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SUMMARY

Monoclonal antibodies (mAbs) have shown great prossanmunotherapgf cancer in
the past decade¥hey mediatethe antibodydependenimmune responses to eliminate
the malignant orsuppressive celland proteins and restore amancer immunity
However, the application of monoclonal antibodies as therapeutics is gneatlyered
by its high production cost as well as high dosage redjuicegenerate significant
therapeutic effect due to limited tissue penetratiand retention Additionally,
monoclonal antibodies targeting some important immunological targets, soofelasd

derived suppressor cellsIDSC9, regulatory T cells, are dtivaiting to be developed.

Here,we have developed noveltype ofartificial antibodies, thesynthetic nanopatrticle
antibodies $NAbs), which are Janus nanoparticles multivalently displaying both binding
ligands for the selectedellular targets and Fenimicking ligands that can activate Fc
receptorsOur primary hypothesis is that the designe8NAbs could inducentibody
dependent cellular cytotoxicityADCC) or phagocytosis ADCP) of cellular targets
efficiently both in vitro and in vivo. A simple chenstry to fabricate Janus gold
nanoparticles ando modify these nanoparticles with peptide ligawdas designedo
generateSNAbs. Weevaluatedhe capabilityof SNAbsto target MDSCsas a model cell
typein bothex vivoassays anth vivotumor model sygtms. We showed th&NAbs can
selectivelyinduce the antibodgependenkilling of MDSCs in the mixture of various
types of cells and are also able to deplete MDSCs in a tumor model. The research
completed in this thesidemonstratedhat the SNAbs are a functional alternative to

monoclonal antibodies artebld great promise aspotentimmunotherapy for cancer.

XXi



CHAPTER 1 OVERVIEW, HYPOTHESIS AND SPECIFIC AIMS

1.1 Overview

Malignant cells utilize several mechanisms to evade the immune system, including
requiting/promoting regulatory cells (e.g. myeloid derived suppressor cells (MDSCSs)),
up-regulating inhibitory surface ligandsgleasingsuppressive cytokines or enzymes to
repress the activity of immune effector cells (e.g., cytotoxic T cedls)lonoclonal
antibodies (mAbs) comprised of Fab domain for targetispedfic antigensand Fc
fragment for immune activatiomave shown great promise in treatment of cancer in the
past decad@é. A handful of available mAbs (e.gtezolizumabYake advantages of the
antibodydependent immune responses to eliminate the suppressisfproeéins and
restore antcancer immunity'® On the other hand, some ngalant cells express their
own cancefassociated antigens (e.g.efd, CD20). Antibodies (e.g.,trastuzumab,
rituximab), which are able to bind these antigens, can kill tumor targets by eliciting
antibodydependent cellular cytotoxicity/phagocytosis (ADBDCP) ! However, the
application of monoclonal antibodies as therapeutics is greatly limited by its high
production cost? as well as high dosage required to generate significant therapeutic
effect due to limited tisue penetratioff** Furthermore monoclonal antibodies targeting
some important immunological targets, such as MDS€gulatory T cells, are still

waiting to be developed.

Small molecule ligands, such peptides and aptambese emerged agotent
biotherapatics for diagnosis,drug or gene deliversand disease treatmefit® Various

screening techniques, sudks phage display biopanning, exist to accelerate the



identification of effective small molecule ligands for specific biomedical applications.
14151 hese ligands were widely applied on particulate syst®o facilitate the targeted
delivery of drugs or induction of therapeutic respori&é8 The particulate systems, on

the other hand, arfacile presentation platform and carriers for the ligands and drug, and
also prowde unique, easy tailorable physical and chemical properties to modulate the
therapeutic effects’ 22 We believe that synthetic nanoparticle antibodies (SNAbs), which
are Janus nanoparticles multivalently displaying both binding ligands fosetlketed
targets and Fenimicking ligands can activate Fceceptormediated immune responses
andserve as functional alternative to conventional mAbs. By combining the advantages
of peptides and nanoparticles, SNAbs could be a promising immunotherapgnicer

via depleting malignant or suppressive cells or proteins. As a flexibldoptat
technology, SNAbs may also have broad application potential in other biomedical areas

such agliseasaliagnosisdrug/genealelivery,imaging and analytical biotechlogy.
1.2Hypothesis

Our primary hypothesis is that the designe@NAbs could induce ADCC/ADCP of

cellular targets efficiently botim vitro andin vivo. The overall objective is to develop the
chemistry fabrication method of SNAbs as a platféechnology As a proof of concept,
a type of SNAbsvas designed ttarget MDSCs, as a model cell target, and depietse
MDSCs by activating antibodgependent immune responss vitro and in murine

tumor models



1.3 Specific Aim 1 To design and develop SNAbthat display both target-binding

ligands and Femimicking ligands

In this aim we develoged a novel fabrication approadio generatéSNAbs. We first
synthesizd Janus nanoparticles an adaptedolid-phase chemistrynethod* andthen
designed the chemistry tconjugate targebinding peptides s well as Femimicking

ligands?>2°

onto their surfaces to malfglly functional SNAbs The physical and surface
chemistryproperties and peptide modification of theS®Abs were characterizedand

validatedusing colorimetric, micrasopic and spetrometric methods.

1.4 Specific Aim 2 To demonstrateex vivq the specificity of cell targeting and

activation of immune responses by the SNAbs

In this aim, ve hypothesizé that the surface presentation of targetding ligands and
Fc-mimicking ligandson SNAbs enables them to bind specifically to target cells and
trigger antibodydependent respons@dDSCs were selected as the model cell targé.
validated our hypothesis foMDSC-SNAbs through evaluating thieinding capability,
targetingspecificity, andthe induction of ADCC/ADCP oMDSCshy effector cellsWe
also studiedhe major mechanism of action of MDSSINAbs and alsanvestigatedthe

function of Janus structure in thetivation of immune responses by MDSGIAbS.

1.5 Specific Aim 3: To evaluate the therapeutic potential of the MDSESNADS in

tumor models

The4T1 breast cancer murine model is an aggressive cancer model that recapitulated the

pathophysiological properties of human triple negative breast cHrf€eMDSCs



accumulated in the spleen, tumor, blood and lymph nodé® 4T Xtumorbearing mice
and promote the metastasis of the tumor céfisthis aim, we hypothesized that the
MDSC-SNAbs can deplete the MDS@s vivo and provide therapeutic benefit in the
murine tumor model. To evaluate the efficacy of SNAbs to elepMDSCs, we
administeredMDSC-SNAbsto 4T1-tumor bearing micevith different dosing frequency
and treatment duratioand analyzed the major organs for cell composition and immune
cell functions.We also studed the biodistribution ofSNAbs in vivo with inductively
coupkd plasmanass spectrometrgnd conductedsurvival studiesvith MDSC-SNADbs
alone or in combination with immureheckpoint inhibitorgo assess the potential of

MDSC-SNAbs as anmmunotherapyor cancer

1.6 Outline

This concludes the intradtion to the dissertation, which detailed the hypothesis, three
Specific Aims and the approaches we used to test the hypotheses in each Aim. A
summarization of the aims is provided below in Figure 1. Chapter 2 discusses the
background information regardjnthe monoclonal antibodies, small molecule ligands,
nanoparticles and the significance and innovation of SNAbs. Chapter 3 covers the first
Aim, specifically how the SNAbs @redeveloped and characterized. Chapter 4 illustrates
the capability of SNADbs toiktarget cells inex vivocellular assaysvith MDSCs as the
model systemChapter 5 demonstrates one application of SNAbs in the treatment of
cancer by evaluating the therapeutic efficacy of MEESTAbs in a murine tumor model.

Finally, conclusions and fure directions are presented in Chapter 6.



