is passive and depends ondibwecentration of nanopatrticle in circulation,ithe
short circulation time has likely been a major limiting factor inrte#icacy.

To demonstrate thabe efficacy of these nanoparticles is limited by amount of
siRNA delivered rather than inherent itations in choice of therapeutic targete
therapeutic effect of SIRNA nanoparticle delivery of RRM2 siRNA was compared to
endogenous expression of ShRNA against RRM2 in a neuroblastoma tumor model in
mice (Fig 1.2). With the siRNA nanoparticle system ebserved only growth inhibition
in this tumor model at high siRNA nanoparticle doses (10 mg/kg); however, induced
expression of the shRNA resulted in complete cures in all mice over a similar time span
of treatment. We demonstrated a similar discrephetyween CDP/siRNA nanopatrticle
treatment and induced shRNA expression targetiiRplin a melanoma tumor model
described in Chapter 5. Therefore, we hypothesize that increasing the circulation time of
the siRNA nanoparticles and thereby the amount deld/gy tumor tissue will greatly
increase the therapeutic efficacy of the CDP/siRNA nanopatrticles.

The rapid clearance of these siRNA nanopatrticles is puzzling because they are
engineered to be above the size cutoff for sipglss clearance via rendtrftion’. Reat

time PET bidlistribution data demonstrated an unexpected level of kidney
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accumulatiof?. Therefore, we decided to investigdhe interaction of the CDP/siRNA
nanoparticles with the kidney. Chapters 6 and 7 of this thesis explore the behavior of
nanoparticles in the kidney and demonstrate the mechanism of rapid renal clearance of
the CDP/siRNA nanoparticles.
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Figure 1.2: Comparison of anti-tumor effects of RRM2 knockdown via (A) sSiRNA
nanoparticles delivery or (B) endogenous shRNA expression in Neuro2a tumo(8) Tumor
bearing A/J mice received 10 mg/kg intravenous injections of sSiRRM2 nanoparticles or control
(dextrosepn days 1,3,8, and 10. Data are adapted with permission from Heidel et al.*(2008)
(B) shRRM2 was induced in Neure28RRM2 cells implanted in A/J mice on day 8 with
doxycycline (DOX).

1.3.4 Need for biomarker integration into clinical studies and drug usage

In Chapter 2 of this thesis, we present work validating delivery of sSiRNA
nanoparticle based therapeutics to harmanors. Although thistudy on patient
materials provided us with much information, the study had many limitations. Primarily
our analyses were restricted to a very limited number of biopsy samples from the
patients. From these biopsies we could confirog mechanism of action and
nanoparticle delivery; however, they provided little insight into overall patient response

to treatment, kinetics of nanoparticle activity, or resistance to therapy. Our experiences in
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this study taught us much about the limdas of biopsies and the challenges of
validating drug response in the setting of early clinical trials. These experiences lead to
our investigation of new avenues for rapid, mtiitie point, noninvasive measures of

drug activity and response (Chapter 9

1.34.1 Circulating microRNAs are a new class of promising biomarkers

MicroRNA (miRNA) are ~22 nucleotide long, endogenous-noding RNAs that
regulate gene expression ptisinscriptionallyas described above. miRNAs have
emerged as an extremelyoprising new class of biomarkers. Besides their unusually
high stability in formalin fixed tissue, miRNAs have been demonstrated to be remarkably
stable in human blodd

As blood derived biomarkers, miRNAs offer three key advantages over other
types of biomarkers such as proteins and mRNA. First, because of their stability,
microRNA can be quantified reproducibly from plasma samples that have been freeze
thawed multiple thes.mMRNAs have not been demonstrated to have the same level of
stability as microRNAsSecond, robust, sensitive, and accessible high throughput
detection/quantification technologies exist for microRNA. These technologies include
sequencing, microarrayand PCR arrays. Finally, microRNA can be robustly and
guantitatively preamplified to increase detection sensitivity for all these assays.

Since the stability of microRNA in plasma was demonstrated by the Tewari group
in 20083, a lage number of reports demonstrating their potential as biomarkers in many
different areas of medicine have emerged. For example, circulating microRNA have been
shown to be sensitive and specific markers of tissue injury in animals fid@eisl in

patients, specifically as indicators of myocardial infaréiofhey have also been
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demonstrated to be useful for in patients for detecting pregnand fetal
complication§”*®

Circulating micr&RNAs have also been shown to be useful biomarkers for cancer.
Numerous literature reports have demonstrated that levels of circulating microRNA can
be used to differentiate healthy from cancer patient blood saffiple®ne particularly
promising report by Boeri et al., shown thatmRNA signatures in plasma could be
used to identify patients with a high risk of developing caticer

Despite the abundant amount of promise for circulatinga®NASs as
biomarkers, many challenges still remain before their routine and successful application
in the clinic. A major challenge is blood cell microRNA contamination that can confound
interpretation of circulating microRNA data. Tewari and colleaga®e Ihecently
demonstrated that a majority of circulating microRNA associated with many cancers
originate from blood cells and their levels correlated with blood cell cuntsother
challenge stems from variability in sample collection and processing. The type of blood
sample collected (serum or plasma) and the fractionation mepipiidcato the sample
can drastically alter the microRNA composifianOne method of overcoming these

difficulties is isolating a subset of microRNA packaged within lipid vesicles known as

exosomes.

1.3.4.1Exosomal microRNA could be used track tumor specific microRNAs.
Some circulating miRNA are believed to be shed from tumors packaged into
small membrane bound vesicles known as exosomes (e1®0h0n in diametety. This

packaging is thought to protect the RNA from degradation in the-eglitdar
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environment. However, some evidence for the excretion of protein associated non
exosomal miRNA has been identified in human plaéma

Several types of cancer are associated with increases in circulating exosome
population including melanoma, lung, and ovarian cafiér In ovarian cacer the
increases in circulating exosomes have been demonstrated to be proportional to
increasing disease stafjeExosomes can be isolated from patient blood based on their
physical characteristics (size, density) and protein markers. Therefore, analysis of this
population of vesicles isolatenit of blood, if selected via tumor markers, may provide
specific information about the tumor such drug response.

The miRNA profile of tumor derived exosomes has been reported to be
representative of the intracellular miRNA profile from the cells theylarved froni’.
However, several reports have demonstrated that there may éeeptiefl enrichment or
depletion of certain miRNAs from exosorffesAdvanced stage melanoma patients have
an increased level of exosomes in their circulafiand significant effort has been made
to understand the miRNA expression alterations associated wihegsive disease,
mutational status, and survivil®’

Thus, the goal of the work presented in Chaptea to test he hypothesisat
cell-free circulating miRNA encapsulated in tumor derived exosomes could serve as
useful, timedependent biomarkers for monitoridgug activity andlisease progression
in cancer patientsSpecifically,we tested the hypothesis that intracellular changes to the
microRNA transcriptome induced by drug treatment can be measured in tumor derived

exosomes.
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Chapter 2: Evidence of RNAI in humans from systemically
administered siRNA via targeted nanoparticle$

2.1  Abstract:

Therapeutics that are designed to engage RNA interference (RNAI) pathways have the
potential to provide new, major wagimparting therapy to patient$.Fire et al. first
demonstrated that long, double stranded RNAs mediate RNAi in Caenorhabditis &legans,
and Elbashir et al. opened the pathway to the use of RNAI for human therapy by showing
that small interfering RNA&IRNAS: ca. 21 base pair double stranded RNA) can elicit
RNAi in mammalian cells without producing an interferon resp8ngée are currently
conducting the firstn-human Phase | clinical trial involving the systemic administration

of siRNA to patientsvith solid cancers using a targeted, nanoparticle delivery system.
Here we provide evidence of inducing an RNAi mechanism of action in a human from

the delivered siRNA. Tumor biopsies from melanoma patients obtained after treatment
reveal: (i) the presenad intracellularlylocalized nanoparticles in amounts that correlate
with dose levels of the nanoparticles administered (this is a first for systemically
delivered nanoparticles of any kind), and (ii) reduction in both the specific mMRNA (M2
subunit of ritbnucleotide reductase (RRM2)) and the protein (RRM2) when compared to
pre-dosing tissue. Most importantly, we detect the presence of an mRNA fragment that
demonstrates siRNA mediated mMRNA cleavage occurs specifically at the site predicted
for an RNAiI mechaism from a patient who received the highest dose of the

nanoparticles. These data when taken in total demonstrate that SIRNA administered

! Reproduced with permission fromavis ME, Zuckerman JE, Choi CH, Seligson D, Tolcher A, Alabi
CA, Yen Y, Heidel JD, Ribas AiEvidence of RNAi in humans from systemically administered siRNA via
target ed nMNau®464 1067i(2010p s, O
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systemically to a human can produce a specific gene inhibition (reduction in mRNA and

protein) by an RNAI mechanisnf action.

2.2  Results and Discussion:

A major challenge with the use of SIRNAs in mammals is their intracellular
delivery to specific tissues and organs that express the target gene. The first
demonstrations of siRNAnediated gene silencing in mammeisough systemic
administration were accomplished using naked siRNA and methods of administration not
compatible with clinical applicatiofi’ Since then, several delivery vehicles have been
combined with siRNAs to improve their delivery in animal modélSoutschelet al.
were the first to provide direct evidence for the siRNA mechanism of action by using a
mo d i f-RACE (rdpid amplification of cDNA ends) PCR technique providing
positive identification of the specific mMRNA cleavage produgtiman cinical trials
with synthetic SIRNAs began in 2004, utilizing direct intraocular siRNA injections for
patients with blinding choroidal neovascularization (CNV). Subsequently, other clinical
trials have initiatetland early clinical data are beginning to eap *°While there are
animal studies that do support the possibility of an RNAIi mechanism of action from
administered siRNA?! other animal data from siRNAs injected into the eyes of mice for
the treatment of CNV suggest r®NAi mechanisms of action flCNV suppressioh?

At this time, no direct evidence for an RNAi mechanism of action in humans from siRNA

administered either locally or systemically has been reported.

We are currently conducting the first siRNA clinical trial that utilizes a tadgete
nanoparticle delivery system (clinical trial registration number NCT006896B%}ients

with solid cancers refractory to standarfdcare therapies are administered doses of
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targeted, nanoparticles on days 1, 3, 8 and 10 ofdagkycle via a 3@ninute i.v.

infusion. The nanoparticles consist of a synthetic delivery system containing (Fig. 2.1a):
(i) a linear, cyclodextrirbased polymer (CDP), (i) a human transferrin protein (hTf)
targeting ligand displayed on the exterior of the nanoparticle tayentfareceptors

(hTfR) on the surface of the cancer cells, (iii) a hydrophilic polymer (polyethylene glycol
(PEG) used to promote nanoparticle stability in biological fluids), and (iv) SIRNA
designed to reduce the expression of the M2 subunit of ribonigieeductase (RRM2:
sequence used in the clinic was previously denoted siRZB¥B TfR has long been
known to be upegulated in malignant cell8and RRM2 is an established angéincer
target:® These nanoparticles (clinical version denoted as CA0A) have been shown

to be well tolerated in muttlosing studies in nehuman primates’ While a single

patient with chronic myeloid leukemia has been administered siRNA via liposomal
delivery;® our clinical trial is the initial human trial to systeraily deliver siRNA with a

targeted delivery system and to treat patients with solid c&hcer.

In order to ascertain whether the targeted delivery system can provide effective
delivery of functional siRNA to human tumors, we investigated biopsies from thre
patients from three different dosing cohorts; patients A, B and C, all of whom had
metastatic melanoma and received doses of CADAAf 18, 24 and 30 mgiRNA/NY,
respectively. Given the highly experimental nature of this protocol, the regulatorygproces
at both the local and federal levels explicitly precluded a provision for mandatory
biopsies in all patients. Therefore, biopsies were obtained on a voluntary basis. Biopsies
in these three patients were collected after the final dose of cycle 1 (dépeieB,ost

and Clos) and compared to archived tissue (denotgd Byre and Clye). Patient C
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continued on therapy beyond one cycle and provided another set of biopsy materials
(C2yethat was obtained approximately one month after the final doseclef 1 and
C2ystthat was collected on the day of the final dose of cycle 2). Because of limited
sample amount, only immunohistochemistry (IHC) and staining for the nanoparticles
could be performed on the g dand Clos:samples, and protein (for Western blot
analyses) was only available from they,ea@nd C2.s:samples. Details of this clinical

trial will be reported elsewhere when completed.

The targeted nanoparticles (ca. 70 nm diameter) were administered i.ey as th
are designed to circulate and then to accumulate and permeate in solid"tiidnin
the tumor, the hTf targeting ligand assists in directing the nanoparticles into tumor cells
overexpressing hTf& To detect the nanoparticles in tumor cells, sestiof the tumor
tissue were stained for the presence of the nanoparticles using a 5 nm gold particle that is
capped with thiolated PEG containing adamantane (AD) at the end distal to the thiol
(AD-PEGAU) to allow for multivalent binding to the cyclodextsi (Appendix Fig. Al).
The function of the stain has been previously confirmed using other cyclodextrin
containing particle&’and is demonstrated here for the targeted nanoparticles carrying
siRNA in vitro (Appendix Fig. A2) andh vivo (Appendix Fig. A3. Transmission
electron microscopy (TEM) images of the nanoparticles confirm that in mice, the
nanoparticles are intracellular (Appendix Fig. A4). Samples A, B and C1, analyzed in a
blinded fashion, demonstrated a heterogeneous distribution of naolgsaotily in post
dosing tumor tissue (Fig. 2.1 for pakising and Supplementary Fig. 4 forpi@sing).
The nanoparticles can localize intracellularly in tumor tissue and are not found in the

adjacent epidermis (Fig. 2.1). In these biopsies TEM images adgninated by



3<

melanosomés inhibiting the identification of the nanoparticles (data not shown).
Samples Clst and C3osireveal the highest number and intensity of stained regions,
Bpostexhibits a decreased amount of staining relative to sampjgs &1l C2.st (Fig.

2.1b), Avstdoes not reveal the presence of the stain (Fig. 2.1b), and all tdeging
samples are completely negative for the stain (Supplementary Fig. 4). This is the first
example of a dosdependent accumulation of targetedoyzarticles in tumors of humans

from systemic injections for nanoparticles of any type.

a)
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Figure 2.1. Detection of targeted nanoparticles in human tumorga). Schematic
representation of the targeted nanoparticles. The polyethyleneglycol (PEG) molecules are
terminated with adamantane (AD) that form inclusion complexes with surface cyclodextrins in
order to decorate the surface of the nanopatrticle with PEGddc stabilization and PEBTf
for targeting. (b). Confocal images of postatment biopsy sections from patients A, B and C:
Au-PEGAD stain (left), DAPI stain (middle), merged images of the left and right panels with the
bright field (right). Imagedbels: epi = epidermis, t = tumor side, s = skin side, m = melanophage.

Tumor RRM2 mRNA levels were measured by quantitative real time polymerase
chain reaction (QRPCR) and were performed in a blinded fasffoReduction in
RRM2 mRNA is observed in éhposttreatment samples (Fig. 2.2). Since samplgs A

and Byeare from tissues collected many months before the initiation of siRNA treatment,
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the fraction of the overall reduction in mMRNA observed jgs/@nd Bos:attributable to

the nanoparticle tegment cannot be directly ascertained. Unfortunately, we were not

able to perform PCR on the C1 samples. However, the PCR data from,tes 022,05
samples (collected 10 days apart) provide direct evidence for RRM2 mRNA reduction via

the treatment athe patient with the nanopatrticles.
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Figure 2.2. RRM2 mRNA and protein expression in tumor tissugla). gRTPCR analysis of
RRM2 mRNA levels in samples from patients A and B before and after dosing. RRM2 mRNA
levels are normalized to TBP mRNA levels. Blesare presented as percentage of thalpsing
RRM2/TBP mRNA levels for each patient. (b). RCR and Western blot analysis of RRM2
protein expression from patient samples&hd C2,s Bar graph is average volume of Western
blot bands from twandependent experiments; one representative blot is pictured. Archived
samples are indicated by (*); samples obtained during the trial are indicated by ().

To ascertain whether the RRM2 protein level is reduced in the tumor because of
the siRNA treatmentHC and Western blotting were employed as previously described
in mice?*Since RRM2 protein expression is largely restricted to the late Gl/early S
phase of cell cycle, not all of the tumor cells will be expressing RRM2. Figure 2.3 shows
IHC data for RRM2 and TfR proteins in Gleand Chos:samples (IHC analyses were

performed in a blinded fashion and 10 random regions of each sample were analyzed).
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Significant reduction in RRM2 is observed (mean scoring of RRM2 from the 10 sections
was reduced-%old) after treatment while TfR levels are somewhat elevated (mean
scoring of TfR from the 10 sections was increaseddld in the C}eand Chost

samples. The low level of RRM2 that is observed by IHC in thgsGample is

maintained in the Gz and C3«isamples (by IHC).

RRM2 Staining
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Figure 2.3.Ribonucleotide reductase (RRM2) and tranferrin receptor (TfR) protein
expression inCl,. and Cl,.s:samples.Photomicrographs of malignant melanoma belonging to
a, b, ¢ pretreatment and, e, fposttreatment sample®rotein expression is represented as

brick-red (Nova Red) chromagen staining in immunohistochemitiahted slidesa, d: RRM2;
b, eTfR). c, f, The same tissues are stained with Hematoxylin and Eosin (H&E).f,Brown,
diffuse, finely granular coloseen in these images is the endogenous pigment of this lightly
melanized tumor. Photomicrographs were captured using a 40X objective.

Western blot analyses of the ge2nd C3.s:samples reveal a reduction in the
level of the RRM2 protein that is diethe siRNA treatment (RRM2 mRNA reductions
exceeded the reduction levels obtained from protein but this could be due-to post
transcriptional mechanisms that have been observed previulye decreases in the

RRM2 mRNA and protein observed after treant (Fig. 2.2b) suggest the siRNA
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treatment remains effective after several cycles of dosing. The IHC data from patient A
do not reveal changes in RRM2 expression after dosing, while results from patient B are
indicative of reductions in maximal RRM2 eggsion (IHC scoring of the regions of

maximal expression showed a-fdid decrease) but the overall mean expression levels

remained relatively constant (IHC scoring of the 10 sections).