Aim 1: To design and develop synthetic nanoparticle antibodies(SNAbs)
that display both target-binding ligands and Fc-mimicking ligands

Aim 1a: Synthesis of Janus gold nanoparticles by solid phase chemistry
= Janus gold nanoparticle synthesis
* Characterization of Janus gold nanoparticles

Aim 1b: Generation of SNAbs by modification of ligands
* Conjugation of binding peptides and Fc-mimicking ligands
* Characterization of the chemical and physical properties of SNAbs

~_~

Aim 2: To demonstrate ex vivo, the specificity of cell targeting and
activation of immune responses by the SNAbs

Aim 2a: Characterization of binding and activation effect of SNAbs
* Test the binding of SNAbs on cells of interest
* Evaluation of the activation of effector cells by SNAbs

Aim 2b: Assessment of the effectiveness and specificity of ADCC/ADCP induced by SNAbs ex vivo
* ADCC/ADCP of MDSC by MDSC-SNADbs in effector-target co-culture assay
* ADCC/ADCP of MDSCs by MDSC-SNAbs in splenocyte suspension assay

<~

Aim 3: To evaluate the therapeutic potential of the SNAbs in tumor models

* Analysis of the biodistribution of MDSC-SNAbs
* Analysis of the depletion efficiency of MDSC by MDSC-SNAbs
= Analysis of the therapeutic potential of MDSC-SNAbs in survival studies

Figurel. The flow of Aims



CHAPTER 2 BACKGROUND AND SIGNI FICANCE

During the past decadespnoclonal antibodiebkave emerged as erof the most potent

and specifidrug typesSo far, over 80 monoclonal antibodies have been approved by the
US Food and Drug Administration (FDA) for treatment of diseases, such as cancer,
infectious diseases, autoimmune disord@tdowever, in fact, they are not the perfect
Amagic bull et so alenges and limitdtions i thedr prgducdoa and ¢ h
applications. In this Chapter, we will firsfliscussthe functions and problems with
monoclonal antibodiesfurther introduce existing artificial antibgd types and the
conceptual design of SNAbs. Finallyewvill discuss the significance and innovation of

our work
2.1Background
2.1.1Monoclonal Antibodies

Antibodies, also known as immunoglobulins (Igkre a family of proteins typically

secreted by plasma B cells upon exposure to pathogens. They aresedropowo heavy
chains and two |light chains of mthéengpadpt i de
the two branches, a tertiary structure of polypeptides establishes the complimentary
determining regions (CDRs) the Fab regionwhich recognize sific epitopes on the

antigen through molecular interaction. The stem of Y structure, also called Fc region,
possessethe sequence that can bind the Fc receptors on innate imaffieceor cells,

such as macrophages, natural killer (NK) cells and polyhwmclear leukocytes

(PMN), or interact with complement protein&s an important player in thenmune



defensesystem antibodies can neutralize toxins, pathogens (bacteria or virus) or sick
cells by attaching to the protein antigen epitopes with fégion to prevent infections,
clear cancerous cells or reject xenotransplanted orgBgsengaging the Fc receptors,
antibodies can also triggarcascade of signaling eveisthe effector cellswhich leads

to the cytdytic responsgphagocytosis of immuneomplexes, antibodgoated malignant
cells or opsonized pathogenSome antibodies are also capable of vating the
complemenidependent cytotoxicity, which kills target celr microorganismsby
damaging cell membrane. There are five major types otimgiobulins:IgA, IgD, IgE,

IgG, IgM, which are distinguished by their constant regions, congisf part of the Fab

and the entire Fc regionigA usually helps to defend against germs in the body fluid and
IgM is potent at inducing complement pathwastivation.IgE is important mediator of
allergic reactiorand the function of IgD is stilunder investigationAmong all the five
types of immunoglobulins, IgG is the most abundant type and the key contributor to
antibodydependent cellular cytotoxicitfADCC) and phagocytosisADCP), which are

the major way how antibodiabeled targets are destroyed or eliminafed
2.12 Mechanisms of actions omonoclonal antibody therapy workin cancer

Monoclonal antibois, i.e., antibodies produced bipnes of one parent cells or a cell
line and composed of identical protein moleculestreatmens for cancey have been
develped for over two decades and has provbdir efficacy in a number of
hematologicalmalignancies and solid tumors® Over the past 30 years, over 80
monoclonal antibod& have received market approval from US Food and Drug
Administration, among which around 30 were indicated for catic&enerally,

monoclonal antibody therapy for cancer can be divided intodategorie: (1) directly



eliminates the tumor cells by antibedgpendent immune responsé®) the other type
modulates the immune factors in tumor microenvironements. The success of the first type
of antibodybased therapies relies on the expression of tassociatd antigens
(TAAs), which are a group of proteins or molecules that are either selectively expressed,
mutated or overexpressed on the malignant cells compared to normal ¥ssoes.
example, rituximab, a chimeric IgGantibody for @20 on malignant B cells, has
achieved great clinical response rate in B-staind g k i n 6 s °f Ypampbindingans .
the CD20 overexpressed on neoplastic B cells, rituximab engages the activating Fc
receptors on immune cells and elicits ADCC to kill B cells. An increagberoverall
survival of patients with nehlo d g k i n 6 s a i$ gbsepvadoalfter treatment with
rituximab with low dosdimiting toxicity.3* Another successful story is trastuzumab,
which targets the @rexpressedntigen Her2 in aggrese breast cancer and a fraction

of ovary and stomach tum& Trastuzumahbinteracts with macrophages and triggers
phagocytic killing of Her?'9" cancer celld® Other similar examples include
Alemtuzumab for CIB2 inchronic lymphocytic leukenia and J591 for PSMA in proseat
carcinoma?® However, the majority of tumor/cancer types ot have a TAA thatis

suitable for mAEktargeting.

Instead of clearing the malignant cells, theecondtype of antibodybased therapy
depletes immunosuppressive factors or regulatory immune cells and thus restoring the
immune attack against cancer celr example, Ipilimumab blocks the cytotoxic T
lymphocyte-associated antigen(€TLA-4) on T cells, as a reswf which regulatory T
cel-mediated immunesuppression is impaired’° Clinical trials in patients with

melanoma or prostate cancer showed increase in the diversity of peripheral T cells after



treatment of IpilimumaB’ Another major roadblock to successful amtinor attack is the
interaction between programmed thebgand 1(PDL1) on tumor cells and programmed
death 1 receptqiPD1) on T cells, which leads to dysfunction of antigpecific T cells.

To interrupt this interaction, Atezolizumab (aRiDL1, Genetech) or nivolumab (anti
PD1, Merck), as two examplesere developed and used in clinic for a number of tumor
types. These antibodies achieved good clinical results, showing tolerable toxicity,
regression of tumors in patients and improved surdf/Blespite the encouraging results
from the abovementioned mAb therapies, there are obstacles in cancer treatmént t

have not been overcome by g\

One of those obstacles is myeloid derived suppressor cells (MDSCs), which are a
heterogeneous populations of cells consisting of myeloid progenitors, immature
macrophages, immature granulocytes, and immature®*»0pon the onset of tumor,
MDSCs accumulate in tumor, spleen and blood sewtete various cytokines (e.g-10,
TGFb), enzymes and reactive species to inhibit the proliferation/adictn of T effector

cells, andalso regulate the cytokine production of macrophages and impairs the function
of nature killer cell$®*! Similarly to MDSC, regulatory T cells are required for the
protection against autoimmune diseases, which suppresses the reactivitytofmantT
cells* It is widely acknowledgedthat inhibition of MDSC and regulatory Telis is
essential to improve the outcome ahtitumor therapied® Some mAlL (e.g.,
Ipilimumalb) can reduce the numbef MDSCs or regulatory T cells in the body; but,
because of lack of specific surface antigen,efi@ctive mAbs have been developed

specifically forhumanMDSCs and regulatory T cells.



2.1 .3 Limitations of monoclonal antibodies

Despite the success of a fawpes of mAbs, their production and application poses
several problems. The first is inherent in the process of their production. A typical
process to acquire a new type of mAb involves the immunizati@mimak (transgenic

or nontransgenic) with antgns, the isolation of antibogyroducing B cells, hybridoma
production, the selection of high binders by screening, cloning, mAb productian in
single cell line, purification and validation. Obviously, this is a long, complex process,
which usually lastanonths and requires large amount of labor and high production cost.
To avoid clearancend allergic reactiorof murine antibodiesand also to be able to
activate the antibodgiependent immunity in human, chimeric, humanized and human
antibodies must be pdoced by various antiboeingineering techniques, such as
complementarind et er mi ni ng region grafti¥addiagnd tr a
difficulty to the process. The advent of antibodycFv}phage display screening
technique solveparts ofthe problem by using human DNA in the librafyAt the same

time, this new method reducdsettime and amount of effort required by avoiding the
immunization and hybridoma production stébsHowever, the fragments selected
through phage display still need to be constructed into a complete antibody followed by
mADb production in cell lines. As for the production of mAbs after selection ming,
sophisticated eukaryotic machinery is requitedoroduce them in active form because
antibodies are large protein molecules containing numeroudidéddonds and post
translational modificationsuch as glycosylatiolf. As a result, considerable cell culture

work is neded. High expenditure also stems from the following intensive purification
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steps of mAbs from cell cultures and validation steps, all of which together maka mAb

very expensive drug.

In terms ofapplication, mAbdace several challenges in the followiagpects. First, as
discussed previously, for a lot of immunological targets and most cancer types, we can
hardly developa type of effective mAbs due to the lack of identified surface antigens. In
addition, pharmacokinetics properties of antibodies, warehdictated by their molecular
characteristics (e.g.,molecular size, shape, affinity and valency), givertbieonly an
advantage for treatingematologicamalignancies thanks to the long serum 4hiédf but

also a curse for solid tumors, which make 85% of human tumors, becausetbé
inefficient tissue penetration and poor retentioh**A third possible limitation lies in

its mechanism of function. The mAbs have
Fc receptors and therefonaustbe injected af high dosed achieve significant clinical

responses, contributing to the high cost of mAb ther&py.

2.14 Alternatives to monoclonal antibodies

To overcome the challenges facing by mAbs

functioral alternatives during the past few years. There are now limited types of artificial
antibodiesor antibodymimetics developed so far (e.g.,nanobodliabody, minibody,
affibody and peptibody), most of which are peptide/protein surrogates of part of or the
full structure of monoclonal antibodieanobodyis one of the most promising types of
artificial antibody, which is singletargetingdomain antibody retrieved from an immune
library of Camelida*® Their advantage lies in better tissue penetration than conventional

mAbs because of their small dimensional size (2.5nm in dianf€t€rNanobodieshave

11
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been successfully apetl in solid tumor treatment, targeted drug delivery and
bioimaging but they cannot trigger antibodigpendent immune responses because of
lack of Fc fragmentsTheir rapid renal clearance and high accumulation in kidasyg
impeded their advancement dfinical applicatiori’® Diabody (a dimer of singldomain
variable regions of both heavy chains and light chains) and minibody (siagiain
antibodies) have similar advantages and drawbacks as nanobody, except that they possess
the functional protein fragments to induce immune resporitibodies are a library of
engineered protein molecules that can be used as tools for molecular recodniti
similar to nanobodies, they do not have Fc fragm&ntsAnother option is peptibody,
which consists of two copies of synthetic peptide ligands for target binding, which are
covalently linked to the amino terminus of a retamant IgG Fc domain. They exhibit
potent biological activity and good targeting specificitypespite better pharmacokinetic
properties, they are still subject to renal excretion and face the same production and
application problems as mAb¥ Patrick McEhaneyet al. have developed a chemically
synthesized bivalent molecule functioning similar as afRISMA antibodies called
synthetic antibody,by utilizing a PSMAbinding peptide and a humdit receptor
gamma | binding peptiderhe binding peptidep33is (AQVNSCLLLPNLLGCGDDK

with CysCys cyclization referred to asp33in Ref. 29 utilized in this thesis as weff

The molecule they synthesizedas able to induce phagocytosis of PSMApressing
cancer cellsn vitro with U937 human monocytes, but its function in real tumor is still

not tested/et.
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2.15 Crosstalk between mouse and human antddies

In general, there are four types of monoclonal antibodiest commonly in use for
therapy i.e., murine, chimec, humanized, and human antibodi@he first type of
monoclonal antibody evaluated in the clinic was murine antibody. However,
administation of murine antibodies in human induces the development ofméiii
antibodies and the rapid clearance limited their efficAciherefore, it is necessary to

use chimeric, humanized and human antibodies, which all have human Fc regions, to
treat cancer patients. Mouse models of cancer are the most prevalently used, clinical
relevant ad economical animal model to evaluate the efficacy of a new type of
monoclonal antibodies before undertaking clinical trials in human. Therefoether a
antibod/ with human Fc regiongan activatean immune response inmouse are
intensively studied taliscover the best way tdesignthe most effectivanonoclonal

antibodybasedreatment strategy for diseases.

Human IgG has four isotypes, 1gG1, 1gG2, IgG3, and IgG4 and mouse IgG has IgG1,
IgG2a, 1gG2b, IgG2c and IgG3. Different isotypes have varigideitcity and affinity

for di fferent Fc gamma receptors (FcoRs)
different ways.>>°® In this thesis, we used a human Ig&imicking peptide in mouse
systems,and focused on the reactivity of human antibodies in murine modeligman

IgG1 is the most commonly used isotype used in antibody therapy of ¢etaerse they

are easier to produce atfte most potent inducer of ADCC/ADCP by human activating

Fc gammareceptor (F cRY, hF cRila, HF cRilc, hF cRilla, and i cR3lIb).>" Tests in

mouse models repeatedly rematthat humanligG1l are able to bind on all activating
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Fc o4, lll, IV) in mousewith modest affinityand induce ADCC/ADCP by mouse

NK cells, macrophages and sometimes polymorphonuclear leukocytes (PRIRRS).
2.16 Small molecule binding ligands

Proteinrprotein interaction, including the interaction between antibodies and antigens,
largely depends on the molecular forces deieed by a defined surface composed of a
group of spatially adjacent amino acids. In this sense, smaller peptides also have the
potential to mimic the binding structures in the original macromolecesriety of
peptide mimeticgalso called peptidominties) have been generated by structibased
procedures and exhibits similar biochemical and biological properties to its template
proteins>® ®* In addition to the peptidomimetics, peptifkeage disgly techniques enable

the identification of ligands thahave comparable affinity to the relevant antigens as
conventional mAbs’®? These peptidomimetics or ligands, usually produced by -solid

phase chemical syhesis, can functionally substitute the binding demmaind/or the Fc

regions in antibodies without the involvement of animal/cell work.

Aptamers are anothgrevalently usedlass of small molecule ligand&hich are short,
singlestranded DNA or RNA mdecules. They fold into various secondary structures
because of their propensity to form complementary base pairs, as a result of which they
form unique threalimensional structures and are able to bind to their specific cognate
targest® One well-known example is pegaptanib, which targets vascular endothelial
growth factor (VEGF)and already approved by FDA. Similar to peptides, aptamers are
usually selected through screening methods, such as SE&ys¥eihatic evolution of

ligands by exponential enrichmgnt

14



Both peptides and aptamers have the advantages of small physical size, flexible structure,
low immunogenicity, andeasier, cheapeand quicler chemical production®!’ Their

binding capability enables them to be used directly as antagonist or £j6hisiso,

owing to the targeting ability, they were used to guide drug or gene defff@Rf The

small physical size of them usuallgsults inmetabolic instability, so peptidgtamer
Fc/antibody complexes and partidenjugates were usually developed to extend the
serum haHflife.’>%>®" The small physical size also leatts higher attainable surface
density so multimerization or multelentpresentation of the peptides/aptamers on
carriers (e.g., particles) are possible and brings in advantages of higher avidity,

selectivity,and the augmentation of therapeutic effé&f§2°"°
2.1.7 Multivalency effect