To demonstrate that the siRNA delivered via the targeted naitbgsudan
engage the RNAI machinery, the mRNA cleavage products were characterized using a
mo di f-RNMAdigabdine di at ed r api d ampl iRLN-RACE)i on of
PCR technique (Fig. 2.4). A RRM2 mRNA frag
predictedclavage site (10 base pairs from the 56
detected in the G2 and C2.s:Samples, but not fromdgs, and AywstOr their
corresponding prereatment samples. RACE does not provide a quantitative measure of
the amount of thétagments so the intensities of the bands cannot be correlated with
amounts in the tissue samples. The presence of this RRM2 mRNA fragment from patient
C indicates siRNA delivered via targeted nanoparticles can engage the RNAiI machinery
in a solid tumor o human and induce the desired mRNA cleavage. Furthermore, this
result suggests that at least a portion of the RRM2 mRNA and protein reductions
observed from the C2 samples are due to a bona fide RNAi mechanism. The presence of
the RRM2 mRNA fragment irhe C%.Sample suggests that siRNA can provide an
RNAI mechanism for several weeks (MRNA cleavage in thg.€dmple must originate
from cycle one dosing) as the RRM2 protein levels remained relatively constant when
compared to the Gds;sample (IHC). V& have shown that the length of the RNAi effects

of delivered siRNA in both cells and animals (mice) is dependent on the doubling time of
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the cells being analyzed (longer inhibition times with longer cell doubling tim&sne
silencing by siRNA can occwn the timescale observed here, ca. one month, provided
the cell doubling times are lorigPatient C had stable disease between these biopsies,
and these mostly quiescent tumors have very slow growth kinetics that would be suitable
to experience lengthR NAi effects® Additionally, we do not know how long the
nanoparticles reside within the cells and release siRNA. Since the nanopatrticles are
observed in the sample gedand not the sample G¢ they must disassemble within one
month. Thus, the pharroadynamics of the RNAI effects could be due to the

combination of the nanoparticle disassembly time and the time that the siRNA resides

within the RNAiI machinery.
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i \
' i RRM2 GUGGAGCGAUUUAchAsAAGUUCAGAUUAc 3
i DNA' mRNA
. oA, 3.CGCUAAAUCGGUUCUUCAAGUS RRM2SiRNA
— —
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Fi gur e-RI2V.-RACE detéction of siRNA induced mRNA cleavage fragment(a)
Schematidepicting the location of the predicted aRiRM2 siRNA cleavage site and the
primers used for PCR amplificati onRLMRAGEhe <cl ea
PCR amplification products from post treatment samplggss(A poss CZpos) @andin vitro positive
control (cell culture). (c) The RRM2 mRNA sequence and siRNA antisense strand are illustrated
to show where the cleavage occurs with an RNAi mechanism. The sequence chromatographs
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obtained from aim vitro cell culture experiment with HI44 melanoma cells and the patient
CZstsample are illustrated.

The data presented here when taken together provide the first mechanistic
evidence of RNAI in a human from an administered siRNA. Moreover, these data
demonstrate the first example of doseeatefent accumulation of targeted nanoparticles
in human tumors. The reduction of the RRM2 mRNA and protein by the R&pdafic
si RNA i s obser ved ;RLM-RACE tinalgsesrezemluhiatthe f r om 56
delivered siRNA engages the RNAI machinery. Thesa damonstrate that RNAi can
occur in a human from a systemically delivered siRNA, and that siRNA can be used as a

genespecific therapeutic.
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2.4 Methods

Detection of targeted nanopatrticles in biopsy sam@iesmpfrozen patient biopsy samples were
embedded in TissdBek O.C.T. compund (Sakura) to generate 6 fihick cryosections. Upon

i mmersion in PBS at 37 UC for 1 h to remove an
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min to permeabilize the cell membrane, sections received staining of PEGylated, adamantane
modified goldnanoparticles (AMPEGAD,; see Supplementary Information for their preparation)
in the dark for 2 h. Brief rinses with PBS were used to remove any nonspecifically bound Au
PEGAD before mounting with ProLong Gold antifade reagent and staining with DAPI
(Invitrogen, Carlsbad, CA). A Zeiss LSM 510 confocal scanning microscope (with-a Plan
Neofluar 40X/0.75 objective and up to 2X digital zoom) was used to collect the images (DAPI
excitation: 740 nm (twghoton laser), emission filter: 38M0 nm; AuPEGAD -exatation: 488

nm (argon laser), emission filter: BP 5880 nm IR). The measured resolution at which images
were acquired is 512 x 512 pixels, and the imagéddyith is &bit. The Zeiss LSM Image

Browser Software allows the extraction of images.

RNA Extration: Patient samples preserved in RNALater (Ambion, Austin, TX) were suspended
in TRIzol reagent (Invitrogen) and homogenized in a FastP4epissue Homogenizer (MP
Biomedicals, Solon, OH). Total RNA was purified from the aqueous phase of TRIzol extract
using the PureLink RNA Mini Kit (Invitrogen) following manufacturer recommendations. RNA
was extracted from archived patient samples using RecoverAll total nucleic acid isolation kit

(Ambion) following manufacturer instructions.

56 RNA | i g-RACH 5RiLMeRAGE wasdperformed according to the Invitrogen

GeneRacer manual with modifications82 ¢ g of t ot al RNA was |l igated
GeneRacer RNA adaptor (56
CGACUGGAGCACGAGGACACUGACAUGGACUGAAGGAGUAGAAA3 6) wusing T4 R
ligase (5 units) for 1 bt 3&C. Following phenol extraction and ethanol precipitation the purified

ligation products were reverse transcribed usingerScriptlll (Invitrogen) andRRM2 gene

specific reverse transcription primé& CTCTCTCCTCCGATGGTTTE 6 ) x@for 4%niin

followed by inactivationat . 5 6RACEMP CR was performed using th

pr i meOGAQTGGAGCACGAGGACACTGA3 6) and a RRM2 gene speci
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( 5G5CCAGGCATCAGTCCTCGTTTCTT& 6 ) . PCR was peRauMI med wusin
Mini personal thenocycler using PCR conditions of @5for 3 min (1 cycle), 9& for 30 s,

60xC for 30 s, 72C for 1 min (40 cycles), ® for 10 min (1 cycle). A second round of nested

PCR was then performed usi Bg the GeneRacer 56
GGACACTGACATGGACTGAAGGAGTA-30 gndaRRM2gene peci fi ¢ nested pri
GGCCCAGTCTGCCTTCTTCTTGAE3 Y5 PCR products were run on a 2% agarose gel and
stained with 1leg/ ¢l ethidium bromide. PCR prod
directly to confirm RACE band identitieBor the cell culture RACE experiments, 500,000 HT

144 melanoma cells were transfected with 20 nM RRM2 siRNA using Lipofectamine RNAiMax

(Invitrogen). RNA was extracted for the RERIACE as describe above 48 h after transfection.

gRT-PCR Patient RNA samptewere reversed transcribed using SuperScriptlll reverse

transcriptase. 0:200ng of white blood cell (WBC) cDNA was used as PCR template for
standard curves of RRM2 and Tata Binding Prote
cDNA/standard cDNA was used foiptlicate Tagman Real timBCR as described elsewhéte.
Concentrations of RRM2 and TBP in samples were calculated from the WBC cDNA standard

curve, and RRM2 levels were normalized to TBP levels within the same sample.

Western blots:Total protein was rawered from the phenol/chloroform phase of TRIzol
extraction (see description of the RNA extraction above). Samples were diluted to equivalent
protein concentration and denatured via addition of-betecaptoethanetontaining Laimmli
sample buffer. The pnary antibodies were goat polyclonal aRRM2 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA), mouse polyclonal-antin antibody (BD Biosciences, San
Jose, CA). The secondary antibodies were horseradish perezmigsgated donkey angjoat
antibody and rabbit artinouse antibody (Santa Cruz Biotechnology). Development was done
using SuperSignal West Dura Extended Duration Substrate (THester, Waltham, MA). Blot

images were captured using a Molecular Imager VersaDoc 3000 systeRa@iblerales,



CA). Band quantification was performed using Im&geant TL software (GE/Amersham

Biosciences, Piscataway, NJ).

Tissues and immunohistochemical assaymalinfixed, paraffinrembedded (FFPE) human

tissue samples from patiématched preand postreatment cases were obtained under UCLA
IRB approval. Immunohistochemical (IHC) assays were performed using a Dako Autostainer
Plus (Dako, Carpinteria, CA) with fresh sections of pired postreatment cases stained at the
same ti me. Ti shilkiwere deparaffinizecirsxylehe andrehydrated in graded
alcohols. The sections were then placed in a pressure cooker (17.5 P&l, BRitare

Decloaking Chamber, Biocare Medical LLC., Concord, CA) in 0.01M sodium citrate buffer (pH
6.0) or 0.1M TrisHCI buffer (pH 9.0) for 10 min for heat antigen retrieval of RRM2 and TfR
antigens, respectively. Endogenous peroxidase was quenched with 3% hydrogen peroxide at
room temperature. Primary goat antiman R2 polyclonal antibody, (catalog #1€846; Santa

Cruz Biotechnology, Inc., Santa Cruz, CA), was applied for 30 min at room temperature at a final
concentration of 1.0 pg/ml (1:200). Mouse a@mtiman TfR monoclonal IgG1 antibody (clone
H68.4, catalog number 1800; Invitrogen, Camarillo, CA) was applitat 30 min at room
temperature at a final concentration of 0.5 pg/ml (1:1000). Antigen detection was accomplished
using the Vectastain ABC Elite Goat HRP kit (catalog numbe6P85, Vector Labs,

Burlingame, CA, USA) or the Dako Envision goat antiuse | secondary antibody with

attached HRMabeled dextran polymer (catalog number K4001; Dako, Carpinteria, CA), for
RRM2 and TfR, respectively. All tissues were either amelanotic or only lightly melanized,
therefore bleaching was not performed and Nova Ratlpog number S800; Vector Labs,
Burlingame, CA) was used as the chromagen to easily discern staining from any endogenous
pigment. The sections were then counterstained
dehydration in graded alcohols, xylene, aoderslipping. Human tonsil and colon cancer

served as positive assay controls. Negative controls consisted of duplicate tissue sections stained
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with either noAimmune pooled goat IgG (catalog numb&0D0, Vector Labs, Burlingame, CA)
or monoclonal mouskgG1 (catalog number 6@100; Invitrogen, Camarillo, CA) applied at
identical final concentrations as used for RRM2 and TfR primary antibodies, respectively. For

each sample, 10 random tumor regions were scored for maximal expression and mean expression.
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2.6 Supplementary Information for Chapter 2

Part I. Creation of stain for CALAQ1
Materials

Methoxy-PEGthiol (MW 1000 g/mol) was purchased from Laysan Bio (Arab, AL).
SPDRAPEG™,-NHS (MW 912.08 g/mol) ester was purchased from Quanta Biodesign
(Powell, OH). 5 nm spherical gold nanoparticles were obtained from Nanopartz (Salt
Lake City, UT).

Methods

Preparation of SPDEPEG™;,-AD (see Scheme S| 1)

To a solution of SPDEPEG™,»NHS (100 mg, 0.11 mmol) in 3 mL of anhydrous
dichloromethane was added adamantanemethylamine (0.11 mmol, 21 pL). The solution
was stirred for 16 hours at room temperatafter which the solvent was removed and
the product dried under vacuuo. (MALDOF) [M+Na] 984.08, [M+K] 1000.16

N
| H 0
Z 5’5/\[]N‘/\O'\'OJ‘O/\Ofo’\'O/‘o’\Ofo’\'O/‘o’\'O/\nO%
(e} o fe)
SPDP-dPEG™ ,,-NHS
N H I

fo) o

SPDP-dPEG™ ,-AD

Scheme Sl 1Synthesis of SPDEPEG™,,-AD
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PEGylation of 5 nm gold nanoparticles with SREFEG™,,-AD (Au-PEGAD)

To a presonicated 1 mL solution of 5 nm gold nanoparticles{particles per mL) was
added mPEG@hiol (14 pg, 14 nmol) and SPB#PEGM,-AD (16 pg, 14 nmol). The
solution was vortexed for 30 minutes and diluted to 4 mL with deionized wWiter.
resulting 4 mL solution was diafiltered twice with a 10 kDa membrane (Millipore) and
finally resuspended to 1 mL.

PEGylation of 5 nm gold nanoparticles with meth®&G-thiol (Au-PEG)

To a presonicated 1 mL solution of 5 nm gold nanoparticles{particles per mL) was
added methoxyPEGthiol (28 pg, 28 nmol). The solution was vortexed for 30 minutes
and diluted to 4 mL with deionized water. The resulting 4 mL solution was diafiltered
twice with a 10 kDa membrane (Millipore) and finally resuspendedmlL.

Part II: Principle of staining

A schematic representation of the interactions between tREEA®AD particles and
CALAA-01 is shown in Schematic Sl 2.

Key
PEG AMane
PEG-AD e
hTf-PEG-AD @W\"
7S
CDP/siRNA 0 N\
nanoparticle 1~/
7

: +
PEGylated CALAAO1 CALAA-O1stained with
Au-PEG-AD (containing PEGylated Au-PEG-AD
nanoparticle Cy3-labeled nanoparticles

SIRNA)

Scheme Sl 2Representation of the staining process of CAL&Aby AUPEG-AD particles.



Part IlI: In vitro validation of binding of AAPEG-AD to the siRNAcontaining
nanoparticles

A sandwich ELISA assay was developeddst ffor the binding of the gold stain (Au
PEGAD) onto the siRNAcontaining nanoparticles.

Materials

T Coating buffer: 10 e€g/ mL mouse | gG agai
Laboratories, Montgomery, TX) in 50 mM carbonbtearbonate buffer (pH =
9.6)
Wash luffer: 50 mM Tris, 140 mM NacCl, 0.05 % Tween 20, pH =8
Blocking buffer: 50 mM Tris, 140 mM NacCl, 1 % bovine serum albumin (BSA),
pH=28

1 Targeted particle solution: Transfertsrgeted particles containing siRNA (0.5

mol % AD-PEGTTf) in 150 mM phosphatbuffered saline (PBS)

1 Staining solution: AtPEGAD or Au-PEG patrticles in 150 mM PBS

Method

il
il

The entire ELISA procedure was conducted at room temperature with mild shaking on a
plate shaker. Intoazh well of a 9éwvell ELISA plate was coated with 0.1 naf coating

buffer that contains the primary antibody, IgG against human transferrin for 1 hour.
Three rinses with 0.1 mL of wash buffer followed to remove unbound antibodies. Next,
blocking with BSA by adding 0.2 mL of blocking buffer into each well tptce for 1

hour, followed by three brief rinses with 0.1 mL of wash buffer. After that, each well was
added with 0.1 mL of either targeted particle solution or 150 mM PBS as a negative
control and incubated for 2 hours. After five rinses with 0.1 mL afhaauffer to remove
unbound targeted particles, each well was loaded with 0.1 mL of staining solution
containing either AAPEGAD or Au-PEG at different concentrations and incubated for 2
hours. Upon five rinses with 0.1 mL of wash buffer to remove unbtargéted particles,
each well was loaded with 0.1 mL of 150 mM PBS for absorbance measurement at 520
nm (surface plasmonic peak for 5 nm-R&G particles) using a Safiiicroplate

Reader (Tecan, Salzburg, Austria). Reported values are mean absorbandaglicates

of experiments.

Results

The binding of AWPEGAD to the siRNAcontaining nanopatrticles relies upon the
interaction between ADs and the cyclodextrin (CD) in a di&pendent fashion.
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Au-PEG Au-PEG-AD

0.12 -

OAu-PEG
E Au-PEG-AD

i W |

1.00E+12 3.00E+12 1.00E+13 3.00E+13

Absorbance at 520 nm

Gold particle concentration (# /mL)

Figure S1: (A) The ELISA plate captures the red cdlgr to binding of AASPEGAD onto
targeted siRNA particles via specific G&D interactions. Legend:A: no targeted nanoparticles
+ gold particles (1 #/mL); B: targeted nanoparticles + gold particles-{#0mL); C: targeted
nanoparticles + gold partis (3x18°#/mL); D: targeted nanoparticles + gold particles{10
#/mL); E: targeted nanoparticles + gold particles (3%#0nL). (B) This graph demonstrates a
dosedependent binding of AREGAD onto siRNAcontaining, CDP targeted nanopatrticles
(rows Bto E in Figure S1A). As the negative control, the wells not loaded with any targeted
nanoparticles do not show detectable gold absorbance (row A in Figure S1A).

Part IV: In vivo validation of binding of AREG-AD to siRNAcontaining nanoparticles
in murine models

The use of imaging techniques serves to ascertain whethRRE&AD can recognize
intravenously injected targeted, siRMANtaining nanopatrticles in a mouse tumor tissue.

Methods

Tumor Formation and Systemic Delivery of siRMAntaining Nanopdicles

All animal experiments were performed with sterile techniques and complied with the
NIH Guidelines for Animal Care and as approved by the Caltech Institutional Animal
Care and Use Committeleuro2A (mouse neuroblastoma) celisre cultured in
comgete growth medium (DMEM supplemented with 10 % fetal bovine serum (FBS),
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100 units/mL penicillin, and 100 units/mL streptomycin). In the right hind flank, four
immunodeficient (NOD.CB1-Prkdcscid/J) mice (The Jackson Laboratory, Bar Harbor,
ME) received sbcutaneous implantation of N2A cells (af t8lls per mouse per 0.1 mL
of DMEM). Before injection, tumors reached 200 mn7 in size, as determined by
caliper measurements (0.5 x | X)wTwo mice received intravenous administration of
siRNA-containing,cyclodextrinbased, targeted nanopatrticles at a dose level of 10 mg
siRNA/kg animal via the taiein. Formulated in 0.1 mL of 5 % glucose in water (D5W),
the injected dose contained targeted nanoparticles carryingpGgted siRNA (20% of

the total SiRM\ in the nanopatrticles). As controls, two other mice received intravenous
injections of 0.1 mL of D5W. Animal sacrifice by GOverdose took place 24 hours
after injection, followed by tumor extraction and immersion fixation in 4 %
paraformaldehyde (PFA).

Transmission Electron Microscopy

PFA-fixed blocks (~ 1 mrhin volume) of mouse tumor samples received fixation with

2.5 % glutaraldehyde (in 100 mM sodium cacodylate, pH = 7.4) for 2 hoursstposby

1% OsQat 4 °C for 2 hours, and 0.9 % Oséhd 3 % KFe(CN} at 4 °C for 2 hours.
Subsequent dehydration with an ethanol gradient and propylene oxide enabled the
embedding tissue blocks polymerized from Epon 812 resins (EMS; Electron Microscopy
Sciences, Hatfield, PA). 80 nm thick sections weigodéed on carbon and formvar

coated, 20dmesh, nickel grids (EMS) and later stained with 3 % uranyl acetate (SPI
Supplies, West Chester, PA) and Reynolds lead citrate for visualization under a 120 kV
BioTwin CM120 TEM (Philips). All electron micrographseafrom randomly chosen

facets of the tissue block.

Results

Transmission electron microscopy confirms the existence of siRNA containing, targeted
nanoparticles inside a mouse subcutaneous tumor.
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Figure S2: Transmission electron micrographs shawnteacellular localization of SIRNA
containing, cyclodextribased, targeted nanoparticles (dark round obijettts SIRNA within the
nanoparticle is stained by the presence of the uranyl ions that bind to the nucleic acid) inside N2A

cells of the tumor sacutaneously implanted in mice (same tumor tissue used for confocal

fluorescence imaging in Figure 1). (Left) The proximity of targeted nanoparticles to the nucleus
shows their intracellular localization. (Right) Expanded view of nanoparticles showh paed

(Scale bar = 500 nm). Solid arrows point to the nanoparticles. Labeling is as follows, Nu:

nucleus, rib: ribosome, ER: endoplasmic reticulum, V: vesicle.
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Upon the confirmation of the presence of targeted particles inside the tumor following
their systemic injection, confocal microscopy can validate the utility oP&AGAD as a
stain for the targeted nanoparticles in the same tumor tissues extracted from the same
mice.