Another aspect relevant to antibody and antigen interaction as well as antibody
dependent immune responses is the valency of interaction. Multivalent interaction is
required in most biological prosses, includingedl-cell recognition and the induction of
signaling transduction after recepland pairing. Specifically,the initiation of
antibodydependent phagocytosis activity by monocytes relies on the clustefing
multiple Fecreceptor molecukeon cell membrane by IgGs coated on the pathogens in the
immune complexe&: A number of previous studies also support the conclusion that a
multivalent display of antibodiestuling ligands on the surface of a partickrier or
construct increases the binding avidity of thenjogates as well as the biological
functions of the bound molecul®’?"3For example, multiple copies of RGD peptides
displayed on theurface of nanoparticles have decreased EC50 and IC50 on endothelial

adhesion by these nanoparticles as well denebed blood hallife compared to free
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peptides?® Similarly, Irina and her coworker showed that antibadyd nanopaicle
conjugates with different valeias have affinity of three magnitude higher than that of
the free antibody to its target vir{isLiposomes presenting tetrameric targetpeptides

also delivers more cytotoxic drugs tells than that with monomeric pefes® In
addition, multivalent binding with ligands allows the nanoparticles to distinguish the cell
targets with specific reptor density profile on the surface and results in higher targeting

specificity.®%"

2.18 Nanoparticles

Synthetic nanoparticles usually refers to p&tcwithin the size range of11000nm,
made with polymers, metal, lipid, peptides or other biological material through chemical
synthetic routes. In the past decades, they have been widely applied in the biomedical
field for drug or gene delivery, imagirgnd treatment of diseasddnlike monoclonal
antibodies, nanoparticles offer some specific physicochemical properties different from
large biomolecules, such as tunable size amthse chemistry. Téy also have a high
surfaceareato-volume ratio, which ndicates that they may carry a high density of
ligands and render high binding efficiency. In addition,-SQbm nanoparticles exhibit
improved tissue penetration and lymphatic traffickingf Because of thesadvantages,
nanoparticles have numerous applicasioin the biomedical field. Some successful
examples include the targetedidety of chemotherapeutic drugs to tumors by antibody
coated nanoparticl€$, neovasculature imaging by RGmodified nanoparticle§ and

the activatim of immune responses by adjuv@atrying nanopaicles.”®
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Among the many types of nanoparticles, gold nanopestibave the advantages of
chemical stability, biological inertness and ease of surface modification and tracking due
to their unique optical property. Therefore, itasfavored option to delop tools or
nanoparticlebased therapies for biomedical applicatifh® For example, the
conversion of radiation to heat due to plasmon resonance of gold nanopatrticles lead to the
hyperthermic damage of cancer cells, so gold nanoparticles arly apjgdied as radio
sensitizers in the cancer treatm&htOligonucleotidesconjugated gold nanoparticles
have been widely used in the diagnosis of diseases combining the DNA hybridization and
nanoparticlefacilitated fluorescence, chefuiminescence or radioactive detection
together®>®® Similarly, antibody or ligandsmodified gold nanoparticles can easily

deliver the drugs to the targeted cells owing to the endsisytd nanoparticle§8’:88

Janus particles aregaoup of particlesincluding polymeric, inorganic or hybridnicro-

or naneparticles, which has anisotropicsurface property, named after the tfmced
Roman Gold Janus. Typical fabrication nedk for Janus particles are phasgaration,
microfluidic and electrohydrohynamic jetting, immobilizatf&n° Janus particlesould
offer unique optical or catalytic properties owing to the combination of different
materials on the same patrticles, such as a red shift in theidJgdsorption ofgold
nanoparticlesafter turning mto a SiQ-Au Janus particlé® Some Janus nanoparticles
have the capability to se#fssembly into disishaped micelles or chalike structures,
presenting distinguished modulating ability for drug deliveng imaging? °** The most
promising use of Janus particles relies on thempability to simultaneoushand
incompatiblypresent two types of ligands or delivery two types of dargslifferent part

of the particle surfaceHowever, it was mostly utilized on the Janus micropartise=
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over 1000 nm) for example anttCD3 and protein coated Janus micropartickess
artificial antigenpresenting cellso activate T cells®®®" Few applications in this way

were reported using Janus nanoparticles. Despite it is hard to characterize the Janus
surface composition on a nasoale, Janus nanoparticlesnjugated with muktypes of

ligands or drugsstill hold great promise in biomedical applicatipr&ich as muki

functional drug delivery and therapeutic modulation
2.2 Overview

Here, we propose to develop a type of artificial antibody using metallic Janus
nanoparticle witHigand modifications, called synthetic nauasticleantibodieg SNAbS).

The modification includes two peptide ligands the opposite surface argame of
which has binding affinity towards specific surface proteins on the selected target cells,
and the ther mimic the biological function of Fc region of human IgG1 such that they
can bind to human and mouse Fc gamma receffocRs) and trigger the activation of

innateeffector cells (e.g.macrophages, NK cells, polymorphonuckaaraphiles)
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Figure2. The structural design of SNAbs.

The primary hypothesis is: the designed synthetic nanoparticlél@dies(SNADbs) with

the mentioned characteristics in Chapter 2 could induce antitbepigndent cellular
cytotoxicity (ADCC) and/or phagocytosis (ADCP) efficiently bathvitro andin vivo.

We plan to test this hypothesis by: 1) generating syntheticoaaticle antibodies that are
structurally similar to monoclonal antibodies but displays multiple biologically active
ligands on each part of the surface; 2) evaluating the ability of SNAbs to target cells of
interest specifically and to activake-recepto-mediated signaling pathways vitro in
comparison to mAbs; 3) assessing the degree of ADCC/ADCP induced by SNAbs. The
therapeutic potential of the designed SNAbs will also be validated iivo tumor
models.To fully demonstrate the functioof SNAbs,we propose to analyze its capability

for a murine cell target (myeloiderived suppressor cell (MDSC)), a cell type taffar

does not hava knownspecific antigen.
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Figure3. The hypothetical mechanism of action of SNAAs A typical tumor immune
microenvironment. B. A MDS@argeting SNAb recognizes MDSCs in the
microenvironment and engages with the Fc receptors on the effector cells, which
subsequently activates the immunepanses (e.g., ADCC and ADCP) and Kills the
MDSCs.

2.3 Significance

Thesignificance of the proposed worklies in the following aspects: 1) we aim to design
optimized synthetic procedure utilizing only peptides and nanoparticles to produce
SNAbs that requires lower production c@std shorter productiotime than conventional
mADbs; 2) we aim to develo@NAbs that can be a functional alternative for current
antibody therapy of cancer with great translational potential, becauseSN&g®s can

bind on specific antigen and trigger antibedgpendent cytotacity as what mAbs do; 3)

the SNAbs may have potential advantages over conventional mAbs in terms of
application: deeper tissue penetratitonger retention, wider target range thawhbs,

and an easily adaptable platform to generate new typ8slAbs byvarying the target
binding ligands In addition, our investigation will yield information as to whether
multivalent presentation of peptide ligands (both targeting anahiFgcking) onSNAbs

can lead to comparable, even stronger or different mechanidfo-mkdiated antigen
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specific immune responses in comparison with conventional mAbs, which could benefit

the development of negenerations of artificial antibodies.
2.4Innovation
There are several aspects that are innovative associated with our work:

1) New targeted treatment strategy for MDSCs:MDSCs are selected as the primary
cell target to develop the first type of SNAWSurrent options forabrogatingMDSC-
mediated suppression of attimor immune responses are primarily chemotherapeutics
and small rolecule inhibitors, which are indirect treatments with severe toxic side
effects. The only two monoclonal antibodies available (i.e.,-Griti antiTspan33)
either have unsatisfactorgnd toxic sideeffectsin the animalsor are not testecdr
applicablefor diseases modetsd humart® ' Here, we use a completely new targeting
strategy for MDSCs, a peptide, identified through phage display librapabiong, on

the SNAbs. The SNADbs offers an efficacious while specific depletiethodoption for

MDSCs to restore the immuwm®mpetent environment for cancer.

2) Novel design of an artificial antibody: All previous artificial antibodiesr antibody
mimetics utilize peptide/proteibased conjugates to mimic the structure of antibodies.
By contrast, this is the first time that nanoparticles are employed as the scaffold structure
of an artificial antibody. This may endow improved tissue penetration andioeten
property to theSNAbs in solid tumors and deep tissi&8>®® Moreover, metallic
particles show better biocompatibility thamany polymer particles that presents active
terminal chemichgroups and also allows imaging without dgading, which can

benefit the monitoring aftén vivotreatment of the design@NAbs°*®2 L astly, the use
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of nanoparticle also lends us the opportunity to conjugate multiple copies of various
ligands on the same construct. All in all, nanoparticle brings in new possibilities for

artificial antibody design.

3) Simpler and more flexible desgn of artificial antibodies: Peptides are utilized as

both antigen targeting and activation moieties for immune responses, which eliminates
the necessity for genetic engineering and cell culturing, making it a simpler artificial
antibody to manufacture. Alitionally, peptidesor aptamerghat have specific binding
affinity towards various targets can be easily identified throbgih throughput
screening techniques, e.g. phage display biopanning, and thus increased the application
potentialand target rangef SNADbs as an artificial antibody beyond conventional mAbs

in terms of cell depletion. By varying the binding peptides, we can easily deyBlaps

for new targets. Again, the multivalent display of ligandsSiAb helps increase the

binding avidity andselectivity ofthe small molecule ligand§’
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CHAPTER 3 AIM 1. TO DESIGN AND DEVELO P SYNTHETIC
NANOPARTICLE ANTIBOD IES (SNABS) THAT DISPLAY BOTH

TARGET -BINDING LIGANDS AND FC-MIMICKING LIGA NDS

A bacteriophage is a virus of bacteria, whose growth and proliferation relies on a
prokaryotic host. With transcriptional fusion with the phage genome, a foreign peptide or
protein can be expressed on the phage protein coat. Screening the phages librari
displaying polypeptides against a selected protein, cell type or tissue of interest is a
powerful technique, called the peptide phage digpbiopanning. Several rounds of
biopanning against the target (i.e., protein, cell, or tissue) usually leaks bartvest of
enriched specific binding phage clones, and by analyzing the genome sequence, we can
identify the candidates of targeting ligands with high affinitiecSome interesting
examples includeH2009.1 (RGDLATLRQL) that binds to the restrictively ergssed
integrin Ovb6 on the norsmall cell lung canceReptide P60 (RDFQSFRKMWPFFAM)

that can target and inhibit FoxpBegulatory T cells, and M2pep (YEQDPWGVKWWY)

that can target and induce apoptosis of tuagsociated macrophagéd?!%*As we can

see, phage display library biopamg enabls the identification of ligands for targets that

are understudied and lack of known exclusive surface antiggmsietimes, phage
display can even bdirectly appliedin vivo, such as in tumor modei8to hunt fa
ligands that bind to a particular type of malignancies in a physi@bgiavironment.

Cp33 is a peptide ligand, identified with a naie dic peptide phage display library
against humaf cRd.?® The soluble form oép33 competes with human IgG1 for binding

on F cRb, whereas hie dimerizedcp33 could trigger phagocytosis of bedlisr target
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cells® and superoxide burst by human monodike cells, U937.Cp33 has not been
tested for itdunction in a mouse immune environment, but the crosstalk between human
IgG1 antibodies and mousecRs has been well studied. It is reported that higG1sbind

to all four nF cRs and was the most potent among all the four types of human IgG1 in
inducing ADCC/ADCP with mouse NK cells, polymorphonuclear leukocytes and

macrophage®>*°

MDSCs are important regulators of the immune respgnsessisting of myeloid
progenitors, immature macrophages, immature granulocytes, and immatut® Dkesy

are characterized as mainly two subsets, granulocytic MDSCMOG6Cs) and
monocytic MDSCs (MMDSCs)? In  mouse, GVDSCs are identified
CD11bLy6G'Ly6C°", and MMDSCs areCD11B5Ly6G Ly6C""*°® |n human, MDSCs

are defined asCD115CD33'CD34" HLA-DR', with CD15 being GMDSCs and
CD14 being MMDSCs>"1% While it is still under fiercedebate which of the two
subsets contributemore to the mmunesuppression, the majority of the MDSCs in
inflammation and cancer are DSCs*! In generalMDSCsreduce the essential amino
acids (i.e., arginine and cysteine) for T cell proliferation and cytolytic activity. They
secrete inhibitory cytokines, such as interletkihand trasforming growth factebeta,

to dampen the antumor immune responsés:°>'%|n addition, MDSCs also secrete
reactive nitrogen and oxygen species, which affects the function of T cell receptors and
chemokines and thus influencing the T cell migration and inducing NK cell
apoptosis > MDSCs hae high expression of PID1 on thesurface, which leads to
reduced T cell mediated atimor cellular response via the interaction wRD1

receptor’* On the other hand, MDSCs help tormeovascularization and growth through
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the secretion of angiogenic factors, growth factors, matrix metalloproteinases and
cytokines, which also activates the Th2 response and regulatory T°dells word,

MDSCs plays a key role in the immuseppression of tumot:"**

A handful of studies support that the depletadinVIDSCscan significantly charg the
immune environment of tums, markedly improved the infiltration of T cells in tumor,
increased the activation of T cells and inhibited tumor growth:*> MDSC depletion
also helped improving the therapeutic effect of oihenunotherapies, such as adoptive

T cell transfet'® and immunecheckpoint inhibitiort*”**® However, the options for
removing the MDSC population from tumors are quite limited. There are a few
chemotherapeutic drugs (e.g. doxorubitfts-fluorouracit'® and small molecules (e.g.,
Silibinin,*** COX2 inhibitor?) that can reduce the myeloid cells circulating in the body
to some extenthut they are not specific for MDSCs and usually affect the healthy cells
and tissue as welln termsof monoclonal antibodiegyroupl protein Grl)-targeting
antibody or more specifically Ly6G antibo@dye the only options for mouse. However,
Grl antibodies are reported to elicit an effect only in young mice but not in aged mice,
fail to deplete MDSCs idiver and affect CD8 T cells®® Anti-Tspan33is recently
reported to recognize suppressive MDSi@sboth mouse and human, but yet been
validated sufficientlyfor ther therapeutic effect®® Tspan33 is also expressed on
activated ad malignant B cells, increasing tipessibility to randomly remove B cells
while targeting MDSCs using arfispan33 antibodies'® S100A8/A9 proteins are
calciumbinding proteins, predominantly expressed by myeloid cedispecially
MDSCs!'1?25100A9 protein inhibits the differentiation of precursor cells into mature

macrophages and dendritic cells and is essential to the recruitment of MDSCs into tumor.
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123 Further, he elevated S100A8/A9 expression suppart autocrine feedback loop that
promotes the accumulation of MDSCs in tumemuggesting the potential of S100A8/A9

as a useful marker for MDSE%1?%1241%Hong Qin etal. identified a new targeting
ligand, G3 peptide, for MDSCs isolated from various murine tumor reodith phage
display screening?® G3 peptide potentially targets the S100A8/A9 heterodimer highly
expressed on the MDSCs, which regulates the expansion and migration of MDSCs in
both mice and humari®*?**?"Therefore, G3 is likely to be goodalternative targeting

strategy for MDSCs.

Gold nanoparticles are widely used as nraredicine platforms due to their binertness,

facile synthesis method, unique optical properties and surface plag®onance peaks

that simplify the detection @nquantification. We selected 30nm gold nanoparticles as
our scaffold structure to leverage the capability ofS0bm nanoparticles for penetration

and retention in tumor. The 30nm gold nanoparticles haeptsividins coated all over

the surface to enable the chemistry for making Janus surface structures and conjugation
of ligands. Specific segmentof the Fc fragments are required to interact with the Fc
gamma receptors to elicit a response. Because iand to control orientation of Fc
fragments either alone or in the form of an antibody during conjugation, we chose to use
cp33to mimic thefunction of aFc fragment an@s ourbinding partner for Fc receptors.