Methods

Fluorescence Microscopy with AREGAD

After immersion fixation ir4 % PFA in PBS for 3 days, ~2 émouse tumor tissue

blocks passed through an increasing sucrose gradient up to 30 % sucrose, and were later
embedded in 9 % gelatin in PBS. The gradual freezing of gelatin tissue ble8Ks
allowed the generation a0 umthick cryosections. After brief rinsing with PBS to
remove any surface gelatin as well as fixation with acetor0eiC to permeabilize the
cell membrane, tissue sections underwent staining of PEGylated, adarrantiifiied

gold nanoparticles (APEG-AD) in the dark for 2 hours. Rinsing with PBS removed any
non-specifically bound gold particles, before the mounting ofP2GAD stained tumor
sections with 16.7 % (w/v) Mowiol-88 and 33 % (v/v) glycerol in PBS. A Zeiss LSM
510 confocal scanning mmscope served to reveal timevivotumor biodistribution of

the Cy3siRNA containing targeted nanoparticles (excitation: 555 nm; emission: 570
nm), whose presence was further confirmed by its colocalization wHREEGAD
(excitation: 488 nm; emission: B0m).

Results

Cy3 Au-PEGAD Merge




Figure S3: (Top) Tumor tissue collected from mice receiving intravenous (tail vein) injections of
Cy3-siRNA containing, targeted nanoparticles-RHGAD particles (green: middle; emission
507 nm) specifically bind to the Cy&8RNA (orange: left; emission: 570 nm) containing,
cyclodextrinbased targeted nanoparticles, whose localization was strictly intracellular, as seen
from the merged brigHield image (right). (Bottom) As a negativerdrol, tumor tissues were
collected from mice that received intravenous injections of DSWPBGAD patrticles failed to
stain the tumor tissue in the absence of targeted nanoparticles. (Scale bar = 20 pum)

Part V: Staining of biopsy samples with-R&EG-AD (Patient Pretreatment samples)

Au-PEGAD DAPI Merge




Figure S4: AUPEG-AD staining of CALAA-01 nanopatrticles in tumor biopsy samples using Au

PEGAD and DAPI nuclear countestain. All pretreatment samples)cluding Ay (top row), B
ore(s€cond row), Cle (third row), and Cg.(bottom row), reveal undetectable gold staining.

(Scale bar = 20 microns) Legend: M = melanophage (black objects inside the melanoma tissue).
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Chapter 3: siRNA knockdown of ribonucleotide reducatase inhibits
melanoma cell line proliferation alone or synergistically with

temozolomidée

3.1  Abstract:

Systemically delivered small interfering RNA (siRNA) therapies for cancer have
begun clinical development. The effects of siRi®diated knockdown of
ribonucleotide reductase subunit 2 (RRM2), a rate limiting enzyme in cell replication,
were investigatechimalignant melanoma, a cancer with a paucity of effective treatment
options. A panel of human melanoma cell lines was transfected with siRNA to induce the
knockdown of RRM2. Sequenspecific, SiRNAmediated inhibition of RRM2
effectively blocked cell pideration and induced G1/S phase cell cycle arrest. This effect
was independent of the activating oncogenic mutations in the tested cell lines. Synergistic
inhibition of melanoma cell proliferation was achieved using the combination of SIRNA
targeting RR\N2 and temozolomide, an analogue of the current standard of care for
melanoma chemotherapy. The level of transferrin on melanoma cell lines was also
evaluated. In conclusion, siRNediated RRM2 knockdown significantly inhibits
proliferation of melanoma ddines with different oncogenic mutations with synergistic

enhancement in combination with temozolomide.

3.2 Introduction

2 Reproducedvith permission fromJ. E. Zuckerman, T. Hsueh, R. C. Koya, M. E. Davis and A. Ribas,
"Small interfering RNA knockdown of ribonucleotide reductase inhibits melanoma cell line proliferation
alone or synergistically with temozolodd," J. Invest. Dermatoll31, 453 (2011).
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The incidence of malignant melanoma is rising faster than any other cancer. The
treatment outcomes of metastatic melanoma remamad(Miller and Mihm, 2006;
Tsaoet al, 2004) Only 10 to 15 percent of patients with disseminated disease respond
to standard of care therapy with dacarbazine (DTACustineet al, 2009)
Temozolomide is a second generation alkylating agent, whose active metafslite5
methyltriazenl-yl)imidazole-4-carboximide has a mechanism of action analogous to
DTIC, with the added benefit of crossing the blda@in barrier, an important feature
since metastatic melanoma frequently metastasizes to thgAugustineet al, 2009;

Tsaoet al, 2004)

The first experimental therapeutic to provide targeted delivery of synthetic, small
interfering RNA (siRNA) in humans, CALAA1, is currently being tested in a phase 1
clinical trial (Davis, 2009) This targeted, nanoparte formulation of SIRNA consists of
a cyclodextrincontaining polymer (CDP) utilizing human transferrin as a targeting ligand
for binding to transferrin receptors that are typically upregulated on cancer cells. The
siRNA component of CALAADL, called siRB+5, was designed to target ribonucleotide
reductase subunit 2 (RRM2) and had been characterized for potency, efficacy, and

specificity (Davis, 2009; Helel et al, 2007a)

Ribonucleotide reductase (RR) catalyzes the rate limiting step in the production of
240 eoxyr i bo ntuiphdsghates negded fér ®NA replication. Conversion of
ri bonucilde phiodgpphmmG es to 26deoxyribonucl eoti
expression of both its subunits, RRM1 and RRE&gstromet al, 1985) The subunits
are differentially expressed during the cell cycle. Whereas RRM1 expression remains

constant throughout the cell cycle, the RRM2 subunit is only expressed in the late
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Gl/early S phase of the cell cyglEngstromet al, 1985) RRM2 is therefore an
attractive therapeutic target since it is primarily expressed in proliferating cells, such as

cancer cells.

RRM2 has been a validated target for cancer therapy. Several small molecule
agents such as hydroxyurea, alkoxyphenols, and cytarabine inhibit BEMidy;
however, they are also associated with dose limiting toxicities due to adverse effects on
nortmalignant cells, e.g.bone marrow suppressi¢8haoet al., 2006) AntisenseRNA
based therapeutics targeting RRM2 have also shown some promise in the clinic, but are
also associated with severe dose limiting toxicities (hepatotoxicity) and the need to be
administered via continuous infusigDesaiet al., 2005) Cancer therapy using targeted
nanoparticles formulated with siRNA targeting RRM2 may be able to bypass some of
the undesirable nespecific effects caused by traditional small molecdsed
therapeutics, since the specific targeting praps of the nanoparticle systems allows for
a more selective delivery to tumor tisqavis, 2009) CALAA-01-like-nanoparticles
have been shown to have very little repecific toxicity. Importantly, no hematopoietic
toxicity was observed following admistration of high doses to cynomolgus monkeys

(Heidelet al, 2007b)

CALAA -01 has been administered to 15 patients with solid refractory cancers
within an opeHrabel, dosesscalation trial. Biopsies in 2 patients with metastatic
melanoma demonstrated tumor targeting with the presence of particles within tumors
(Daviset al) . At the highest dose tested (30 mg)/there was evidence of RRM2
knockdown when analyzed both at the mRNA and protein levels. Furthermore, specific

confirmation of triggering the RNAI mechanism was obtained by the demboistod



the presence of the specific cleavage sequensiRbIA targeting RRM2n tumor
samples by -&RNA ligandme di at ed r api d ampl iRLM-RACE)i on of

PCR techniquéDaviset al).

The evidence of RRM2 silencing vivowith CALAA-01 provided motivation to
study the mechanism and range of effects of siR2B+5 siRNA induced RRM2 knockdown
in vitro against a previously characterized pasfehelanoma cell lingdonas N.
Sendergaard, 2010)herefore, in this study we sought to elucidate the efficacy of
siR2B+5 siRNA induced RRM2 knockdown to inhibit melanoma cell proliferation, to
determine the mechanism of aptoliferative effects, and to indentify the range of
sensitivities of different melanoma cell lines with defined oncogenic alterations to this
new therapeutic approach, which may indicate patient populations that may most benefit
from this therapeutic approachhd level of transferrin receptor on melanoma cell lines
was also evaluated to confirm that a Tf targeted nanopatrticle approach would be
reasonable. Additionally, synergy studies involving siR2B+5 siRNA and temozolomide

were carried out.

3.3 Results
3.3.1 RRM2 silencing in HF144 melanoma cells by siR2B+5 siRNA via RNAI

mechanism

We first demonstrated that the siR2B+5 siRNA sequence previously characterized
by Heidelet al. (Heidelet al, 2007a)successfully knocked down RRM2 expression in
melanoma cells. We transfected 1144 cells with either 5 nmole/L siR2B+5 siRNA or a
nontargeting control (siCON) siRNA and measured the RRM2 mRNApaoizin

expression by quantitative real time reverse transcription polymerase chain reaction
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(gRT-PCR) and Western blot respectively (Figure 3.1a,b). We observed greater than 80%
reduction in RRM2 mRNA and 90% RRM2 protein knockdown following siR2B+5
treatent when compared to siCON treatment (Figure 3.1a,b). We were able to obtain
similar levels of RRM2 protein knockdown (@0%) with siR2B+5 treatments in all

other cell lines tested for RRM2 expression (data not shown).

In order to confirm that siR2B+50@s in fact engage the canonical RNAiI machinery,

RNA from HT-144 cells transfected with siR2B+5 and siCON using

LipofectamineRNAiIMax or targeted CPD/siRNA nanoparticles (similar to CALGNA

were subjected to 56 RNA | icipaN\rAd emiRdMdi g t5edd r
RACE) anal ysi s (Figure 3.1c, d). RRM2 mRN
predicted si RNA induced cleavage site (10
strand) were detected only in those samples treated with the SIRZNA 8sing either
LipofectamineRNAiMax or targeted CDP/siRNA nanopatrticles (Figure 3.1c,d,e).
LipofectamineRNAiMax was used for all subsequent transfections as it has much higher
transfeciton efficiency than the targeted CDP/siRNA nanopariitiesro (data not

shown). Several nespecific bands were also observed in the siCON treated samples;
however, none of these bands matched the size or sequence of the correct RACE product

obtained in the siR2B+5 samples.
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Figure 3.1: Knockdown of RRM2 mRNA andprotein expression by short interfering RNA
(siRNA) siR2B+5 in melanoma cellsg(@) gRT-PCR analysis of RRM2 mRNA levels in H#4
cells 48 hours after transfection with 5 nmol/L of RRM2 targeted siRNA (siR2B+5) or-a non
targeting control (siCON) siRNA (Eor bars, n=3).k) Quantification of RRM2 protein
expression by Western blot band densitometry analysis, average of three independent
experiments; one bl ot -RLM-RpGEdé¢tactioread siRNAiInducgd b ar s,
MRNA cleavage fragment HI44 cells transfected using either (c)

3.3.2 siR2B+5 treatment inhibits cell proliferation in a panel of melanoma cell lines

in vitro

We hypothesize that RRM2 is required for melanoma cell proliferation and knockdown
of its expression in melanoma cell lingsuld result in growth inhibition. In order to test
this hypothesis, 13 human melanoma cell lines with prior detailed oncogenic
characterizatiofJonas N. Sgndergaard, 2088)well as 3 nomelanoma cell lines (2
breast cancer: MDAIB-231 and MCF/ and a normal fibroblast cell line 3T3) were

treated with either 5 nmole/L siR2B+5 or siCON siRNA and their viability levels
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compared to untreated control samples (Figure 3.2a). We observed up to 20% non
specific decrease in cell viability folving treatment with the negative control siCON
siRNA. Therefore, we considered that a cell line was sensitive to siR2B+5 siRNA
treatment if cell viability was less than 80% of the untreated control following siR2B+5
SiRNA treatment (dashed line). We falthat 10 out of the 13 cell lines tested were
sensitive to siR2B+5 siRNA treatment. Among those sensitive cell lines we observed a
wide range of siR2B+5 siRNA induced proliferation inhibition, with the most sensitive
cell lines (e.g., PTM, M238) demongiray an approximate 65% decrease in viability
following treatment, while the least sensitive cell lines (e.g., M207, M229) demonstrate
approximately 30% decrease in viability. It is notable that 2 out of the 3 cell lines (M243,
M245) which did not show anproliferative effects after siR2B+5 siRNA treatment at 72
hours, ultimately showed decreased proliferation at later time points (data not shown).
Melanoma has frequent activating mutations in the MAPK pathway, with mutually
exclusive activating mutations NRAS and BRARGray-Schopferet al, 2007)

However, the diffeznces in sensitivity appear to be independent of the activated
oncogene present in each cell, as-pntiiferative effects were equivalent in cell lines

that had been previously characterized as having N®®ASr BRAF®%F activating
mutations(Jonas N. Sgndergaard, 2018% expected siR2B+5 treatment in 3T3 cells

lead to significant decrease in cell viability. Surprisingly, we observed no anti
proliferative effects of RRM2 knockdown in the two human breast cancer cell lines tested

at72 hours. The MDAVIB-231 cell line, but not MCF cell line does show decreased



proliferation at later time point (data not shown).
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Figure 3.2:In vitro anti-proliferative effects of RRM2 knockdown by siR2B+5 siRNA in a
panel of melanoma cell lines(a) Bioluminescenbased viability assay on a panel of cell lines
72 hours after transfection with 5 nmol/L siRNAs, siR2BbEa¢k columngsor siCON {vhite
columng3. Cell line oncogenic mutations are indicated by (*) NRAS codon 61 mutation, (+)
BRAF V600E muation, or (T) NRAS/BRAF wild type.bf MTS viability assay of M202

melanoma cells transfected with a range of siR2B+5 concentrations from 0.005 to 50 nmole/L

(black circles) or siCON 0.550 nmole/L (hite circles)performed at 48, 72, 96, and 120 hours
following transfection (only the 120 hour siCON time points are displayed). All cell viability data

are normalized to untreated control samples (error bars, n=3).

The dose and time dependence of siR2B+5 siRNA was investigated in order to

better understanithe amount of siR2B+5 siRNA necessary to induce sustained anti

proliferative effects. We transfected M202 cells with a range of siR2B+5 siRNA

concentrations (0.0850 nmole/L) and measured cell viability at 48, 72, 96, and 120

hours after transfection (@ire 3.2b). We observed a clear dose and time dependent

sensitivity to siR2B+5 siRNA. Arvproliferative effects at less than 0.1 nmole/L



siR2B+5 siRNA were observed and reached a plateau at 3 nmdle/dbserved

increasing antproliferative effects wh each time point up to 120 hours where these
effects stabilized. We also observed some amount of dose dependent toxicity following
siCON treatment, with levels about 10 nmole/L showing significant decrease in cell
viability; however, these effects weretriime dependent and did not change significantly

from 48 to 120 hours (only 120 hour data pictured).

3.3.3 siR2B+5 treatment induced G1/ghase cell cycle arrest in multiple cell lines

We hypothesize that RRM2 knockdown depletes the pool of availbidiBsifor
DNA synthesis. Therefore, cells treated with siR2B+5 siRNA should not be able to
replicate their genomes and arrest early in the cell cycle. These molecular events may
lead to the observed aioliferative effects following RRM2 knockdown. Indar to
test this hypothesis, we analyzed the cell cycle distribution eft#melanoma cells, a
cell line sensitive to siR2B+5 siRNA treatment, using propidium iodide staining after
treatment with either 5 nmole/L siR2B+5 or siCON siRNA (Figure 3.3anifgiant
changes to cell cycle distribution in siR2B+5 siRNA treated cells compared to siCON
siRNA treated samples were observed. Compared to siCON siRNA treated samples,
siR2B+5 siRNA treated samples had a marked increase in G1 and S phase populations,
and near disappearance of the G2/M phase population, consistent with G1/S phase cell
cycle arrest.

We analyzed whether RRM2 knockdown following siR2B+5 treatreaats to
apoptosis in addition to cell cycle arrest. In order to examine for this possibility, we
stained siR2B+5 siRNA treated HHE4 cells with AnnexifV-FITC and propidium

iodide to identify live, apoptotic, and dead cellular populations by flow cyttgni€igure
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Figure 3.3: G1/Sphase cell cycle arrest, but little apoptosis is induced by siR2B+5 siRNA
RRM2 knockdown. (a) Propidium idodide cell cycle analysis of HB4 melanoma cells 48
hours after treatment wits nmol/L siR2B+5 or siCON; histograms are representative of at least
3 independent experimentb) AnnexinV-FITC/propidium iodide apoptosis analysis of H#4
cells 72 hours after treatment with 2.5 or 5 nmol/L of siR2B+5, siCON, or staurosporin (SSP,
positive control).

population made up of approximately 7% of cells with spontaneous apoptotsis detected as
AnnexinV positive cells, with or without being propidium iodine positive (Figure 3.3b).
Treatment with 2.5 or 5 nmole/L siCON siRNA caused an iser@athis population

over 10%. Samples treated with 2.5 or 5 nmole/L siR2B+5 siRNA demonstrated an
additional 35% increase in apoptotic cell populations. There were minimahapoptotic

dead cells in any sample. Overall, siR2B+5 siRNA treatment, cochparentreated and
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SsiCON siRNA treated samples, resulted in marked cell cycle arrest but only a marginal

increase in apoptotic cell death at the conditions and timing tested by us.

a) 5nM siCON 5nM siR2B+5 c)
600 -
600 % . H —
42.70 %G,  66.21 SiR2B+5 +
42.19 %S 32.15
N \
2 2 00 13.45 400 | %G,/M 176 RRM2 —
7] |
S © 1.76 | RMS 2.55
\ Control —» - -
200 200
0 o T
0 [n] 200 400
b) d)
1200 - %G,  42.6 %G, 70.55
%S 35.93 1500 %S 16.7 siR2B+5 —_— 4
g0 %G,/M 17.28 %G/M  8.73
= . RMS 34 000 RMS 4.66 RRM2 —|
N E 1
S gsoe Control —
300 /\ 500
0 j . o -} :
0 200 400 o 200 400

FL-2 Channel (Propidium lodide)

Figure 3.4: Cell cycle arrest profiles vary between different melanoma tidines despite
similar level of siR2B+5 siRNA knockdown of RRM2 expressian(a,b) Propidium iodide cell
cycle analysis ofd) M202 or ) M207 melanoma cell lines 48 hours after treatment with 5
nmole/L siR2B+5 or siCON siRNA.c(d) Western blot analys of (c) M202 or @) M207 cells
48 hours after transfection with 5 nmol/L siR2B+5 siRNA in the presence of
lipofectamineRNAiIMax.

We further hypothesized that the differences in sensitivity among cell lines to
siR2B+5 siRNA in terms of growth inhibitiamay be based upon the completeness of
cell cycle arrest achieved following RRM2 knockdown in each cell line. We compared
cell cycle analysis profiles of M202 (a good responder by cell viability assays) and M207
(a cell line with minimal response) followingeatment with siR2B+5 or siCON siRNA
(Figures. 3.4a,b). As shown above, M202 cell proliferation is greatly inhibited following

RRM2 knockdown, whereas M207 cell proliferation is more weakly inhibited. Inspection
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of the cell cycle analysis data for bat#ll lines after treatment with siR2B+5 siRNA
demonstrate enrichment of G1 phase cell populations and diminishment of S phase
populations in both cell lines; however, the G2/M phase population of M202 cells nearly
disappears after RRM2 knockdown, wherdas population of M207 cells only

decreases by half, suggesting that some M207 cells were still cycling, despite a similar

level of RRM2 knockdown (Figures. 3.4c,d).