As the size of the nanoparticle scaffold &wsmall (30nm in diameter), vage alsaable

to conjugate aigher number ofcp33 than Fc proteirffragments orthe nanoparticles,

leading toa higher valency.

In this aim, we propose to develo@NAb that imitate the structure of antibody by

conjugatingtargetbinding peptides and Fmimicking peptides on Janus nanoparticles.
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Our target cittype is myeloidderived suppressor cells, so we chose G3 as our targeting
ligands and cp33 was usedasthe Fc-mimicking ligands. To generate the SNAbge
adaped a solid-phase chemistry methods to product Janus gold nanoparticles@nd t
advantage of highly orthogonal chemical reactions to modify the surface of Janus gold
nanoparticles with the abovaentioned two types of peptide ligan@3 andcp33) that
processhe required biological functions. The physical and chemical properties of these

SNADbs werecharacterized using fluorescergased assays and imaging methods.

3.1Methods

3.1.1 Materials

Aminomethyl ChemMatrix resin (3300 mesh size, ~1mmol/g loading eajy,
Cat#.6857]), tris(2-carboxyethyl)phosphin€lf CEP, Cat#.646547 and C4706and biotin
(Cat#B4501-1G) werepurchased from Sigma Aldrich. The heterofunctional crosslinker
sulfo-NHS-S-S-biotin, was purchased from Therfigher Scientific (Cat#.21331,and
Apexbio Technology.Inc, Cat#.A80D5HABA (4'-hydroxyazobenzer2-carboxylic
acid) (Cat#.28010) and avidin (Cat.21121) were purchased from Theffimber
Scientific, The 30nm streptavidin functionalized gold nanoparticles were made by
Nanopartz.Inc and Nanohybridsinc. The 10mL reaction vessel was purchased from
Torvig.Inc (Cat#.SF1000. Human IgG1Fc functionalized with biotin was purchased
from AcrobiosystemgCat.#.1IGEH82E2. Peptide ligands were synthesized by Genemed
Synthesis (See Table 1N-ethylmaleimide (Ca#.23030) Alexa Fluor 647 C2
Maleimide (Cat#\20347, and SlideA-lyser dialysis cassettes (moleculaeightcut-

off: 2KDa, 3KDa, 10KDa) were purchased fronThermdisher Scientific. The 3nm
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biotin-gold nanoprobes were purchased from§cs. Inc. (Ca#.GNB3J. PBS buffer was
purchased from Hyclone GE Healthcat@orning Corporation and Sigma Aldrich or
made from monobasic and dibasic sodium phosphate from Sigma Aldrich (Cat.#.S9638
250G S97631KG). Whatman Puradisc polyethersulfoneisge filter (0.22em) was
purchased from GE Healthcare (Ca&a#8062502678031302. BD 10 mL syringes with

luer lock werepurchased from VWR (Cat.#.BD309658 -LeucineN-Fmoc (13C6, 97

99%; 15N, 9799%) for heavy, stable isotype labeled peptide synthesis was purchased

from Cambridge Isotope Laboratories, Massachuse&g,. U

3.1.2 Preparation of MDSGtargeting synthetic nanoparticle antibodies (MDSG

SNAbs)

3.1.2.1 Production of Janus streptavidinated gold nanopatrticles

To generate Janus gold nanoparticles, aminomet@ilemMatrix resins were
functionalized with biotin groups by reacting with bifunctional, thiolytic cleavable
crosslinkers, sulfdNHS-S-S-biotin in a reaction vesse$tep 1 in Figured). Firstly, 110

120 mg of resin was hydrated with 8Lnof pH6.95 1X PBS{.0067M PO4) in a 1énL
reaction vessel on the shaker shaking at 13®0 at room temperature for8hrs. The
resins were washed withrBL PBS for 7 times. After the resin was hydrated, t@pof
crosslinker sulfeNHS-S-S-biotin was dissolved 14nL of pH 6.95 1xPBS (0.0067M
PO4) and filtered with 0.2Zm syringe filters. Three and a half milliliter of the
crosslinker solution was added to each reaction vessel. The vessel was rotaté@ at 37
for 24 hrs, after which the vessel was washed with 5ml ®PBS for 12 times.

Subsequently, 40ell of streptadin-coated gold nanoparticlesSA-AuNP-SA)
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(Nanopartz. Inc or Nanohybrid Inc, USA) in 31 of 1xPBS were added to the reaction
vessels and reacted with the biefimctionalized resins for overnight at 3Z on rotator.
After reaction, the resins in thessels were washed with 3. i®BS with 0.01% Tween
20 twice and SnL PBS without tweet20 for anotler 4 times to remove the unbound and
nonspecifically bound SA-AuNP-SA (Step 2). Then, 2 mL of 0.05M tris(2
carboxyethyl)phosphine(TCEP) (pFH was added iot each reaction vessel. Air bubbles

were removed and the reaction vessels were rotated at room tempfenraRdrirs.

The resins were then washed again witml3 of 1xPBS for 7 times (Step 3All the

wash buffers containing the Janus gold nanopart{@&sAuNP-SH) were collected into

fresh 50mL tubes. The solutions of Janus gold nanoparticles were concentrated by
centrifugation at 4500y for 1 hr for three times. The pellets were collected and
supernatants were transferred into a new tube after ewsyifuagation. Finally, the
concentratedSA-AUNP-SH solution wasdialyzed against PBS in gammeradiated,
MWCO 10KDa slideA-lyzer to remove excessive TCEP for two daysl the solution

was then retrieved from the cassettes, filtered with ©.28yringefiltered then stored in

4 € until use. The above procedure gave the best yield. To shorten the protedure

day, some changes in the procedure are acceptable with a compromised vyield: the
reaction duration of each step can be reduced tos2the roinds of concentration
centrifugation can be reduced to one time or two times, or be done with ultracentrifuge at
higher speed (e.g., 10,009) for 1530 mins; instead of dialysis, the TCEP can be
removed from the solutions of concentrated JaBAsAUNP-SH with ultracentrifugal

filters units (e.g., Amicon Ultrd MWCO 100KDa) by centrifuging at 70Q for 5mins

for 4 times.
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Tablel. Peptide sequences and functions.

Name Sequence Functionality
G3-biotin WGWSLSHGYQVK-biotin MDSC Tageting
G3-SMcCc* WGWSLSHGYQVK-SMCC MDSC Targeting
Scrambled Gdiotin KSLWVQWSGGHYK-Biotin MDSC Targeting
Cp33biotin AQVNSCLLLPNLLGCGDDK-biotin, FcoR Binding
C6-C15 disulfide bond
Cp33SMCC* AQVNSCLLLPNLLGCGDDK-SMCC, FcoR Binding
C6-C15 disulfide bond
IrrelPepSMCC* AQTHFDTCSWMYCWDGWWK-

SMCC, C8C13 disulfide bond

Irrelevant peptide
control

IrrelPepbiotin

AQTHFDTCSWMYCWDGWWK:-biotin,

Irrelevantpepide

C8-C13 disulfide bond control
AHNP-biotin Biotin-YCDGFYACYMDV-NH2, C2C8 | Irrelevant peptide
disulfide bond control
scAHNRbiotin Biotin-AMFCYGVYDYCD-Amide, C4 | Irrelevant peptide
C11 disulfide bond control
IrrelG3-biotin SHSACGDAGWVRCGGGKbiotin, C5 | Irrelevant peptide
C13 disulfide bond control
¥c, *N-G3-Biotin WGWS(L)SHGYQVK-biotin MDSC Targeting,
Modification
guantification
3%C, ™N-Cp33SMCC | AQVNSCLL(L)PNLLGCGDDK-SMCC, | FoR Binding,
Modification

C6-C15 disulfide bond

guantification

*SMCC: succinimidyl 4(N-maleimidomethyl)cyclohexar&carboxylate

(L): Heavy, stable isotype labelédE UCINE (13C6, 9799%; 15N, 9799%)
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3.1.2.2Synthesigheckpoints foguality control

The hydrolysisor conjugaton of sulfeNHS releases NHS as a leaving group, which
absorbs strongly at 26280 nm. A sample of he crosslinker sation was measured for
absorbance at 26880 nm before and &r adding NaOH (10% by volume) to determine
the reactivity of the crosslinkeAnother sample (~109€ [ of crosslinker solution before
adding to vessels was saved in b tube and rotated at the same time as the reaction
vessels at 37C. The saved sample, solutions retrieved from the veafiels reaction

with the resirand thewashing buffeiof thelast wash from the vesseisere measured for
absorbance at 26m againto validate the completion of reaction and the removal of free
excessive crosslinkers in the vessels after reactiogeneral the crosslinker solution
retrieved from the vesselstarf the reaction should had higher absorbance than the saved
sample of unreacted crosslinker. The washing buffer of the last wash should have the

same absorbanceadingas the PBS solutiotioes
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Figure4. Synthesis procedurd danus streptavidinoated gold nanoparticléA-AuNP-
SH. Step 1: Functionalization of resin with sulHS-SSBiotin crosslinker; Step 2:
Binding of SA-AUNP-SA onto functionalized resins; Step 3; Cleavage of bo8Ad
AUNP-SA with TCEP and purificationf the cleaved Janu&A-AuNP-SH.

3.1.2.3Quantification ofthe SAAUNRSA SAAUNRSH particles

The 30nm gold nanoparticles have a Sp&ak around 528m-525nm. A standard curve
was generated with the absorbance of a series of concenkatom SA-AuNP-SA
solutions for every new batch 0BA-AuNP-SA received from Nanopartz.Inc or
Nanohybrids.IncWe also measurd the solutions of th&&A-AuNP-SA before adding to
vessels, the solution of unbound particles after washing, and the solutions oS2anus
AuNP-SH before and after dialysis. The calculations was done with the following

equations:
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whereC is the concentration of the gold nanoparticles (#/rkLis the slope generated
from the standard curyéssazszasyand Absoasosyare the measured absorbance values of

sample and PBS at 55B25nmrespectively.

where T is the total number of nanoparticles in the sample, V is the volume of the sample

in milliliter.

where R is the percentage of particles bound onto the resings the unbounchumber
of particles measured owtith the collected washing solution and i$ thetotal input

number of particles

whereY is the yield of JanuSA-AuNP-SH as percentages,cTis the total number of

particles cleaved fromhe resins.
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MDSC Targeting: G3
Streptavidin Surface

\
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cp33-SMCC =

G3-Biotin

.
v
Fc-mimicking: cp33 |

MDSC targeting ligands
G3-biotin: WGWSLSHGYQVK-biotin [1]

Fc-mimicking ligands:
cp33-SMCC: AQVNSCLLLPNLLGCGDDK-SMCCI2]

Figure 5. Surface modification of Jani&A-AuNP-SH with peptide ligands to generate
MDSC-SNAbs. Cp33SMCC was conjugated onto the thiol surface of the J&#s
AuUNP-SH through maleimidehiol specific reaction, whileG3-biotin was conjugated
onto the streptavidin surface of the nanoparticles through kstrptavidin interaction.

3.1.2.4urface modification of the gold nanoparticles withands

To modify the Janus nanoparticlexhlgG1l-Fc (InvitroGen hc, Carlbad, CA, USA), or
30000molar excess of G3, scrambled G 33, and/or IrrelPep ligands (Genemed
Synthesis Inc., San Antonio, TX, USA) with biotin or SMCC groups were conjugated
onto the streptavidin hemisphere or the thiol hemispherdneofntinoparticleshrough
streptavidinbiotin or thiotmaleimide reaction respectively at pH 7.4 in PBS with
0.001% Tweer20 with gentle rotating at room temperature for 4 hrs or 24 hrs at 4C.
Excessive ligands were washed out by centrifugation at ¢5f@® 50 mins. Modfied
particles were resuspended in PBS with 0.001% Tv2€eand stored in 4€C until use.

3.1.3 Verification of asymmetric surface chemistry of the Janus gold nanoparticles

To verify the existence of the free thiol groups on the Janugclpar an excessi/
amount of Aexafluor 647C2 maleimide dye (Thernficher Scientific, USA) was

reacted with Janus gold nanopartick& AuNP-SH or nonJanu$SA-AuNP-SA for two
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hours at room temperature. The unreacted dye was removed by dialysis against PBS with
MWCO 60068000 tubing (Thermofisher Scientific, USA) for two days. The
fluorescence of the dyeonjugated nanoparticle solution was read on a SynergyHT
Biotek platereaderat EX'Em 635/680A standard curve made with the known dilutions

of Alexa-fluor 647-C2 maleimde dye was also read to enable calculations of the number

of dye molecules conjugated on the particles.

To evaluate the topology of each chemistry features on the Janus nanop&micles
AuNP-SH or nonJanus nanoparticles, we tagged available Huniting pockets of the
streptavidins with 3nm biotingold nanoprobes and then obtained the transmission
electron microscopy (TEM) imagedMore specifically, we incubated the Janus or
nonJanus nanoparticles with a 25@0lar excess of biotin gold nanoprobes atmoo
temperature for 2 hours. The suspensions were then centrifuged a #5080 mins to
remove unbound biotigold nanoprobes. The TEM samples were prepared by dropping
¢ Lof the nanoparticle suspension onto 208sh formvar carbenoated copper grids
and dried overnight in air. The TEM images were acquired using Hitachi HT7700 TEM

operated at 40RV.
3.1.4Quantification of peptide modification level on the nanoparticés

G3-biotin and cp33SMCC with heavy stable isotopdabeled amino acids were
synthesized by Genemed Synthesis ($ze Table 1) using-LeucineN-Fmoc (13C, 97
99%; 15N, 9799%). G3-AuNP-cp33 SNAb were produced with the normal light peptides,
i.e., G3-biotin andcp33-biotin. The SNAbs were concentrated in P&Sa concentration

of 1e12/mLand added in theeavy isotopdabeled peptides, i.e"*C, *°N-G3-biotin and
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3¢, 1°N-cp33-SMCC. The final concentration of heavy isotojadeled peptides added in
the SNAb samples were around 503 nM, Control samples were prepared with same

concentration of SAAUNP-SA, or mixture of light and heavy isotofEbeled peptides.

To determine the amount of peptdmodified to nanoparticée an isotope dilution assay
was perfomed.?® To remove disulfidébonds in the peptides of intereshe samples
were reduced with 5 mM dithiothreitol for 20 reiat 55 €, and then alkylated with 15
mM iodoacetamide for 15 msmat room temperature. The samples were theided in
halvesand two enzymes,Thermolysin or AsgN (Promega, Sequencing Grade)ere
added for the proteolytic cleavage olieavy or light G3 and cp33 respectively.
Following desalting, the samples were analyzed by-M$&MS as previously
described?® with the following modification:Initially, the sample was run in a data
dependent manner to select the proper settings for parallel reaction monitoring ¢PRM)
the peptides of ierest. Next, PRM analysis was preformed and analyzed using
Skyline®° The ratio of the light to known amounf heavyisotopelabeledpeptide was
used to determine the amount of peptisgeodifiedonto the nanoparticles in the SNAb
samplesThi s wor k was supported by Georgia |ns
Institute for Bioengineering and Biosciendacluding the Systems Mass Spectrometry

Core Facility.
3.15 Characterization of ligand-modified gold nanopatrticles

Sizes of the MDSE&NAbs and other liganthodified Janus or nonJanus gold
nanoparticles were measured using ZetasNano (Malvern, USA) antransmission

electron microscopic imaging. The amount of ligands modified onto the surfaces of the
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Janus or nonJanus gold nanoparticles were determined using fluortgdged ligands.
Specifically, 16molar excess of NH®lexa Fluor-680 (AF680) dyes werszacted onto
the Nterminus of G3biotin or cp33SMCC ligands. Unreacted dye molecules were
removed by dialysis in MWCO 2000 slidelyzer cassettes (Thermofisher Scientific,
USA). A standard curve made with the known dilutionsA6680 dye was read togetr
with the fluorophoreconjugated Gaiotin andcp33-SMCC to quantify the concentration
of the peptide solutiong.he AF680tagged Gabiotin andcp33-SMCC were than reacted
with Janus nanoparticleSA-AUNP-SHs or nonJanusSA-AuNP-SAs. The unbound
peptides were again removed by dialysis against PBS in MWCO @b tubing for
two days. Fluorescence of the nanoparticle suspension was read by SynergyHT Biotek
platereader at Ex/En 635/680nm.The values were used to calculate the number of

peptides modifie@nto the nanopatrticles.