We also sought to rule out the possibility that a single transfection or siR2B+5 is
not sufficient to induce cell death. To determine if prolonged RRM2 knockdown could
result in cell death we engineered the M202 melanoma cell lines to induciblely express an
shRNA version of the siR2B+5 sequence in the presence of doxycycline (Figure 3.5).
Prolonged inhibition (7 days) of RRM2 expression following DOX addition caused only

cell growth arrest and no apparent cell death as assessed by real time cell growth assay.

1lug/mL DOX - +
RRM2 — . m—

Tubulin| = ——

* M202 shR2

W M202 shR2 +DOX

Cell Index

Figure 3.5: Inducible inhibition of RRM2 via shRNA resulted in cell growth arrest kbut not
cell death.Western blot analysis revealed potent RRM2 inhibition in the presence of
doxycycline. Reatime cell growth assays demonstrated that DOX addition resulted only in cell
growth arrest and not cell death.
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3.3.4 Combination of temozolomidand RRM2 knockdown is synergistic for
inhibition of cell proliferation

We tested if RRM2 knockdown in melanoma cell lines may sensitize melanoma
cells to temozolomide treatment which is an agent frequently used as standard of care in
the treatment of peents with metastatic melanoma. Given the relatively high
concentrations required of temozolomide (and DMSO vehicle control) for these
experiments, we solubilized temozolomide using a solutionhyfd2oxypropytb-
cyclodextrin, in order to avoid any confading of results due to toxicities from high
concentrations of DMSO. We did not observe any cytotoxic effectshglioxypropyt
b-cyclodextrin alone in our cell lines (data not shown). The initial studies focused on
lower doses of temozolomide; howewveo, cytotoxic effects were observed for
temozolomide alone at these doses. Additionally, no additionapeoitierative activity
was observed following temozolomide addition to siR2B+5 siRNA treatment at these low
doses (data not shown). Therefore, weeased the dose of temozolomide to a range
where a cytotoxic effect of temozolomide alone could be observed.

In these high concentration synergy studies, M202 o B melanoma cell lines
were treated with increasing doses of siR2B+2(® nmole/L) fdlowed by
temozolomide treatment (24 hours laterith viability readings taken 48 hours after the
temozolomide treatment (Figures 3.6 a,b). Samples treated with only temozolomide

demonstrated minimal decrease in
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Figure 3.6: Synergy between siR2B+5 anemozolomide treatment.(a,b) Bioluminescence
based cell viability analysis of M202 celks) or HT-144 cells b) 72 hours after treatment with
increasing doses of siR2B+5 (nmole/trjgngular boxes) temozolomidesol (mmole/L)
(circular boxe$, or co-treatment with both agentsquare boxes)Data are normalized to an
untreated samplec,d) Synergy analysis of M202Yand HT-144 () cell viability data following
co-treatment with siR2B+5 siRNA and temozolomide using the combination index (Clpaneth
Cl values <1 indicate synergy.

viability except at the highest dose. siR2B+5 siRNA treatment produced similarly potent

anti-proliferative effects as observed in previous experiments. The combination of

temozolomide and siR2B+5 siRNA produced qtlliferative effects greater than either

individual agent alone. Synergy was determined by combination index (Cl) methods,

based on Cheilalalay equations (Figures 3.5 c¢,d). We observed that all combination

doses in M202 cells showed synergistic effect#h wombination indexes (CI) <1, and
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all but the lowest dose of the combination therapy irR14% cells demonstrating

synergistic effects.

3.3.5 Melanoma cell lines express the Transferrin receptor (TfR) and uptake
fluorescently labeled transferrin

Because the CALAA)L delivery vehicle is transferrin targeted, we desired to
confirm that melanoma cells do express the TfR and uptake transferrin like other cancer
cell lines. We examined the ability of 4 melanoma cells to uptake fluorescently labeled
transferrin (Alexafluor 488 labeled). All melanoma cell lines were found to readily
uptake transferrin with affinities similar to two cell lines previously characterized to
uptake transferrin and transferrin targeted nanoparticles (Figure 3.7a). The pafsence
the TfR on melanoma cell lines was also confirmed by western blotting (Figure 3.7b).
HT-144 melanoma cells were found to have a similar amount of TfR as other cancer cell

lines.

34 Discussion

In this report, we demonstrate the therapeutic poteritsiRNA targeting RRM2
in melanoma cell lines. siR2B+5 siRNA efficiently knocks down RRM2 expression via
the canonical RNAi mechanism in melanoma cell lines and leads to a significant decrease
in proliferative capacity in the majority of melanoma celek tested. Moreover, we
d e monst r-RLMeRACEbtlat SRSIA delivered via targeted CDP/siRNA
nanoparticles can engage the RNAi machimenyitro. Additionally, we find that the
therapeutic response was durable, lasting greater than 120 hoursmp&fsiction, and

potent demonstrated by therapeutic doses less than 1 nmole/L.
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Figure 3.7: Melanoma cell lines express transferrin receptor and uptake transferrira) Dose
dependence of AB88 labeled transferrin in 4 human melanoma cell lines (M257, M202, M229,
M207) and 2 positive control cell lines (Hebaman cervical cancer, Neuro2Aouse
neuroblastoma). b) Western blot analysis of TfR expression in melandrtinee(HT-144,
M202, M207) and a panel of other cancer cell lines (Breast cancet78TSKBR3, MCF7,
MDA-MB-231; Lymphoma: Daudi).

These results are consistent with previous data obtained by ldealethat
demonstrated siR2B+5 siRNA induced growthibition of a variety of cancer cell lines
in vitro andin vivo (Heidelet al, 2007a) Avolio et al. have also reported that SIRNA
targeting RRM2 decreased tumor growth ratesivo (Avolio et d., 2007) Lee et al.
demonstrated that targeting RR using antisense RNA molecules can pnblitbération

of melanoma cell lines imitro andin vivo (Leeet al, 2003) Additionally, these authors
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showed significant inhibition of lung tumor colonies followitag) vein injections of
A2508 melanoma cells into mice aftei7sweeks of daily treatment with G040, a 20
nucleotide phosphorothioate oligodeoxyribunucleotide that has been reported to inhibit

the production of RRM# vitro (Leeet al, 2003)

Intriguingly, several reports, most notably from Doxubeiryal.,demonstrated
that RRM2 knockdown alone in certain cancer models (pancreatic adenocarcinoma cell
lines) did not decrease cell viabili§uxburyet al, 2004) However, Reid et al., have
demonstrated that RRM2 knockdown in A549 metaa cell lines inhibits growtim
vitro andin vivo (Reidet al, 2009) The variety of responses to RRM2 knockdown
among melanoma cell lines used here emphasizes the importance of screening a panel of
cancer cell lines when evaluating siRNA therapeutics. Additionally, the lack of any
robust antiproliferative effect in the teast cancer cell lines tested suggests that

melanoma, in general, may be more sensitive to siR2B+5 therapy than other cancer types.

Our data suggest that growth inhibition following siR2B+5 siRNA treatment is
due mostly to G1/S phase cell cycle arredth wome limited contribution from apoptotic
events. Cell cycle arrest following RRM2 knockdown has been observed in renal cell
carcinoma cell lines; however, unlike the melanoma cell lines in this report, RRM2
knockdown caused S phase arrest with noq@dar enrichment of the G1 phase
population of cellgAvolio et al, 2007) Conversely, in colon cancer cell lines, no
perturbations to the cell cycle wasbserved following RRM2 knockdow(hin et al,

2004)
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We observed a limited amount of gpasis in HF144 melanoma cells following
RRM2 knockdown. However, the increase in apoptotic population in siR2B+5 SiRNA
treated cells compared to those treated with SICON siRNA is not of sufficient magnitude
to explain the large difference in growth inititin observed between HI44 cells
treated with siR2B+5 and siCON siRNA. Therefore, it is likely that RRM2 knockdown
with siR2B+5 siRNA primarily has cytostatic effects, as opposed to cytotoxic cell killing,
in melanoma cell lines. It is also possiblettb@antinuous siRNA treatment for long
periods of timen vivothrough repeated dosing with targeted nanoparticles may lead to
eventual melanoma cell death. However, the conditions for continued exposure to
siR2B+5 siRNA are difficult to test experimentailtyvitro due to the toxicity of repeated

exposure to the transfection reagents.

We found that the magnitude of growth inhibition following siR2B+5 siRNA
treatment correlated with the completeness of the observed cell cycle arrest. We found
that in two sinilar melanoma cell lines, both with activatingRa$®*- mutations (M202
and M207 cell lines), siR2B+5 siRNA treatment caused varying levels of cell cycle arrest
despite comparable levels of RRM2 knockdown. We observed complete cell cycle arrest
in the M2@ cell line and partial arrest in the M207 cell line. Correspondingly, M202 cell
proliferation was more strongly inhibited by RRM2 knockdown than the proliferation of

M207 cells.

Temozolomide at high concentrations has been demonstrated to induce G2 cell
cycle arrest, but not apoptosis, in melanoma cell ime#ro (Mhaidatet al, 2007)
However, at more #dAclinically relevanto con

proliferation, or temozolomide induced DNA damage has been observed following
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temozolomide treatment in human melanoma cell l{@¢enet al, 2009) which may

not be surprising since this agent has a low responsia e clinic(Rietscheket al,

2008) Several studies have suggested that meghghine methyl transferase (MGMT)

as well as RR may be involved in the temozolomidest@sce mechanism in cancer
(Aghi et al, 2006; Augustinet al, 2009) Our results suggest that RR may play a role in
temozolomide resistance. We observed thateatment with siR2B+5 siRNA and
temozolomide synergistically inhibited melanoma cell growth. Thezetbere may be

an advantage to combination therapy with siR2B+5 and temozolomide and ifunher

studies are warranted to fully elucidate the therapeutic potential of this combination.

Our observations of TfR expression in melanoma tumors are tantsigth the
literature. There is a large body of setinsistent evidence demonstrating TfR expression
in melanoma tissue and cells. Overall, a reatalysis available, peer reviewed, reports
of TfR expression in melanoma revealed that 65% of primatgimomas, 92% of
metastatic melanomas, and 92% of the unspecified primary or metastatic melanoma
samples express TfR (1017 samples in total). These data are also well confirmed at the

cell lines level.

The findings in this report suggest that RRM2 knoekdeia transferrin targeted
siRNA nanoparticles may be an effective strategy for treatment of advanced stage
melanoma. However, the lack of any robust cell death after RRM2 inhibition in
melanoma suggests that this therapeutic strategy may be most aduastayg

combination with other therapuerics such as TMZ.

3.5 Materials and Methods
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Cell lines and culture

Melanoma cell lines M202, M207, M229, M233, M238, M245, M249, M255, M257,

and M263 cell lines were established from
#0208-067 and have been previously character{dethas N. Sgndergaard, 2010 M

was provided by Bijay Mukherji (University of Connecticut, Farmington, CN). The HT

144, MDA-MB-231, MCF7, and 3T3 cell lines were obtained from American Type

Culture Collection (ATCC, Rockville, MD). All cell lines were cultured in complete
serummedia containing RPMI 160 with-glutamine (Mediatech Inc., Manassas, VA)

with 10% (all percentages represent v/v) fetal bovine serum (FBS, Omega Scientific,
Tarzana, CA), 1% penicillin, streptomycin, and amphotericin (Omega Scientific) at 37°C

with 5% CQ in filter-top flasks.

siRNAs duplexes

Both unmodified RNA duplexes were gifts from Calando Pharmaceuticals
(Pasadena, CA). siCON was bioinformatically designed to minimize potential for

targeting any human gene (Dharmacon, Lafayette, CO).

SiR2B+5:5 6GAUUUAGCCAAGAAGUUCAGA-3 6

SiCON: 5 W AGCGACUAAACACAUCAAUU-3 6

In vitro transfection

A reverse transfection protocol was followed for siRNA delivery. siRi&
complexed with LipofectamineRNAiIMax (Invitrogen, Carlsbad, CA) according to

manufactur er 60s -300mmdefL gsiRNAiwth®2% 0. 030
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LipofectamineRNAiMax was applied to each well in a total volume of 20 pl (96 well
plate) or 500 pl (6 well pla)) of OptiMEM (Invitrogen). 5 x 18’ cells/well (96 well
plates) or 2.4 x 16 (6 well plates) were plated into wells containing the siRNA
formulations, for a final SIRNA concentration of 0.688 nmole/L. Targeted
CDP/siRNA nanoparticle delivery of siB25 was performed as described elsewhere

(Bartlett and Davis, 2008t a final concentration of 300 nmole/L siRNA.
Temozolomide preparation

Temozolomide (10 mg/ml) was prepared by dissolving 0.5 g of temozolomide
(LKT laboratories, St. Paul, MN) into 30% (w/v) of®droxypropytbetacyclodextrin
(2-HP-betaCD, SigmaAldrich, St. Louis, MO), at 37° C in a watbath by stirring at

800 rpm for 60 minutes.
Cell viability assays

Cells were transfected as described above and cell viability was determined using
the CellTiterGlo Assay (Promega, Madison, W§) bf ol | owi ng t he manuf a
instructions. Luminescence was measured on a DTX 880 multimode detector (Beckman

Coulter, Fullerton, CA).
gRT-PCR:

Total RNA from HTF144 cells was extracted using the RNeasy kit (Qiagen). Total RNA
samples were reversed transcribed using Su

prepared sample cDNA was used for triplicate Real-B@& as described elsewhere
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(Juhas=zt al, 2006) RRM2 levels were normalized to GAPDH levels within the same

sample.

Detection of ARRM2 protein levels by western blot

48 hours after transfectipoells were lysed in RIPA Buffer (Thermo Fisher
Scientific Inc., Waltham, MA). Lysates were diluted to eailewt protein concentration
in betamercaptoethanatontaining Laimmli sample buffer (Therntasher) and
incubated at % for 5 minutes. Antibodies: goat polyclonal aR antibody,
horseradish peroxidasmnjugated donkey angjoat immunoglobulin G (s&0846; Santa
Cruz Biotechnology, Santa Cruz, CA). Development was done using SuperSignal West
Dura Extended Duration Substrate (Therfsher). Band quantification was done using
ImageQuant TL software (GE/Amersham Biosciences, Piscataway, NJ). hRRM2
expression was normalized to either Actin ( BD Biosciences, San Jose, CA ) or SID1B, a
high molecular weight putative RNA transport protein, using a SID1B antibody

(GeneScript, Piscataway, NJ).

56 RNA | i g&MKCE medi at ed

5 ®RLM-RACE was performed as dedmd previouslyfDavisetal). Br i ef |l y, 3 ¢
total RNA was ligated directly to 250ng GeneRacer RNA adapotor (Invitrogen) using T4

RNA ligase. Ligatbn products were reverse transcribed using SuperScriptlll (Invitrogen)

and a RRM2 gene specific reverse transcription primer. Two rounds of PCR were

performed using a Bi&®ad MJ Mini personal thermocycler and PCR conditions

described previouslgDaviset al). PCR products were run on a 2% agarose gel and
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stained with 1egg/ ¢l ethidium bromide. PCR

sequenced directly wonfirm RACE band identities.

Cell Cycle analysis

Cells were trypsinized and washed twice with PBS. Ice cold 70% ethanol was added drop
wise while vortexing and allowed to incubate %€ 4or 30 minutes. Samples were then
centrifugel at 1,300 rpm for 10 minutes and the ethanol decanted. The samples were then
stained with 5 g/ ml propidium iodide at
analyzed by flow cytometery on a FACScan (BD Biosciences) flow cytometer and data

analyzed usg FlowJo version 8.7 (Tree Star, Inc., Ashland, OR).
Apoptosis analysis

Individual cell culture supernatants were collected. The remaining adherent cells
were trypsinized and combined with the previously collected supernatant. The samples
were then wdsed with PBS and rsuspended in 561 binding buffer (BD Biosciences).
Samples were treated with 2Dof annexin\AFITC at £C for 30 minutes. 4061 of
additional binding buffer was then addedri®f propidium iodide was added 2 minutes
before cells wre analyzed by flow cytometery on a FACSCalibur (BD Biosciences).
Data analysis was performed using FACS Express (De Novo Software, Los Angeles,

CA).

Combination studies and synergy data analysis

HT-144 cells were transfected with a range of siR2B+BlgiRoncentrations and

incubated for 24 hours. Samples were then treated with a dose reéh§8g¢dnmole/L)
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in fresh culture media and were incubated for 72 hourgelhgiability assays
performed. Analysis of combined agent effects were determined by combination index
(CIl) methods, based on Chdialalay equationfChou, 2006using Calcusyn dose effect
analyzer software (Biosoft, Cambridge, UK). This software analysis takes into account
the potency of each individual agent and the combination thereof, as well as the shape of
the each dose response curve teeine how much the observed response of the
combination treatment differs from the predicted additive response of the each individual
agent. Cl values can then be generated for each dose level which indicate additive effects

(ClI=1), antagonistic effect€(>1), or synergistic effects (Cl<1).

Alexafluor488Transferrin uptake studies

Human transferrin (Sigma) was labeled with AF488 using the X kit. Cells were grown in
24 well plates and washed twice with PBS. eEM (Invitrogen) containing the

indicated cacentration of labeled transferrin was added to the cells and incubated for 60
minutes at 37°C. The OpmEM was then removed and the cells washed twice with

PBS. Fluorescence measurements of the cells were performed using a plate reader

(Tecan).
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Chapter 4: Herceptin-targeted siRNA nanoparticles containing siRNA
against Her2 inhibit growth of Her2 (+) tumorsin vitro and in vivo.

4.1 Abstract:

We have recently demonstrated the feasibility of using targeted, pebased
siRNA nanoparticles in the clinic. This delivery system involved the use of the human
protein transferrin (Tf) that is displayed on the surface of the nanoparticles to engage
cancer cell surface, transferrin receptors (TfR). Here, we demonstrate the modular nature
of this siRNA delivery system by tailoring both the targeting agent and siRNA
component of the nanopatrticle to Her2 positive breast cancers. Specifically, we show that
the siRNA nanopatrticle delivery system can be modified to include an antibody targeting
agent (Herceptin) without any significant alteration to size, charge, or stability. We also
show that in vivo treatment of Her2 positive breast cancer tumor xenogithfts
Herceptintargeted nanoparticles containing siRNA against Her2 results in a more robust
anti-tumor response than either Herceptin alone or Hercégtiyeted nanopatrticles
containing control siRNA. These data demonstrate how nanoparticles conthaing t
combination of antibodies and siRNA can be used to achieve enhanced therapeutic

treatment against clinically validated cancer targets.

4.2 Introduction

The antiHer2/neu humanized monoclonal antibody Herceptin (trastuzumab) is
used alone or in combitian as a first line therapeutic in the treatment of HER2 positive
(HER2(+)) breast cancérDespite its success in the clinic, Herceptin can also cause
adverse effects in nelmor tissue and acquired resistance is conimaulditionally,

not all Her2 positive patients respond to Hercépfiinerefore, new therapeutic
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modalities that can limit offarget effects of Herceptin, overcome resistance and still take
advantage of Her2 positive status are needed.

Nanopaticle-based therapeutics have restricted distribution profiles in the body
owing to their relatively large size compared to traditional small molecule drugs and
therapeutic antibodiésAdverse effects of therapeutic antibodies result from the binding
of antibodies to their targets withimrmal tissue. Attachment of antibodies (such as
Herceptin) to nanoparticles can help overcome theseuafét effects because antibodies
will only be able to access the restricted profile of tissues where the nanopatrticles
accumulate.

In manyinstancesHerceptin resistartumors remain dependent on Her@/e
hypothesize that resistance to adér2 therapy can be overcome by RNAI induced
silencing of Her2. Furthermore, because Her2 is still present on the surface Herceptin of
resistant cells, whypothesize the Herceptin would be a useful targeting ligand to direct
SiIRNA nanopatrticles into Herceptin resistant tumor aeligvo.

We hypothesized that RNAI induced silencing of Her2 would also recapitulate the
synergistic activities of Herceptitdpatanib and Herceptin/pertuzumab drug
combinations. One mechanism of Herceptin function is dissociation of ligand
independent Her2/Her3 dimerization and subsequent phosphatidylinekitas®
(PI13K) pathway down regulatiGnCombination therapy with another Her2 binding
antibody (pertuzumab) that prevents ligand dependent Her2/liee3izhtion has been
demonstrated to be more effective than either antibody alone suggesting that Herceptin
monotherapy is inadequate to down regulate Her2/3 induced PI3K pathway conipletely

Additionally, Herceptin treatment does not efficiertilgck Her2 activation of the
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MAPK pathway. The kinase inhibitor lapatanib in combination with Herceptin has been
shown to be more effective than either agent administered°altime synergy stems

from enhanced inhibition of PI3K pathway and additional inhibition of the MAPK
pathway. We hypothesized that effective removal of Her fthe cell (via RNAI
knockdown) would recapitulate the activity of both these combination therapies
simultaneously.

Small interfering RNAs (siRNAs) are particular promising forms of RNAI based
therapeutics because they engage the RNAIi pathway at thefelre RNA induced
silencing complex (RISC). This means that only cytosolic delivery is required for sSiRNA
function’. Because of their high charge and instability, sSiRNAs require carriers, such as
nanoparticles, to faltiate their transport through circulation and uptake at desired sites of
actions. Many such siRNA/carrier systems have entered clinical trials. We have
developed polymerbased targetedanoparticle formulation of SiIRNA (clinical version
denoted CALAAOQ]) that was shown to accumulate in human tumors and deliver
functional siRNA from a systemic, intravenous (i.v.) infusiofthis firstin-human study
demonstrated theinical potential for cationic polymdrased siRNA delivery systems.

The siRNA nanoparticles consist of a synthetic delivery system containing: (i) a
linear, cyclodextrirbased polymer (CDP), (ii) a hydrophilic polymer (polyethylene
glycol (PEG) used tpromote nanoparticle stability in biological fluids), and (iii)
siRNA’. The nanoparticles have been engineered to incorporate targeting ligands such
transferrin (Tf}°, sugars, or antibodies at the terminal ends of their PEGs that facilitate

their uptake by target tissue.
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Here, we demonstrated that sSiRNA sdemg is an effective therapeutic option for
Her2(+) breast cancers, both sensitive and resistance to Herceptin therapy. We showed
that Herceptin could be incorporated into our sSiRNA nanoparticle delivery system to
facilitate delivery to and uptake by tuna®llsin vivo. Furthermore, we demonstrated
that Herceptirtargeted siHer2 nanopatrticle resulted in a more durable resjpovise

than Herceptin administration alone.

4.3 Results:

4.3.1 siRNA knockdown of Her2 causes cell death only in Her2(+) cell lines.

We examined the effects of SiRNA induced Her2 knockdown in two breast cancer cell
lines BT-474 (Her2 positive) and MCF7 (Her2 negative). siHer2 was found to facilitate
Her2 knockdown at po-molar levels (Fig. 4.1A). Treatment of BA74 cells with siHer2
resulted in potent anproliferative effects and resulted in complete cell death by 12 days
post treatment (Fig. 4.1B). Treatment of MCF7 cells with siHERZdtdnhibit cell

growth (Fig 4.1C). After Her2 inhibition, some change in the interaction between the
MCF7 cells and its growth media surface was observed, indicated by the increased cell
index; however, no indication of toxicity was noted on visual inspection of the cells.
Overall,these data suggested that the-praiiferative effects observed following siHer2
treatment in the BB74 cell line were a result of Her2 knockdown and notarffjet

effects of the siRNA sequence itself.
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Figure 4.1: siHer2 knockdown inhibits cell gowth of Her2 (+) cell line onlyin vitro. (A)
Western blot analysis demonstrated potent Her2 inhibition following treatment with as little as
0.1nM siHer2 in B1474 cells. (B,C) Redime cell growth analysis of cells in the presence of

5nM siHer2 or SiEGP ( BT-474 Her2(+); MCF7 Her2¢)). Cell index is proportional to cell

number.

4.3.2 siRNA knockdown of Her2 induces apoptosis of B-B74 cells, whereas

Herceptin treatment does not.

We hypothesized that knockdown of Her2 would result in different estvgam effects

than Her2 inhibition via Herceptin. To test this hypothesis we examined for apoptosis
(indicated by presence of PARP cleavage fragments) and levels of phosphekated

(Fig. 4.2). We found that even at low doses cleaved PARP was clearly detectable in the
SiHER?2 treated BB74 cells. Herceptin treatment resulted in the appearance of very faint
bands corresponding to cleaved PARP. siHER2 treatment also resulted in a robust
decrease isHAKT levels. Herceptin treatment also reducedIRT levels, but to a lesser

extent.
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Figure 4.2: Her2 knockdown via siHER2 but not Herceptin treatment resulted in apoptosis
induction, indicated by presence of cleaved PARRVestern blot analysis of HER2, PARP,
cleaved PARP, and phosphorylated AKTART), on protein extracted form B#74 cells that
received no treatment (UT), 10nM control siRNA (siEGP), or the indicated concentration (nM) of
SiHER2 in the presence (+) or abse {) of Herceptin.

Combined treatment with both siHER2 and Herceptin resulted in at least additive
if not synergistic effects. Herceptin treatment combined with low dose (0.1nM) siHER2
resulted in a clear increase in cleaved PARP compared to lovsithisR2 alone. P
AKT levels were also noticeably decreased at low dose siHER2 using this combination.
The benefit of combination treatment at higher doses of siHER2 was unclear due to the
already high amount of cleaved PARP and low levelsAKF induced ly higher doses

of siHER?2.

4.3.3 Covalent attachment of PEG to Herceptin does not significantly alter
Herceptin efficacy.

We covalently linked Herceptin to ABEG to enable its association with the SIRNA
nanoparticles. Covalent conjugation of Herceptia targe PEG molecule could have
interfered with its anttumor activity. To rule out this possibility we compared the-anti
proliferative effects of Herceptin and ABPEG conjugated Herceptin in BAI74 and

MCF7 cells. As expected, Herceptin treatment resluh potent antproliferative effects



only in the Her2(+) B¥474 cell line. ADPEGHerceptin treatment also resulted in
potent antiproliferative effects on only B#74 cells; however, the IC50 of the drug was
shifted to above 1ug/mL and its maximal patg appeared marginally reduced (Fig. 4.3).
Overall, these data indicated that covalent attachment ePBO to Herceptin had only

amild antagonistic effect on the therapeutic activity of Herceptin.
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Figure 4.3: Covalent linkage to PEG results in slightiecrease in therapeutic efficacy of
Herceptin. Data are from MTS cell viability assays 48 hours after treatment initiation.

4.3.4 Incorporation of AD -PEG-Herceptin into siRNA nanoparticle formulation

did not alter nanopatrticle size, charge, or stability.

We examined the physical properties of sSiRNA nanoparticle formulated with 0.25 mol%
AD-PEGHerceptin. Based on previous work with the transferrin targeted nanopatticles
we estimated that this formulation would result in ~20 antibodies per particle-TEo

and dynamic light scattering measurements revealed that the siRNA nanoparticles with
Herceptin were similar in size and charge to their untargeted counterparé.4RigB).

The Herceptin nanoparticles were also stable in physiologic salt conditions, as they did

not aggregate in the presence of 1xPBS (Fig. 4.4C). These data suggestBaGAD
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Herceptin containing nanoparticles would behave in a similar fashioareserrin or

untargeted siRNA nanopatrticles in the body.
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Figure 4.4: Characterization of SIRNA nanoparticles formulated with 0.25 mole% ABDPEG-
Herceptin. (A) Cyro-TEM images of siRNA nanoparticles formulated with and without AD
PEGHerceptin. (B) Dynaie light scattering (DLS) measurements of size and charge of siRNA
nanoparticles formulated with or without ABEG or ADPEGHerceptin. (C) DLS based salt
stability analysis. Sample is brought to 1XPBS at 5 minutes and monitored for aggregation,
indicatedby increases to nanopatrticle size.

4.3.5 Herceptin-siRNA nanoparticles accumulated to a greater extend in tumors

than transferrin -siRNA nanopatrticles.

We examined the tumor accumulation of SiRNA nanoparticles usingdesening

confocal microscopy (Figd.5). We injected BB74 tumor bearing mice with siRNA
nanoparticles containing siRNA and polymer components labeled with Cy3 and
Alexafluor350 fluorophores respectively. We also probed tumor sections from these mice

with a fluorescently labeled arttuman secondary antibody to localize Herceptin.
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Detection of sSiRNA nanoparticle components was weak. Fluorescent signal of the
nontargeted siRNA nanoparticle components (SiRNA and CDP) in tumor sections was
nearly indistinguishable from background. Fluaessce signal of nanoparticles
components in tumor sections from mice dosed with Hercégtgeted siRNA
nanoparticles was distinguishable from background; however, the signal was still weak.

Herceptin was only detected in tumor sections from mice rexeaither
Herceptintargeted nanoparticles or Herceptin alone. In tumor sections from mice
receiving only Herceptin, we observed Herceptin signal throughout the tumor, localizing
in circular patterns around cells, suggesting plasma membrane localizationilak
pattern of fluorescence signal was observed in tumor sections from mice receiving the
Herceptintargeted nanoparticles. The overall intensity of the signal in the tumor was less
than the Herceptin only case and the strongest areas of fluoreseaeagistributed in a
punctate fashion throughout the tumor section rather than encircling cells. These punctate
Herceptin fluorescence signals-lozalized with the nanoparticles components. These
data suggested that these punctate structures are iatagtanticles deposited within the

tumor.
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Figure 5: Herceptin targeted nanoparticles accumulate in B¥474 tumor xenografts in mice
following intravenous administration. Laser scanning confocal microscopy images of tumor
sections from mice receiving the indicated treatment. Scale bars are 50um.

4.3.6 Herceptin targeted siRNA nanoparticles with sSiRNA against Her2 resulted in
a more robust antirtumor response than eitherHerceptin alone or Herceptin

targeted nanoparticles containing control siRNA.

We examined the ability of Herceptiargeted siRNA nanopatrticles to inhibit tumor
growth of BT-474 xenograft tumors in mice (Fig. 4.6). For this experimiet mice

were diviced into 6 treatment groups: i) 5% dextrose (D5W) ii)-temgeted siRNA
nanoparticles with siHERZ2 iii) Transferriargeted siRNA nanoparticles with SiHER2 iv)
Herceptintargeted nanoparticles with SiEGFP (control SiIRNA) v) Herceptin only vi)

Herceptintargeted nanoparticles with sSiHER2 siRNA. The mice received 3 weeks of
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treatments (twice per week) and tumor growth was followed for several weeks after this
cycle of therapy.

Tumors in mice receiving netargeted SiHER2 containing nanoparticles or Tf
siHER2containing nanoparticles had similar growth kinetics as mice receiving D5W.
Some growth delay, compared to the D5W treated group, was observed in tumors from
mice receiving Herceptitargeted siEGFP nanopatrticles, although this was not
statistically sigrficant. Significant growth inhibition was observed in both the Herceptin
only and Herceptin SIHER2 nanoparticles treatment groups compared to D5W. The
HerceptinsiHERZ2 nanoparticles, but not Herceptin alone showed significant growth
inhibition compared tohe HerceptirsiEGFP nanopatrticles.

After cessation of treatmerthe tumors from the Herceptin only treated animals
began to regrow. The tumors frohetHerceptirsiHER2 nanoparticlereated mice
remained stable after treatment cessation and only shoaregses in size at day 62 of
the experiment. The tumors from the HercegitHER2 nanoparticle treated mice did not
achieve statistically significant size differences from the tumors of the Herceptin only
treated mice. Survival benefit of Herceptin ombrsus HerceptisiHER2 nanopatrticle
treatment could not be assessed because several animals in both groups were euthanized
due to side effects of prolonged estrogen exposure rather than tumor size, leading to

termination of the experiment.
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Figure 4.6. Herceptin targeted nanoparticle delivery of siHer2 resulted in more persistent
anti-tumor response compared to Herceptin alone and Herceptin targeted SiEGFP
nanoparticles.BT-474 tumor bearing mice received either 5% dextrose (D5W), 5mg/kg
UntargeteesiRNA nanoparticles with siHER2 (NRHER2-siRNA), 5mg/kg 0.25 mole%

Transferrin targeted siRNA nanoparticles with sSiHER2-NF-Her2siRNA), 5mg/kg 0.25
mole% Herceptin targeted nanoparticles with SIEEGHRNB-GFPsiRNA), 8.8 mg/kg Herceptin,
or 5mg/kg 0.25 mole%Herceptin targeted nanoparticles with SIHER2NFFHER2sIiRNA).
Doses were biveekly for three weeks (arrows). Error bars are S.E.M, n=6.

4.3.7 siRNA knockdown of Her2 causes cell death only in Her2(+) cell lines with
acquired resistance to Herceptin.

Her2(+) breast tumors often become resistant to Herceptin; however, they are often still
dependent on Her2. Therefore, we hypothesized that Herceptin resistant breast cancer
cells would be sensitive to SIHER2 treatment. We tested this hypothesis by teeegihg

line with acquired resistance to Herceptin (BT474 HR6) with SIHER2. SIHER2
knockdown expression of Her2 in this cell line and resulted in potent growth
inhibition(Fig. 4.7A, B). The growth inhibition following sSiHER2 treatment was similar

to the lewel of growth inhibition observed in the parental-BT4 Herceptirsensitive cell
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line. Herceptin treatment facilitated rather than hindered growth of this cell lines (Fig.

4.7C).
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Figure 4.7. siHer2 but not Herceptin can inhibit the growth of Herceptin raistant cell line
BT-474 HR6.(A) Western blot of Her2 expression following siHER2 treatment. (B) a5
viability assay of Herceptin sensitive (Bi74, BT-474 M1) and Herceptin resistant cell line (BT
474 HR6). (C) MTS cell viability assay of BA74 HR6in the presence or absence of 10ug/mL
Herceptin.

We also examined the ability of sSiHER2 to induce apoptosis in this cell line.
SiHER2 treatment resulted in the appearance of cleaved PARP in this cell lines,
suggesting induction of apoptosis (Fig 4.8)t@isingly, we also observed a potentiation
of apoptosis induction of low dose siHER2 in the presence of Herceptin. We were unable
to performin vivo studies with these cell lines as they lost their Herceptin resistance

when implanted into mice.
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Figure 4.8: Her2 knockdown results in apoptosis induction in BT474 HR6 cellsWestern
blot analysis of PARP cleavage following treatment with either 10nM siEGFP or the indicated
concentration (nM) of SIHER2 in the presence(+) or absenaklierceptin.

4.4  Discussion

In this study, we have developed a Hercefdingeted siRNA nanoparticle that
delivery siRNA against Her2 to Her2(+) breast cancer tumors and inhibits their growth.

We first demonstrated the therapeutic efficacy of siRNA induced Her2
knockdownin vitro. The Her2 siRNA sequence (siHER2) was found to silence Her2 at
pico-molar concentrations, sufficient for usenvivo studies. Treatment of the Her2(+)
cell line BT-474 with siHER2 resulted in cell death. Additionally, we demonstrated that
SiHER2 treatment in a Her2(cell line (MCF7) did not result in arfproliferative
effects. These data suggested that the therapeutic effects obiaehe®8T-474 cell line
resuted from RNAI induced Her2 silencing and not-te#fget effects of the siRNA
sequence itself.

We had hypothesized that sSiHER2 would result in a more robust therapeutic
activity than Herceptin alone. We examined downstream indicators of PIK3 pathway
activation and apoptosis and found that sSIHER2 induced a marked increase in cleaved
PARP (an apoptotic indicator) and decreased phospkarlevels compared to

Herceptin. These data suggest that RNAI induced Her2 knockdown resulted in a more



robust inhibition é Her2 signaling than Herceptin. We speceatithat this increased
efficacy resulted from the simultaneous inhibition of multiple Her2 signaling mechanisms
by effectively removing Her2 from the cell. This increased therapeutic efficacy likely
recapitulatedhe dual targeting of Her2 with Herceptin and other agents such as the
kinase inhibitor lapatanib or the antibody pertuzumab that have been demonstrated to be
superior to any of these agents individully

Therapeutic siRNA nanoparticles coniamsiRNA against the receptors
facilitating nanoparticle uptake may have an additional benefit. We speculate the in a
multi-dose treatment regimen, sSiRNA nanopatrticles in the later doses will be biased
towards tumor cells that did not internalize nanapiad in early doses. Tumor cells that
internalized the siRNA nanopatrticles during early doses will have fewer receptors on
their surface than cells that did not internalize nanoparticle, due to the effect of the
SiIRNA payload itself. The cells that didtninternalize siRNA nanoparticle following
earlier doses would have the highest surface receptor density and therefore would
preferentially uptake the siRNA nanoparticles during later doses. Ultimately, this
phenomenon would lead to a larger number dédeternalizing nanopatrticles
throughout the treatment regimen. Furthermore, each dose of nanoparticles will be
targeted to the cells we would most desire to receive the nanoparticles.

Acquired andde novaresistance to Herceptin is comntbrMany times these
resistant tumors are still dependent on Her2 signaling, despite the lack of response to
Herceptin. We demonstrated here that SiIRNA inhibition of Her2 resulted in cell death in a

cell lines with acquired Herceptiesistance. These observations demonstrated the
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feasibility of using siRNA inhibition of Her2 as a therapeutic in cases of acquired
Herceptin resistance.

There are currently no FDA approved siRiWAsed drugs for cancer. Developing
new siRNAbased therapeéios against well validated oncogenes may help facilitate
approval and further development of these types of therapeutics. There are many
challenges to the development of siRldAsed therapeutics. Currently, SiRNA
therapeutics in clinical trials exploretbanew delivery systems for sSiRNA and new gene
targets. Simultaneous exploration of two new concepts in the clinic is difficult and failure
may results from many variables relating both to the delivery system and choice of gene
target. We speculate thatldating siRNAbased therapeutic against well validated
clinical targets will reduce variables related to poor choices of therapeutic targets and
focus clinical trials on making safe and effective siRbEsed delivery systems that

once approvectan be modified for therapeutic targets only druggable via RNAI.

4.5  Materials and Methods

Cell lines and culture:BT-474 and MCF7cell lines were obtained from American Type
Culture Collection (ATCC, Rockville, MD). BB74 HRG6 cells were a gift froi@arlos
Arteaga. All cell lines were cultured in complete serum media containing RPMI 160
with L-glutamine (Mediatech Inc., Manassas, VA) with 10% (all percentages represent
vlv) fetal bovine serum (FBS, Omega Scientific, Tarzana, CA), 1% penicillin,
stregptomycin, and amphotericin (Omega Scientific) at 37°C with 5% i@ @lter-top

flasks.

Synthesis of ADPEG-Herceptin: Herceptin (Genentech) was reacted with a 10 molar

excess of SATP and followed by addition of 50mM Hydroxylamine after a buffer



exchanged form thiols at sites of primary amines. Following purification of the

Herceptin fraction of the reaction mixture a 50 molar excess ePEG-malamide was

added and after 1 hr the reaction was brought to 10mM of lodoacetamide to cap any
remaining free thals. The mond?EGylated fraction of Herceptin was purified via HPLC.
Nanoparticle formulation and siRNA duplexes:siRNA nanoparticles were formed by

using cyclodextrircontaining polycations (CDP) and ABEG as described previously
described (pre.complexation). Nanoparticles were formed in 5 % glucose in deionized
water (D5W) at a charge ratio of 3--ahd a SIRNA concentration of 2 mg/milass

otherwise indicated. 21 base pair unmodified and Cy3 labeled siRNA was purchased

from Qiagen.

siHER2: 5 6GGUGCUUCAUCUGGCGCUUU3 6

SIEGFP"* 5 68§GCUACGUCCAGGAGCGCACE3 6

In vitro transfection: A reverse transfection protocol was followed for sSiRNA delivery.
siRNA was complexed with LipofectamineRNAiMax (Invitrogen, Carlsbad, CA)
according to manuf awdretransfected as descsilied abave and n s .
cell viability was determined using the Aqueous MTS Assay (Promega, Madison, WI) by
foll owing the manufacturerods instructions.
Western blots: 48 hours after transfectipoells were lysed in RIPA Buffer (Thermo
Fisher Scientific Inc., Waltham, MA). Lysates were diluted to equivalent protein
concentration in betmercaptoethanetontaining Laimmli sample buffer (Thermo

Fisher) and incubated at®@5for 5 minutes. Antibodies: PARP/cleaved PARP antibody,

Her2 antibodyActin, and Phoph@®\KT, horseradish peroxidasmnjugated secondary
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antibodies werg@urchased from Santa Cruz Biotechnology. Development was done using
SuperSignal West Dura Extended Duration Substrate (ThErsher).

Animal Studies: All animals were trated according to the NIH Guidelines for Animal

Care and Use as approved by the Caltech Institutional Animal Care and Use Committee
6 to Yweek old, female nude mice (Charles Rivdfnr antittumor experiments, 5

million BT-474 cells were implanted intbe front flanks of nude mice bearing esterdiol
pellets implanted one day prior tumor inoculation. Treatments were initiated when tumors
reached ~250mtn

Confocal microscopy:Formalinfixed organs were dehydrated and embedded in molten
paraffin to generate sectionsetE4dm i n t hi ckness. Sections wer
xylene, rehydrated, and mounted with ProLong Gold antifade reagent (Invitrogen) for
viewing under a Zeiss LS10 inverted confocal scanning microscope (with a Plan
Neofluar x40/0.75 objective). The excitation wavelengths ofSiIRNAs was 543 nm

(HeNe laser) and the corresponding emission filter wast360nm. The measured

resolution at which images were aceuairis 512x512 pixels, and the imagedspth is 8

bit. 10 sections from each organ were inspected. Typically, 5 glomeruli from each tissue
section were inspected. The Zeiss LSM Image Browser Software allows the extraction of
images.

Cryo-electron microsopy: Samples were vitrified using an automated climate

controlled plungdreezer (Vitrobot, FEI). Briefly, glow discharged Quantifoil holey

carbon grids (SPI Supplies) were loaded into the chamber of the Vitrobot and 5ul of
samples were applied. Grids wéletted for 1s and drained for 1s before being plunged

into the center of a Vitrobot cup filled with liquid ethane, they were then quickly
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transferred into the outer ring of the cup containing liquid nitrogen. The grids were stored
under liquid nitrogendr later analysis. Samples were visualized in Techni T12-Cryo
electron microscope (FEI) equipped with a espcimen holder. Acceleration voltage

was set at 120kV.
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Chapter 5: RNAiI induced knockdown of NRas inhibits the growth of
N-Ras mutant melanoma cell linesn vitro and in vivo

5.1  Abstract:

Pharmacologic inhibition of mutantBaf in melanoma with #Raf mutations has had a
profound impact on the treatment of this deadly disease. There is now hope for the 60%
of melanoma patients possessing this mutation. However, no new treatment options have
emerged for the 15% of melanoma patients with activatiiRphl mutations. Ras proteins
have historically been considered undruggable. Here, we demonstrate that RNAI
inhibition of N-Ras results in anproliferative effects in NRas mutant melanomas

vitro andin vivo. Despite these promising resultsRds inhibition did not induce

significant tumor regressions in mice models, and therefore may have limited clinical

utility as a monotherapy.

5.2  Introduction:

Melanomas have three mutuabyclusivedriver oncogenic events;kit, B-Raf, and
N-Rag. ckit is mutated in 3% of melanomas-FMaf in 60%, and NRas in 15%
Emerging clinical experiences provide clear evidence that inhibitorskipar B-Raf
induce objective responses in patients with metastati@amoma®. The ckit inhibitor
imatinib can induce objective responses in metastatic melanomas-mittimatation$.
Several agents inlinical development directly inhibit Raf or the downstream kinase
Mek, and these agents selectively kitR&f V600Emutated cancers but not-Ras
mutated cance?s Specifically, the small molecule inhibitor specific for-F&f,
vemurafeib, has demonstrated objective tumor responses and prolonged survival in the

great majority of patients with-BAF V600E mutated melanorhahereby providing a
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compelling proofof-concept that targeting oncogenic mutations in the MARKway is
a valid therapeutic strategy for metastatic melanoma.

N-Ras cannot be targeted with any drug in clinical development, and generally is
considered undruggable. However, oncogenic mutations in Ras were the first driver
oncogenes characterized barBacid and collaborators back in 1888nd are prevalent
mutations in many cancers.

Melanomas with NRas mutations do not harbor either-&itcmutation or a BRaf
mutation, suggesting that a mutation in one of these three contiguous signaling molecules
is a dominant oncogenic event in this cancer. Based on these observations, we
hypothesized that inhibition of -Ras might have similar therapeutic t@acy to
inhibition of B-Raf or ¢Kit.

Here we demonstrated the validation of a potent siRNA sequence targeRag N
that specifically inhibits the growth of melanoma cells lines with activatinBakl
mutationsin vitro andin vivo. However, we also demstrate that targeting of-Ras
does not have the same therapeutic potency as analogBa$ iBhibition in BRaf
mutant melanoma cell lines. Additionallye found that although shRNA inducedR¥s
inhibition delays tumor growtlm vivo, SiRNA delivery ofN-Ras targeting siRNA did

not.
53 Results:

5.3.1 siRNA induced N-Ras silencing in melanomaell lines via RNAI mechanism
We first demonstrated that a SiRNA targetindRis (SINRAS) induced silencing of N

Ras in multiple melanoma cell lines. The siNR#&juence induced potentRas
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knockdown in all cell lines at doses as low as 0.5nM (Fig. 5.1). These data indicated that

this siRNA sequence had sufficient potency for futoreivo studies.

We next confirmed that the SINRAS sequence inhibiteRlasexpression via the

canoni cal RNAI mechani sm. We used a 56 RNA

c DNA e ARILM-RACE)G&nalysis for this purpose-Ras mRNA cleavage

fragments that correspondeehsetstiandtohstd&S1 0bp po

were detected in RNA extracts from siNRAS treated cells but not from cells treated with

control siRNA (siCON). These data confirmed that SIRNAS can sileARad\via the

canonical siRNA silencing mechanism.

A
Cell Line: M229 M207 M257
& .q&é siNRASA & é,o“ siNRASA & ;}(9" SiNRASA

NRAS ===

GAPDH  # s s
*0.5,5,50 nM

Predicted 338bp
amplicon

oif

TG 1 G

SiIRNA Cleavage Site

Figure 5.2: siRNA induced silencing of NRas in melanoma cell lines{A) Western blot

analysis of NRas expression following siNRAS treatment in melanoma cell lines. UT=no
treatment, SICON=control SiRNA, siNRASA=siRNA againsRNMx s . -RLBI)RACEG&Gnalysis

following siNRAStreatment of M202 melanoma cells. Gel analysis demonstrated predicted
amplicons only in siNRAS treated samples and sequencing confirmed correct band identification.
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5.3.2 siRNA silencing of NRas inhibited the growth of NRas mutant melanoma
cell lines,but not N-Ras wild type cell linesin vitro.

We hypothesized that-Ras mutant melanoma cell lines require activRas signaling
for growth and survival and that silencing ofRés would result in growth inhibition and
cell death. We tested this hyposieeby treating a panel of melanoma cell lines with
SiINRAS (Fig. 5.2). We observed that SINRAS treatment resulted in decreased cell
viability in all N-Ras mutant cell lines, but not inRias wild type cell lines.

There was a high variability in the level of response{#@d$ knockdown.
SINRAS treatment of M202, PTM, and M243 cell lines resulted in strong growth
inhibition, whereas siNRAS treatment of M207, M244, and M245 resulted in less
pronounced growth inhibin.

A B

NRAS wt NRAS mutated

100%

90% - \

80%
70% 2
60% . | I

50%

3
x®
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8
x

- -

40%

30%  —e—s55U 72Hr
20% | ——s55U 96Hr

~a—555U 120Hr
10%
—=—sICON 120Hr
0%
M229 M257 M245 M207 M244 M243 PTM M202 0.0005 0.005 0.05 0.5
[sIRNA] nM

% Viability Compared to Untreated
s 5 8 & & &8 & 3 8 8
2 2 2 3 X 2 2 2 R 3
ﬁ

——

I ——
I |
=l
I

% Viable Cells Compared to Untreated Sample

Figure 5.3: siNRAS inhibits the growth of a panel of NRas mutant melanoma cell lines(A)

MTS cell viability assays 96 hours after treatment with 5nM siNRAS (s55U=siNRASA) or
SiCON. (B) MTS cell viability assay dose titrai of SINRAS (s55U) in M202 melanoma cells at
varying time points post transfection. Nspecific toxicity of sSiCON was variable depending on
time point and over different experiments in the same cell line. SINRAS effects on viability were

consistent ovedifferent experiments in the same cell line.
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We also examined the dose dependence of siNRAS treatment in M202 cells. We
observed significant growth suppression even at-piotar doses, although doses >5nM
where required for maximal response (Fig. 5.2B).

N-Ras mutant melanoma cell lines treated with sSiINRAS did not appear to reduce
in cell number, suggesting thatRhas knockdown resulted in cell cycle arrest but not cell
death. We confirmed that-Ras knockdown resulted in strong G1/S cell cycle arrest
(Fig. 3A). Using an electronic cell sensing assay we observed that once cell growth was
arrested the total number of cells did not decrease (Fig. 5.3B). These data confirmed our

observations that SINRAS treatment did not induce cell death.

5.3.3 Downstream pathway analysis suggested possible explanations for variability
in response to siNRAS treatment.

We examined the phosphorylation levels of two downstream targetfiRaSNERK1/2
and AKT in two NRas mutant melanoma cell lines M202 (good responder) afd M2
(poor responder). siNRAS treatment resulted in decreased levels of pfEREhanly in
the M202 cell line (Fig. 5.4). sINRAS treatment did results in decreased phaggho
levels in M207 cells; however, phospMXT levels in M202 cells were constitutilye

low. These data suggested thaRis knockdown may not inhibition ERK signaling in
some NRas mutant melanoma cell lines, possibly due to constitutive increased AKT

activity.
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Figure 54: N-Ras knockdown induces potent celtycle arrest but does not result in cell
death. (A) Flow cytometry based cell cycle analysis following treatment with siCON or siNRAS
in an NRas mutant and wild type melanoma cell line. (B) Rizad cell sensing assays of M202
melanoma cells treated wittontrol siRNA (siGL3) or siNRAS. Cell index is proportional to cell

number.

5.3.4 Inducible shRNA construct suppressed growth of an NRas mutant

melanoma cell line in vivo.

Because the siNRAS treatment resulted in only modest growth inhibition in aitno

study, we wanted to confirm that RNAI inhibition ofRlas would result in measurable
growth inhibitionin vivo, prior to performing any studies the siRNA nanoparticle system.
Therefore, we engineeredRas mutant melanoma cell lingsat would induibly

express shRNA againstRas (ShNRAS). As a comparison we also engineerBd\B

mutant melanoma cell lines that would inducibly express shRNA agaR#tB
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Figure 5.5: Western blot analyses of downstream targets of {Ras signaling.

shRNA against NRas was found to induce a similar goitoliferative effect as
SIRNAS treatment in M202 melanoma cefisvitro (Fig. 5.5A). No apparent decrease in
cell number was obserdeeven after prolonged (weeks) of shRNA induction. sShRNA
against BRAF, alternatively, strongly suppressed growth ofR& mutant melanoma
cell lines M249 to a similar extend to that of pharmacologic inhibition-BaBwith
PLX4720 (PLX) (Fig. 5.5B).

We then examined how shRNA inductions would affect the growth of M202
ShNRAS and M249 shBRAF tumor xenografts in mice (Fig. 5.6A) Induction of ShANRAS
in the M202 cells results in ~50% reduction in tumor size within a week of induction.
This growth reductin was followed by 3 weeks of stasis. The tumors began increasing in
size about 4 weeks after sShNRAS induction. Induction of sShBRAF in M249 melanoma
cells resulted in rapid reduction in tumor size over 2 weeks until tumors were no longer

visible. When shBRA induction was stopped several tumors grew back; however,
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several did not. Overall, these data clearly demonstrated tRaf Bihibition resulted in

much more potent artumor effects than NRas inhibition.

We investigated the nature of the apparesistance to ShNRAS treatment in

M202 tumors. Tumors were extracted from the mice afRbN expression was examined

by western blot (Fig 5.6B). ShANRAS tumors were found to have higher level&kaEN

expression to control tumors. Cell lines were estaldigteen these tumors and

continually grown in the presence of the shRNA induction reagent doxycycline (DOX)

and selection reagent (puromycin) for the shRNA cassette. The tumors grew despite the

presence of DOX and puromycin, suggesting resistance to shiei#8&ssion (Fig.

5.6C).
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Figure 5.6: In vitro characterization of inducible shRNA systems targeting NRas and B

Raf. (A) Western blot and real time cell sensing analyses of M202 shNRAS in the presence or

absence of shRNA inducing reagent doxycycline (DOX). MRRAS-LUC cells have been
engineered to express an extra copy of wild tygeds with a 2A sequence on it thapaars as a
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slightly higher molecular weight band than the endogenous mut&atsN(B) Western blot and
MTS assays on M249 shBRAF cells. PLX=PLX4720.

We hypothesized that these cells were resistantRadlknockdown. However,
SiNRAS treatment resulted growth inhibition for these cells (data not shown). These
data demonstrated thatRas was still sensitive to RNAI knockdown and the cells were
still dependent on NRas signaling for growth. Therefore, we concluded that the
continued growth of the tumons the presence of DOX was due to partial loss of

ShNRAS expression cassettes and upregulatiorRadexpression.

5.3.5 siRNA nanopatrticles targeting NRas did not inhibit tumor growth in vivo.
Inhibition of M202 tumor growth via inducible shRNA knockdown oRds indicated
that RNAI inhibition of NRas is a viable strategy for treatment of these tumors.
Additionally, no true resistance to-Rias knockdown emerged. We therefore examined
the ability of sSiRNA nanoparticles carrying siNRAS to inhibit the growth of M202
xenograft tumors.

First, we confirmed that transferrin could facilitate nanopatrticle uptake by these
cells. siRNA nanoparticles containing no targeting ligand or 0.25 mole9?BG Tf
were incubated with M202 cells for 1 hour. Compared to thetaigeted nanoparticles,

the Tf targeted nanoparticles were more readily internalized by the M202 cells (Fig. 5.7).
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Figure 5.7: In vivo characterization of inducible shRNA against NRas and BRaf. (A)
Tumor growth experiments for M202 shNRAS and M249 shBRAF tumors in the presence of
absence of shRNA inducing reagent doxycycline (DOX). Error bars=S.D., rvafiigs are from
two-tailed ttests. (B) Western blot analysiEN-Ras levels in protein extracts from M202
shNRAS tumors collected at the end of the growth experiment. (C) Images of an M202 shRNAS
cell line isolated from the DOX tumors and their parental M202 cell line.

We next examined the growth M202 xenograftgroups of mice that received
one of three different treatment strategies: (i) 5% dextrose, (i) 5Smg/&EGFP
nanoparticles, or (iii) 5mg/kg I$iINRAS-nanoparticles. The mice were treated twice a
week for 3 weeks. No differences between the thesgrtrent groups were observed (Fig.

8).
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Here we have demonstrated that RNAI mediated silencingi®adholds some

promise as a therapeutic option for melanoma patients with actiwiRe@s mutations.

In vitro, N-Ras knockdown resulted in variable gotoliferative effects over a panel of

mutant NRas melanoma cell lines, but not iRR¥s wild type cell lines. NRas

knockdown was found to induce cell cycle arrest; however, no evidence for cell death

even afteprolonged NRas knockdown was observed. We confirmed th&as

knockdown via inducible shRNA could result in some tumor regression; however, this

effect was short lived.
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Figure 5.8: M202 melanoma cells internalized Transferm (Tf) targeted siRNA
nanoparticles more readily than untargeted siRNA nanoparticlesn vitro. (A) Florescence
micrographs of M202 cells following incubation with the indicated y&led siRNA
nanoparticle formulation. (B) Flow cytometry quantificatidrGy3-siRNA uptake in M202 cells.
Samples were incubated with 200nM siRNA nanoparticle formulations with 204aBgzd

siRNA. 0.25 mole% Tf was used for targeted nanopatrticles.
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We found that RNAI silencing of BRafin vitro induced far more potent anti
proliferative effects that NRas silencing. Silencing of-Baf via RNAI had effects
similar in magnitude to pharmacologieRaf inhibition with PLX4720. Silencing of B
Rafin vivoresulted in rapid tumor regression and some complete cures.

RNA. silencing of N-Ras has been demonstrated by others to inhibit melanoma
cell growth and in one case induce some cell digaitro® °. However,n vivo, more
modest results than we obseatv@vith no evidence of any tumor regression) have been
reported following induction of antil-Ras shRNA in xenograft tumdrs

Taken together with our results, these data suggest that inhibitiofiRatMs a
monotherapy will have limited clinical utility. We speculate thaRis knockdown may
result in compensatory upregulation of other datlpathways (e.g., EGFR). This
phenomenon is observed for many other targeted therapeutics including H&rceptin
vemurafeniB’, Erlotinib™, etc.. Silencing of KRas in lung cancer cell lines has been
demonstrated to have a similar modest therapeutic effeeiso andin viva'>. In that
report, compensatory increases in phosphorylated STAT3 and EGFR were demonstrated
to mediate the partial resistance to «3Ras therapy. Surprisingly, this phopBGFR
upregulation senszed these cells to EGFR inhibition. A similar phenomenon-aKH
upregulation following loss of feedback inhibition following shRNA silencing-6¥ds
has been observed iRRas mutated colorectal cancer cell life€ombinatorial strategy
should be further explored to improve the therapeutic efficacy of Rid8ed NRas

targeting.
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Figure 5.9: siRNA nanopatrticles targeting NRas do not inhibit tumor growth. NOD-SCID
gamma mice bearing subcutaneous M202 xenograft tumors received intravenous doses of 5mg/kg
siRNA nanoparticles with controls SiEGFP or siNRAS or 5% dextrose (D5W) control twice
weekly (arrows) for three weeks. Error bars are S.E.M, n=7.

Although we observed tumor growth inhibition in our inducible shRNA tumor
model, siRNA nanopatrticles targetingRas did not have therapeutic effeictyivo.
Together, these data suggéstt an insufficient amount of sSiRNA was delivered to the
tumors toresult in growth inhibition. We believe that the only way to overcome this
limitation is to improve the pharmacokinetics and ¢hgtumor delivery of the siRNA

nanoparticles delivery system.

55 Materials and Methods:
Cell lines and culture: Melanoma céllines M202, M207, M229, M244, M245, M249,
M2 55, and M257 cell |l i nes were establishe

approval #0208-067 and have been previously charactefizéTM was provided by
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Bijay Mukherji (University of Connecticut, Farmington, CN). All cell lines were cultured
in complete serum media containing RPMI 160 witglutamine (Mediatech Inc.,
Manassas, VA) with 10% (all percentages represent v/v) fetal bovine serum (FBS,
Omega Scientific, Tarra, CA), 1% penicillin, streptomycin, and amphotericin (Omega
Scientific) at 37°C with 5% Cg&in filter-top flasks.

Nanoparticle formulation and siRNA duplexes:siRNA nanoparticles were formed by
using cyclodextrircontaining polycations (CDP) and ABEG & described previously
described (pre.complexation). Nanoparticles were formed in 5 % glucose in deionized
water (D5W) at a charge ratid ® +/- and a sSiRNA concentration of 2 mg/ml unless
otherwise indicated. 21 base pair unmodified and Cy3 labeled siRNA was purchased
from Qiagen.

siNRASA: 5 &€CACCAUAGAGGAUUCUUACA-3 6

SiCON: 5 @ AGCGACUAAACACAUCAAUU-3 6

SIEGFP: 5 6&GCUACGUCCAGGAGCGCACE 6

In vitro transfection: A reverse transfection protocol was followed for SIRNA delivery.
siRNA was complexed with LipofectamineRNAiMax (Invitrogen, Carlsbad, CA)
according to manufacturerodds instructions.
Aqueous MTSAsay (Promega, Madi son, WI) by foll«
instructions.

Western blots: 48 hours after transfectipoells were lysed in RIPA Buffer (Thermo
Fisher Scientific Inc., Waltham, MA). Lysates were diluted to equivalent protein
concentration ifetamercaptoethanetontaining Laimmli sample buffer (Thermo

Fisher) and incubated at%®@5for 5 minutes. Antibodies: Ras, GAPDH, horseradish
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peroxidaseconjugated secondary antibodies were purchased from Santa Cruz
Biotechnology, (RERK1/2, (P)AKT, and BRaf antibodies were purchased fra@all

Signaling Technologies . Development was done using SuperSignal West Dura Extended
Duration Substrate (Thernféisher).

56 RNA | i gaRACE: masgerfarmesl ds described previot&I@riefly, 3

€eg or total RNA was |igated directly to 25
using T4 RNA ligase. Ligation products were reverse transcribed using SuperScriptlll
(Invitrogen) and an NRas gene specific reverse transcription primer. Two rounds of

PCR were performed using a Biad MJ Mini personal thermocycler and PCR

conditions described previousfyPCR products were run on a 2% agarose gel and
stained with 1legg/ el ethidium bromide. PCR
sequenced directly to confirm RACE band identities.

Flow cytometery: Cell Cycle analysisCells were trypsinizednd washed twice with

PBS. Ice cold 70% ethanol was added drop wise while vortexing and allowed to incubate

at £C for 30 minutes. Samples were then centritLaiel,300 rpm for 10 minutes and the

et hanol decanted. The s ampriopdaumiodde &roonhen st
temperature for 30 milCy3 uptake studie€ells were incubated with 200nM Gy3

SiIRNA nanopatrticles for 60 minutes. Cells were washed with detergent buffer to remove
unbound complexes and scrapped into tubes for analysis. ffoexymeriments cellwere
analyzedoy flow cytometery on a FACScan (BD Biosciences) flow cytometer and data
analyzed using FlowJo version 8.7 (Tree Star, Inc., Ashland, OR).

Animal Studies: All animals were treated according to the NIH Guidelinesfifamal

Care and Use as approved by the Caltech Institutional Animal Care and Use Committee
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Anti-tumor experiments, 5 million melanoma cells (M202 or M249) were implanted into
the front flanks of 4 week old NOD/SCID gamma mice (Jackson Laboratory). Treatme

were initiated when tumors reached ~200m
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Chapter 6: Targeting kidney mesangium by nanoparticles of defined
size'

6.1  Abstract

Nanopatrticles are beingvastigated for numerous medical applications, and are showing
potential as an emerging class of carriers for drug defietgvestigations on how the
physicochemical properties (e.gize, surface chge, shape, and density of targeting
ligands) of nanoparticles enable their ability to overcome biological barriers and reach
designated cellular destinations in sufficient amounts to elicit biological efficacy are of
interest. Despite proven success inaparticle accumulation at cellular locations and
occurrence of downstream therapeutic effects,(@iget gene inhibition) in a selected

few organs such as tuniand livef, reports on effective delivery of engineered
nanoparticles to other organs still remain scarce. Here, we show that nanoparticles of ca.
75 +F 25 nm diameters target the mesangium of the kidney. These data are the first to
show he effects of particle diameter on targeting the mesangium of the kidney. Since
many diseases originate from this area of the kidney, our findings establish design criteria
for constructing nanoparticleased therapeutics for targeting diseases that ievbk

mesangium of the kidney.

6.2  Introduction

Constructing nanoparticles for drug delivery requires knowledge in colloidal science and
biology, where biological constraints generally dictate the design of nanopatrticle
therapeutics and imaging agentsc/& | ebr at ed design criterion

c | e ar % Whmatdsdnanoparticles will experience rapid clearance by the kidney if they

AReproduced with permission froi@: H. J. Choi, J. E. Zuckerman, P. Webster and M. E. Davis,
"Targeting kidney mesangium by nanopatrticles of defined skr®¢. Nat. Acad. Sci. USE08 6656
(2011).
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are smaller than ca. 10 nm in diameter. Such clearance originates from the innata functi
of the kidney as a blood filter.

The structural and functional unit of the kidney, the nephron, consists of the renal
corpuscle and tubule system. The renal corpuscle contains a tuft of blood capillaries and
support tissue (thmesangium Fig. S1)called the glomerulus. A fraction of blood
plasma enteringthg | omer ul us will pass through the
produce an ultrafiltrate, which will be collected by the tubule system and ultimately be
processed into urine. The firstraponent is the glomerular endothelium with pores that
have been reported to be in the range of 800 nm in diametér Next, the glomerular
basement membrane (GBM), a 30850 nm thick basal lamina rich in heparan suffate
and charged proteoglycans with an average pore size of,Jiliens small molecules by
size and charge. Behind the GBM lies podocytes, cells with interdigitating foot processes
t hat f or m fof 32 hm widf. The glomeriilar filtrmtion appars, taken in

its entirety, possesses an effective size cutoff of 10 nm, and is responsible for the rapid

Arenal cl earanceo of s ma lbasedrentrastingpagents forl e s .

in vivoimaging were designed to be smaller than this sizeffctt'2 Prolonged

residency of nanopatrticles in the kidney has been shown to induce toxicity in the form of
cell shrnkage, due to excessive nanoparticle uptake by renaf-téfisCloser

examination of the renal corpuscle reveals the existence of another intriguing size cutoff
that would affect the distribution patteiVithin the renal corpuscle, in the absence of

GBM and podocytes, the sole dividing barrier between the mesangium (mesangial cells
and extracellular matrix) and the glomerulus is the fenestrated endothelivimi&aoh

sized nanopatrticles may feasibly dg&uand accumulate indefinitely in the mesangium

=]
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once they depart from the glomerulus through these pores. Here, we illustrate-the size

dependent delivery of PEGylated gold nanoparticles to the kidney mesangium.

6.3  Results and Discussion
6.3.1 Assembly d Au,-PEGy NPs

Gold-based nanoparticles (AuNPs) were used here for the following reasons.
They are compatible with multiple imaging methods. As rigid anddemomposable
objects, submicrosized AuNPs larger than ca. 10 nm cannot escagedhey by renh
clearanceUn modi fi ed gold nanoparticles of diffe
ranging from19mVto-28 mV. The measured 6 values are
due to classical electrokinetic theory (Fig. S2), and suggest that unmodified AtialPs
Ssizes share the same surface charge densi't

surface charge, we exploit the charge screening effect of poly (ethylene glycol) (PEG).

NP Core (x) PEG(y) HD-water HD-1xPBS ZP tar Y GTE Sl
nm Da nm nm mvV h %ID %

Aus-PEGo0 5.3+0.5 5000 26.2+ 0.3 24.8+0.5 -8.44+0.85 48.9 0.2£0.1 0 0
AU20-PEGso00 21.6+0.2 5000 43.1+0.2 41.4+0.2 -9.62+0.62 31.8 1.2+0.5 50 +
AUsPEGow  41.2+£0.2 4130 59.1+ 0.3 58.6+ 0.5 -12.34+1.21 13.8 3.0+t06 80 ++
Auso-PEGooo 51.4+0.2 5000 78.8£0.2 76.5£ 0.4 -10.91+1.33 13.7 46+0.9 100 +++
Aue-PEGr00 58.1+0.5 7359 94.6+ 0.5 96.2+ 0.2 -1251+1.24 114 19+04 90 +++
Augr-PEGooe  76.5+0.3 10000 127.6+2.1 128.9+ 0.9 -8.93+£0.67 8.7 0.7+£0.4 70 ++
Au1orPEGooe  98.3:0.3 20000 167.4+9.6 164.3+ 8.6 -9.76+0.31 6.8 05+03 60 +

Table 6.1: Physicochemical properties anth vivo characteristics of Au-PEG, NPs x = core
diameter of AuNP; y = chain length of grafted PEG;HBy dr odynami ¢ -di ameter
potential in 1 mM KCl;t,=blood hal{l i f e; q = kidney bul k particl e
targeting efficiency; Sl = staining index (an arbitrary score that ranks both the intensity and
spread of the silver stain, wiedry +++ and 0 are the maximum and minimum values,
respectively). The table presemsvitro data as averages.d. from triplicates of experiments as
well asin vivodata as averages.d. from three animals per particle type.



12]

The larger the gold partie$, the more negative the surface charge. Thus, to create
as set of nanoparticles with variable size and relatively constant surface charge would
require the engraftment of longer PEG chains onto the larger nanoparticles. This concept
prompted us to use assortment of PEGylated gold nanoparticles{REG, NPs)
possessing gold particles of different core diameters (x) and PEGs of different chain
lengths (y) (Table 6.1). The engraftment procedure entailed the use of metEGxy
thiol (IMPEGSH) molecules wbse terminal thiol groups can react with the gold surface
via the formation of goldhiol covalent bonds. Careful choice of x and y gave rise to a
nearc on st ant -1@m\ fordu-BEGINPs of various final hydrodynamic sizes
(Table 6.1). In generathe engraftment of each additional 2000 molecular weight of PEG
onto the gold surface translates to an increase in 5 nm of the hydrodynamic diameter of
Aux-PEG,NPs. This approximate linearity between the PEG corona thickness and chain
length is consistd with previous predictions for tethered polymer brushes on spherical
interfaces without pronounced curvattr@ables S1 and S2). All AtPEG NPs
showed stability in salt solution after 24 h, with hydrodynamic sizes in phosphate

buffered saline (PBSpughly equal to those in water (Table 6.1).

6.3.2 Blood pharmacokinetics

Balb/c mice (N = 3) received single i.v. injections of each type QffAtG NPs
at the same particle concentration. From each mouse, blood was withdrawn via the
saphenous vein &harious time points to evaluate for gold content using inductively
coupled plasma mass spectrometry (I@B). With extensive surface engraftment of

PEG (y O 4000), all particles malfd(tizpst ed
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that spans frond h to 38 h. Particle size angbwere inversely correlated (Fig. 6.1A,
Table S3). The simultaneous increase in x and y led to reductigs indicating that
sizedependent internal clearance, not colloidal stability conferred by PEGylation, played

adominant role in determining particle blood circulation.

6.3.3 Organ level distribution
Mice were then euthanized 24 h after injection to extract organs for detection of
bulk gold content using IGRS. For all particle sizes, gold content of the@igans plus
the blood samples collected at three ti me
constituting a mass balance that accounts for the destinations of most injecteE@u
NPs. Overall, the liver, spleen, and kidney were the main sites of partclimalation,
whereas the lung, pancreas, and heart showed negligible (< 0.5 %ID) particle retention

(Fig. 6.1B; Table S4).
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Figure 6.1: (A) Blood pharmacokinetics. All AHPEG,NPs demonstrated revealed extended
circulation times in blood. (B) Organ levabdistribution.Bulk particle localization in the liver,
spleen, and kidney was size dependent. Gold contents are normalized to % injected dose (% ID).
For all particle sizes, the five named organs plus the blood compartment accounted for at least 70

%ID of the injected dose. Error bars indicate one s.d. from eagPPBG, NP class (N = 3).

At 24 h after dosing, the liver and spleen both showed a positive correlation
between particle size and degree of particle uptake, in agreement with previous reports
that the degree of particle phagocytosis by Kupffer cells and spleen macrophages is
largely sizedependent (the larger the nanoparticles the greater the uptake in the
reticuloendothelial system (RE&))From Fig. 1, the blood nanoparticle content at 24 h
appears to correlate with uptake by the RES (increased uptake by the RES is
accompanied by lower content in the blood (leading to shorter circulatiohf@plf

Lastly and most importantly, the kidney revealed an unexpectedepandent
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nanoparticle rention pattern; there exists a particle sizestREGspo) at which renal

accumulation was maximal.

6.3.4 Tissue level renal distribution

Tounderstandthesitte pendent accumul ation in the
enhancedo ki dnathe dstebation obAuBEGINEs at tleetissue level.
Gold selectively catalyzes the reduction of silver ions and deposition of metallic silver,
making nanosized objects embedded in kidney sections visible under light microscopy.
Within the cortex, mogparticles resided either near resident phagocytes within
peritubular capillaries, which intertwine the cortical tubules (proximal convoluted tubules
and distal convoluted tubules), or inside renal corpuscles.

Particle accumulation at peritubular capikgrdid not show clear correlation with
size (Fig. S3). However, particle accumulation inside renal corpuscles reveals a strong
function of size (Fig. 6.2). The smallest particles REGso0g Were virtually
undetectable in the renal corpuscles, but imued in peritubular capillaries (Fig. S4A).
Au,o-PEGo00 Nanoparticles merely accumulated in the renal corpuscles and rarely in the
peritubular capillaries. Only ~50 % of the renal corpuscles containgdP& G000 NPS,
and the staining scattered allevthe extracellular space (mesangium) outside the
mesangial cells. The staining intensity appeared mild (Fig. 6.2A). Fgf& G000 NPS,
particle staining within the renal corpuscles became more intense. ~80 % of the renal
corpuscles were stained posdtifor particles and staining localized closer to mesangial

cells (Fig. S4B).
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Figure 6.2: Tissue level distribution in renal corpuscles within the cortex. Representative light

mi crogr aphkan hafn ciediol wWeardney sect i onmerilardaegetiogn st r at

by particles. AWPEG,NPs accumulated in a sidependent manner. (A) AHPEGso0o NPs were

detectable in small quantities within renal corpuscles. (By-R&EG,0oNPs displayed most

intense staining in the largest area of renal cotpssmong all particle sizes. Silver staining

(dark specks indicated by red arrows) was present in every single renal corpuscle observed under
the light microscope, resulting in complete glomerular targeting efficiency (GTE). (69 Au
PEGy000NPs only acumulated in the renal corpuscles in minute amounts, presumably due to
their inability to penetrate through the fenestrated glomerular endothelium. The right column

(s c al e Db)dlustrates tBe nwagnified renal corpuscle (green box) shown in theolaftn

(scal e b ategend: RTC = pemitubular capillaries; RC = renal corpuscle; PC = proximal

convoluted tubule; DC = distal convoluted tubule; U = urinary space.
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Similar accumulation patterns were apparent fosocAREGs000 NPS, except that
100 %of the renal corpuscles examined under the light microscope were stained positive
for particles. Closer inspection of each renal corpuscle reveals the most intense silver
adjacent to mesangial cells throughout the largest area fraction of the renatlesrpus
among all particle sizes (Fig. 6.2B). Incidentally, this complete glomerular targeting
efficiency (GTE) matches strongly with the maximal bulk particle content in the kidney
observed for Agh-PEGo0oNPs. The GTE for Asy-PEGr000 NPs were also close t
complete (~90 %), and such particles also elicited very intense silver staining near the

mesangial cells (Fig. S4C).

Finally, Augo-PEGoo00and AuorPEGooooNPs gave a GTE of 600 %. Due to
the catalytic nature of staining, larger,ABEG, NPs are expected to produce more silver
deposition on their periphery. While silver staining can confirm the presenceg-of Au
PEG NPs, the intensity alone does not provide the quantitation of actual particle content.
Thus, besides the absolute magnitude of intensity, the spread of staining (areal fraction
covered by silver) within renal corpuscles is also an important measurep@/eine
Table 1 what we denote as the Astaining
for both intensity and spread of staining. For the highest score (i.e., +++), particles (like
Auso-PEGo00 NPs) accumulated in the highest areal fraction oféhal corpuscles, and
also at the highest intensity. Typically, the same particles can achieve a high GTE,
meaning that they can be found frequently in different renal corpuscles throughout the
cortex. For the lowest score (i.e., 0), particles (like-BEGso00 NPS) resided in limited

areas of the renal corpuscles, and usually at undetectable densities. Typically, the same
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particles can achieve a low GTE, implying their low occurrence in different renal

corpuscles throughout the cortex.

For Auso-PEG0000NPS, silver staining was found in limited regions of renal
corpuscles, despite their intense staining, yielding an Sl score of ++. The largest
particles, AuoPEGoo0oNPS, barely occupied a sizeable areal fraction of the renal
corpuscles, and showed vanpdest staining, leading to their score of + for the SI.
Overall, the staining index of the largest nanoparticlesfREG ooo0and Auog-
PEGuooooNPs) was lower than that of AHPEG;o00 NPs. Taken together, A4PEG o000
and AuoorPEGooooNPs target 8-70% of the renal corpuscles, and within each

corpuscle, a very limited area fraction and moderately intense staining.

The histological data collectively suggest a siependent localization of Au
PEG NPs within renal corpuscles in the kidney corté&cause such particles do not
have a constant PEG chain length, one may question whether the distribution of
nanoparticles in renal corpuscles is R&&pendent. To address this point, we
investigated the tissue level in vivo distribution ofs&BEG000 NPs (hydrodynamic
size: 97.1 £ 1.9 nm; zeta potentidl6.77 + 1.14 mV) in renal corpuscles, noting that
such particles possess a very similar hydrodynamic size and zeta potentig}-of Au
PEG000 NPs. Histological analysis reveals accumulation ofgAUEGspoo NPS in the

renal corpuscles in similar intensity and area as that gf REG;000 NPSs but not Agy-

PEGi0000NPs, supporting that the distribution of nanoparticles in renal corpuscles-is size

dependent.
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6.3.5 Cellular level renal distribution

Transmssion electron microscopy (TEM) was used to determine the intracellular
localization patterns of the nanopatrticles residing in the renal cortex. In agreement with
the histological data, particles of all sizes were either engulfed by resident phagocytes or
remained as isolated entities in circulation inside pertitubular blood capillaries. Particle
accumulation in peritubular blood capillaries was not-deeendent (Fig. S5). Retention
of particles in renal corpuscles, however, is a strong function offSge6(3). Smaller
particles (Aug-PEGo0oNPS) entered the mesangium within renal corpuscles in minute
quantities (Fig. 6.3A). As size increases,/REG, NPsshowed more association with
mesangial cells. Alg-PEGoo NPs accumulated in multiple clusteisher within
mesangial cells or in the extracellular matrix outside mesangial cells. The clustering
density was the most pronounced among all particle sizes, consistent with the histological
data (Fig. 6.3B). Particles of similar sizes {&BEGgpoandAuge-PEGo00 NPS) also
demonstrated appreciable particle accumulation in the mesangium (Fig. S6). Larger
particles (Age-PEG0000NPS) only resided at the extracellular space in isolated amounts
(Fig. 6.3C). The TEM data reveal a size at which particlecason with mesangial cells
was maximal (As-PEGsooo NPsS). This particular size maximized bulk kidney particle
content and glomerular targeting. ThussABEGggorepresents the particle size that
maximizes kidney targeting at the organ, tissue, alldl@e(mesangium) levels.

The average pore diameter of the fenestrated glomerular endothelia is reported to
be 80i 100 nm, roughly the hydrodynamic size ofs?EGsoooand Awo-PEGr000NPS.
Particles larger than this size cutoff E@UPEGooooand Auos-PEGoo0oNPS) may

experience steric hindrance when permeating through the pores to enter the mesangium
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and access the mesangial cells. On the contrary, smaller particlgPEG;000 and
Au4o-PEGp00NPS) are freely accessible to the mesangium. Thug,t isi ze excl usi
effect may account for the lower kidney particle content and weaker glomerular targeting

of the largest particles. From TEM data, siteppendent uptake occurs solely at

mesangial cells, which come in two types. The first type is cdifdanesangial cells,

which resemble vascular smooth muscle cells and fibroblasts that regulate surface area

for glomerular filtration of fluids and mesangial volume.
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Figure 6.3: Cellular level distribution in renal corpuscles within the cortex. Reptative
transmission electron micrographs demonstrate particle accumulation in the mesangium
(mesangial cells and extracellular matrix). The right colussalé bar = 500 nnillustrates the
magnified portion (black box) shown in the left colursndle ba = ).ZRedcamows in the
right column indicate clusters &u,-PEG, NPs. (A) A small portion of Aur-PEGso00NPSs
localized in mesangial cells within the renal corpuscles. (B)-R&Gx00NPs experienced the
most prominent uptake by mesangial celloagall particle sizes. (C) AsPEG0000NPS
deposited in the mesangium in drastically reduced amduggend: RBC = red blood cell; Po =
podocyte; FP = foot processes of podocytes; GBM = glomerular basement membrane; PC =
proximal convoluted tubule; U arinary space; EC = endothelial cell; MC = mesangial cell; Pe =
pari et al |l ayer of Bowmands capsul e

The second type involves mononuclear resident phagocytes derived from the bone
marrow’. From the ICPMS data, particle uptake by spleen macrophages epetic
Kupffer cells (both of bone marrow origin) increase with increasing particle size. Below
the size cutoff in kidney, larger particles @PEG;p00 NPS) can penetrate through the
endothelial pores, enter the mesangium, and accumulate inside meseltgyigikely the
phagocytic type mesangial cells). Smallest particles-fA£Go00 NPS) may transiently
enter the mesangium, but may not favor prolonged retention due to lack of phagocytosis
by mesangial cells. The absence of a cellular sink may Igaeitdow bulk particle

content.

This work is the first study to systematically examine in the distribution-a500
nm nanoparticles in the kidney from a systemic injection. From measuring blood
pharmacokinetics as well as distribution patterns at tip@wotissue, and cellular levels,
the results suggest that there is an optimal size range (esgPBGso00 NPS) that
maximizes bulk particle uptake in the kidney, deposition of particles in renal corpuscles
within the cortex, and uptake of particlesrgsangial cells within renal corpuscles.
When using nanoparticles as cancer therapeutics, accumulations in single digit %ID

amounts in the tumor can lead to gene inhibition and tumor redtfcfidus, the
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accumulation of APEG,NPs (1i 5 %ID) in the kdney at these amounts may be able

to impart efficacy with kidney diseases. Moreover, the lack of significant localization
(0.7 %ID) of larger particles (Ag-PEGo000NPSs; ~ 130 nm in diameter) providesian

vivo calibration to the size of the glomerutndothelial pores. Most reported values for
this pore size are derived from direct measurements of TEM and SEM images. Sample
processing for microscopy involves repeated dehydration, and may lead to shrinkage of
fine cellular features. The pore size rdpdrhere (130 nm) depicts the glomerular

endothelial morphology at physiologically relevant conditions.

6.4  Materials and Methods

General Unless otherwise mentioned, all poly (ethylene glycol) (PEG) raw materials
were purchased from Laysan Bio. All orgasolvents were purchased from Sigma.
Phosphatduffered saline (PBS) comprises 150 mM NaCl and 50 mM sodium phosphate

(pH = 7.4).

Synthesis of MPEGoorSH and mMPEG;oo-SH 50 mg of amindPEGaogthiol (14.7

emol ) was reacted -REGsHsuctifimidyl progonate) (73det ho xy
emol) in 50 €L of triethylamine (TEA) and
(DCM). The reaction proceeded at RT with stirring for 7 h. The crude mixture was dried
under vacuuo, and dialyzed against deionized water asghgDa Amicon MWCO

membrane (Millipore). 15 mg of amifeEGooct h1 ol (3. 0 e mol ) was

r

€

of methoxyPEGg( succi ni midyl valerate) (30.0 gmol

anhydrous DCM. The reaction proceeded at RT with stirring for. T&ié& crude mixture
was dried under vacuuo, and dialyzed against deionized water using a 30 kDa Amicon

MWCO membrane (Millipore). The correct fraction (7000 Da) was separated using
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HPLC using a TSKgel G3000SW column (Tosoh Bioscience). Final moleculantaeig

were confirmed by MALDITOF.

Assembly of PEGylated gold nanoparticles (A4PEGy NPs)Methoxy-PEGthiol

(purchased or synthesized above) of a certain molecular weight (y = 4000, 5000, 7000,
10000, and 20000), dissolved in deionized water was addechktodd aqueous

suspension of unconjugated gold colloids (Ted Pella) of a designated core size (x =5 nm,
20 nm, 40 nm, 50 nm, 60 nm, 80 nm, and 100 nm) at an excess concentration of ~ 9 PEG
strands per nfrof gold surface. e.g. To ensure complete coverage, PEGylation of 50 nm
AuNPs required the addigbthiob(m deohizedwateryth o f
0.5 mL of aqueous suspension of 2.25*particles All PEGylation reactions

proceeded at room tgrarature for 2 h with constant stirring. To remove any unbound
methoxyPEGthiol, the reaction mixture was dialyzed against deionized water using a 30

kDa or 100 kDa Amicon MWCO membrane (Millipore) for three times.

Physicochemical characterization of AW-PEG, NPsHydrodynamic diameter (HD) and
e-potential (ZP) of AwPEG, NPs were measured using ZetaPals (Brookhaven). For HD
measurements, the particle pellet wasuspended in 1.2 mL of deionized water or PBS.
Reported HDs are average values from 3 nfr&minutes each. For ZP analysis, the
pellet was resuspended in 1.4 mL of 1 mM KCI. Reported ZPs are average values from

10 runs each with a target residual of 0.012 measured at a conductance: 82328.

Animal experiments For each type of AUPEG, NPs, three Qveek, female Balb/c mice
(Jackson Laboratory) received i.v. injections of particles via the tail vein at a

concentrationof45xtparti cles per mL, formul ated
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in deionized water (D5W). At three consewattime points after injection (30 min, 4 h,

and 24 h), 30 eL of mouse blood was dr awn
using Microvette CB 300 Capillary Blood Collection Tube with EDTA (Sarstedt). Blood
samples were stored at 4 °C for future uséerA24 h, mice were euthanized by £O

overdose for the collection of the liver, kidney, lung, heart, spleen, and pancreas. All

organs were fixed in 4 % paraformaldehyde (PFA) in PBS for 3 days.

ICP-MS Homogenized organs were oxidized in 0.5 mL of acidtomex (70 % HNQ@ and

35 % HCI at a 3:1 volume ratio) in a microwave until they fully dissolved. After adding
20.5 mL of deionized water, the sample was centrifuged at 3200 x g for 15 min to remove
cell debris, leaving the supernatant for gold content aisalging HP 4500 ICIMS

(Agilent). Nebulization occurred with a flow of 1.3 L/min of argon using a Babbington
type nebulizer in a pyrex Scditpe spray chamber. The argon plasma power was 1200
W with a flow of 15 L/min and an auxiliary flow of 1.1 L/miA.calibration curve

against known concentrations of ABEG, NPs of all sizes was used to measure the gold
content, using 2.5 % HN{and 0.42 % HCI as the blank solvent and tissues from
uninjected Balb/c mice to account for background organ gold conteptrfed values

are expressed as % of injected dose (%ID). Error bars indicate one s.d. in each mouse
group (N=3). Each mouse weighed ~ 20 g at the time of experiment, and had a total

blood volume of 1.6 mL (average mouse volume 870 ¢ L/ g) .

Histology with silver enhancementPFA-fixed organs were dehydrated and embedded
in molten paraffin to generate sections of 4 pum thick. Sections were deparrafinized with
xylene and rehydrated with a reducing ethanol gradient and rinsed with deionized water

extensively dried, and stained for AWPEG, NPs using the Silver Enhancement Kit for
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Light and Electron Microscopy (Ted Pella) in the dark for 20 min at RT. After rinsing

with running tap water for 2 min to remove excess silver, sections were cetaited

withGll | 6s 3 hematoxylin and 1 % eosin (in 95
mounted with Permount for viewing under an Axioplan 2 light microscope (Zeiss) with a

40x objective. To estimate the glomerular targeting efficiency (GTE) of particles to renal
corpuscles from light micrographs, 300 renal corpuscles, selected at random positions

from 1015 kidney sections per injected mouse, were inspected visually for the presence

of silver stains. For the staining index (Sl), both the staining intensity and sprisade

300 renal corpuscles were scored.

TEM Tissue blocks (~1 miwere fixed in 2.5 % glutaraldehyde (in 0.1 M sodium
cacodylate, pH = 7.4) for 2 h, stained by 1 % @at4 °C for 2 h, and 0.9 % Os@nd

0.3 % KsFe(CN) at 4 °C for 2 h. Gradual dehydration with ethanol and propylene oxide
enabled tissue embedding in Epon 812 resins (Electron Microscopy Sciences). 80 nm
thick sections were deposited on carbon and forrogated, 200nesh, nickel grids

(EMS) and stained wh 3 % uranyl acetate and Reynolds lead citrate for visualization

under a 120 kV BioTwin CM120 TEM (Philips).
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6.7 Supplemental information for Chapter 6

Appendix I: Structure of the renal corpuscle and mesangium

Figure S1:lllustrations of the renal corpuscle and the mesangium. (A) This light micrograph
reveals the typical morphology of the renal cortsale bar = 10 um. (B) This closg reveals
the inner structure of a renal corpuscle. (C) This transmission electron micrograph shows the
internal structures of the renal corpuscles. Scale bar = 10 um. (D) This schematic diagram shows
the relationship bateen mesangial cells and glomerular capillaries (modified from Sakai and
Kriz). Legend: renal corpuscles (RC), distal convoluted tubules (DC), proximal convoluted
tubules (PC), peritubular capillaries (PTC), red blood cells (RBC)ptau&s (WBC), mesangial
matrix (MM), mesangial cells (MC), foot processes of podocytes (FP), urinary space (U),
glomerular capillary space (C), glomerular basement membrane (GBM), and pores (P) of the
fenestrated endothelium of glomerular capillaries.dngd C, white arrows trace the glomerular
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basement membrane. In panel D, red arrows indicate the pores between the glomerular capillaries
and mesangium. If smaller than the pore width, particles can enter the mesangium from the
glomerular capillaries in thabsence of GBM and podocytes as structural barriers.

Reference:

Sakai, T. and Kriz, W. The structural relationship between mesangial cells and basement
membrane of the renal glomeruldgat. Embryol176 373386 (1987).

Appendix II: Surface charge ofunmodified gold nanoparticles

For any charged sphere of radius R in an e
follows: -

_5_R

el+iR

Above 1 ;'ardlhe safacd charge density, permittivity constant, and Debye
length.

From his equatione of <charged gold spheres becomes

consistent with data shown in Tabld-br typicale measur ements in 1 mM
temperatureg™ is roughly 9.8 nm, a constant independent of R. By curve fitting of the
measured as a function of R, Gh®&)di menapponkem

This means that unmodified gold surface of all sizes have a constant surface charge
density.
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FigureS2 DLS measurements of e of wunmodified gol
estimates based on Deblfeickel electrokinetic theory.
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Appendix Ill: PEG corona thickness of PEGylated gold nanoparticles

Based on a previous work by Takae etakh 20 nm AuNP can anchor 520 PEG chains
of 6000 Da each. This translated to a PEG

The Kuhn | ength (b) of PEG is 0.7 nm. Thus
Is: -

$*=0’S=(0.7 nm¥ (0.4 PEG/nrf) = 0.196

Hill et al evaluated the grafting density of oligonucleotides on submicron sized AuUNPs
(10-100 nm). If the oligonucleotide density data due to size curvature is applicable to the
study of PEG grafting, then a rough estimate of PEA&igg density ofAu,-PEG, NPs is
provided below:

Core Hil et al
size (X) oligo PEG PEG-0 *
(nm) (#oligo/nrm”"2) (#HPEG/nm~2)
20 1.40E+13 4.00E-01 0.196 Takae et al
40 8.50E+12 2.43E-01 0.119
50 8.10E+12 2.31E-01 0.1134
60 7.80E+12 2.23E-01 0.1092
80 7.10E+12 2.03E-01 0.0994

Table S1:Rough estimates of PEG grafting density on AuNPs of different sizes.

0* takes on the value of 0.2 (for AUNPs above the size of 20 nm), which represents a
very high grafting density according to Wijman et al. Physically, how high is this
density?

According to scaling analysis by deGennes on grafted polymers, the bnisimtation
appear s wherdiN is the niNnber of Kuhn polymer segments. How can we
estimate N?

Take Ago-PEGogoas an example. The MW of each PEG unit is 44 g/mol. The t@o C

bonds (each 0.145 nm) aneC@bond (0.15 nm) add up to 0.44 nm. Toatour length

(Rmax= NDb) of a fully stretched PEfgocoil is 5000/44*0.44 nm =50 nm. If b = 0.7 nm,

then N = 71.4. Cl €% Hénge, PE@ polymeschajnsfllare er t han
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overlapping with each other, with their blobs acting as hard splaed cover the gold
surface den s®resyltisaBdapparént forall other, AREG, NPs.

Alternatively, one can calculate the footprint (D) of each PEG chains (separation distance
between each adjacent PEG chain) on the gold surface,ikmog t%ratfé .4 Fdr Au
PEGoo D = 2.29 nm, which is shorter than the Flory radius of Bk@ a good solvent

(Re = bN**=9.07 nm). BecausesR D result is also apparent for all other,REG,

NPs, the grafted PEG fccdhramaitsi aand drm kteh & hgo Ific
particle sizes.

MW (g/mol) 4000 5000 7000 10000
R_max (nm) 40 50 70 100
N 57.14286 71.42857 100 142.8571
N/(-6/5) 0.007792 0.005961 0.003981 0.002595

R_F (nm) 7.930037 9.066115 11.09425 13.74166

D (nm) 2.280032 2.347735 2.389476 2.504419
x (nm) 40 50 60 80
x/2b 28.57143 35.71429 42.85714 57.14286

Table S2:Polymer parameters of grafted PEG on AuNPs. MW: molecular weight=RN:
contour length; N: degree of polymerization (no. of Kuhn segmengs) bR¥>: Flory radius in a
good solvent; D: separation distance between PEG monomers; x = core size of AuNP.

On a planar surface, the brush height of tethered PEG corona (H) should scale linearly
with N (Alexander, de Gennes). Yet on a spherical interfaceN&*because the chains
extended away from the surface should be more diffuse compared to those densely
packed chains near the surface, thus shortening H. Yet, DLS measurements revealed H ~
N, not N®, suggesting that the curvature effect on H is nonerti

ForG* ~ 0. 1 acondistemcsielchsgnulatienk, Dan et al showed that the

curvature effect becomes less important, and that H will approach the planar limit of (H ~

N) when x/2b >100. For AtPEG, NPs at hand, their values of x/2b maiféin the

range of 287, so H ~N"? according to simulation results by Dan et al. This explains the
observed fAlinearityo between H and N even
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Appendix I1V: Tissue level accumulation of PEGAUNPs in peritubular capillaries

Figure S3 The deposition of PEGylated gold nanopatrticles in the renal cortex excluding renal
corpuscles is not a function of particle size. Typically, particles are located adjacent to peritubular
capillaries or in the connective tissue space between ad@merdluted tubule cells.
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Appendix V: Tissue level accumulation of PEGAUNPS in renal corpuscles

AU40'PEG

Figure S4 The deposition of PEGylated gold nanopatrticles in renal corpuscles is a strong
function of particle size. The right column illustrates iegnified portion (green box) of the left
column. (A) Smallest particles (APEG;) showed undetectable staining. (B, C) Midsdized
particles (Au-PEG and Auy-PEG) showed most intense silver staining near the mesangial
cells throughout the entirenal corpuscle. (D) Larger particles gPEG«) showed intense
staining, but at a reduced areal fraction of the renal corpuscles. Scale bar = 10 um.
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Appendix VI: Cellular level accumulation of PEG-AuNPs in peritubular capillaries

Figure S5 The deosition of Ay-PEG, NPs in the renal cortex excluding renal corpuscles is not

a function of particle size. Particles are located adjacent to peritubular capillaries or in the
connective tissue space between convoluted tubule cells. Images showrfrcdthenan (scale

bar = 500 nm) are magnified versions of those shown intcedll umn (scal e bar