3.2Results

3.2.1 Validation of the synthesis procedure

We utilized absorbance or fluorescence assays to verify the success of each step of the
solidphase chemistryFirst, the presentation of amine groups on the aminomethyl
ChemMatrix resinwas visualizedby reacting NHSAlex Fluor 647 dye in agueous
solution, which resulted in blue color and fluorescence emission at aroundn®@®

plate reader. After the crosslinkiemctionalization step(step 1) we quantified the
reaction eficiency by eitherabsorbance of NHS leaving grouyhen the input ratio
between amine group on resin and NHS ester on crossighesund 2.3, almost 100%

of the crosslinker will be functionalized onto the resin. To determine the binding

37



efficiency of streptavidiacoated gold nanoparticles(SA-AUNP-SA) on the biotia
functionalized resin aftethe 2" step (Figures), we compare the amount o5A-AuNP-

SA added into the reaction vessel and the amount remained in the liquid phase after
reaction by measurg absorbance of solutions around the surface plasmon resonance
(SPR) peak (52 nm525 nm) of the SA-AuUNP-SA. Usually, when the ratio between
bound biotin on the resin and total number of streptavidin on the 8f4#AUNP-SA is

around 181, 5090% of the input gold nanoparticles will be bound onto the
functionalized resingFigure6). Percentagecrease when the number of streptavidin on

the surface 0BA-AUNP-SA increases.

Percentage of SA-AuUNP-SA bound on resin
100+

80— ==
60

40+

20 iﬂ

Percentage (%)

Figure 6. Streptavidircoated gold nanoparticles balrio crosslinkeifunctionalized
resins. Crosslinkerfunctionalized resins bound drastically higher amount of gold
nanoparticles A-AUNP-SA) as compared to resins not functionalized. The results
shown in the graph &re from a synthesis done with Apexbimtch 14 crosslinkeand
Nanohybrid Batch 10 particles (96 SA/NP)
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Later, the amount of Janus nanopartic®8-AuNP-SH) released by TCEP cleavage of
disulfide bondsvasalso measured by absorbar{€ggure 7) Twenty to fifty percent of

the bound gold naparticles, again depending on the number of streptavidin coated on
the gold nanoparticles, can be collectdde did these abovenentioned procedures

routinelyandwe are able to get reproducible synthesis outcomes.

Yield of Janus SA-AuNP-SH
20+

L3

Percentage (%)
> o
| |

0

0 | T |
Crosslinker + + -
TCEP + - +

Figure 7. TCEP cleaved the esulfide bonds and released the Ja@AAuNP-SH.
Addition of TCEP resulted in the cleavage ofsdifide bonds in the crosslinker and
released JanuSA-AuNP-SH. Without TCEP nangatrticles also fell off the solid resin to
some extent, huthey were not Janusnan@articles.Nanogrticles bound on the resin
through crosslinkers were less likely to disconnect from the resin without TCEP because
they were more tightly bond on the resin through covalent bdrds.results shown in

the graph wre from a synthesis done with Apexbio batch 14 crosslinkeNartbhybrid

Batch 10 particles (96A/NP).

3.2.2Validation of the thiol substitution and surface asymmetry

We reacted fluorescent dye Alex Fluor 682 maleimide with the Janus nanoparticles
(SA-AuNP-SH) to verify the existence of thiol groups. The increase in the fluorescence

signal at the emission peak of the dye comparing to the original streptavatiead gold
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nanoparticles 3A-AuNP-SA) indicated the successful thislibstitution of some athe

biotin-binding sites on the nanoparticles (Fig8ye

Alexa Fluor 647-Maleimide Labeling of Thiols Streptavidin
o 25
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Figure8. Free thiol groups present on the JaBAsAuUNP-SH. Compared to unmodified
SA-AUNP-SA, Janus gold nanoparticléA-AuNP-SH have higher fluorescencafter
reacton with Alexa Ruor 647 C2maleimide, indicating thahey have a higher number
of available reactive groups, i.eSH.

To illustrate the surface asymmetry, we performed TEM imaging with biutith probes
(3hm) to visualize the distribution of availabbiotin-binding sites on the Janus
nanoparticles. As shown Figure 9, biotin-gold probes are only associated with one part

of the surfaces, which implies the inaccessible of other part of the surface for biotins.
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Streptavidin
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Figure 9. Validation of surfaceasymmetrypy TEM imaging. TEM imaging with 3nm
biotin-gold probes showed tresymmetricsurface chemistry o$A-AuNP-SH. Biotin-

gold nanoprobes (3nm) were only able to bind to part of the surface on the Janus gold
nanoparticles (leftas illustrated with TEM imaging.

3.2.30ptimization of yield

First, we separately measured the absorbance of crosslinker and the number of unbound
SA-AuNP-SA and cleaved Janus particles collected in each washing step, and confirmed
that the elution of @th the crosslinker and the nanoparticles are a-dapendent
chromatography process. The crosslinkers were small molecule, sitidieslution and

first wash after crosslinker functionalization step took away the majority of the
crosslinkers Usually eight washes are good enough to remove all the unbound
crosslinker or NHS leaving groups, but we performed twelve washes to eliminate any
residuals in the solution to avoid unwanted modification on SAeAUNP-SA. SA-
AUNP-SA and JanuSA-AuNP-SH are relatvely large molecules. The irat elution and

the following two to three washes all contained a lot of gold nanoparticles. We usually
performed more than five washes to collect all the free and loose nanoparticles. By
conducting stringent washing, we guatesl that we collected all of thelanus

nanoparticles and the yield measurement was based on this strict criterion.
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After Step 2 Binding of SA-AuNP-SA

CE L -
=

25 53 98 128 SA/NP

Figure 10. The density of streptavidin affected the binding S'%-AuNP-SA on the
functionalized resins Resincolor was darker after binding witBA-AuNP-SA coated
with higher density of streptavidin molecules, indicating higher numb8AeAuNP-SA
bound onto the resins.

Cleavage Percentage of SA-AuNP-SA with
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15—

—
T

Percentage (%)
(3]
|
-

0 T

I
RIS
9 9 9 9
DR .
Figure 11. The density of streptavidin affected the binding SA-AuNP-SA on the
functionalized resin.The overall yield of JanuSA-AuNP-SH increased as the density of

streptavidin on theSA-AuNP-SA increased, but stabilideafter it reached a certain
density (~98 SA/NP).

As a way to increase the yield of the sollthpe chemistry method, we tested the impact
of varying streptavidin density on gold nanoparticles. Specifically, we used gold

nanoparticles that had 25, 53, 98, 128 streptavidin per particle in synthesis. The increase
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in the number of streptavidin molecal®en the particles improved the binding on the
resin by increasing the available sites of interaction and also led to a slight increase in the
overall yield of the Janus gold nanoparticles, given the amount of resin, crosslinker,
TCEP remained the same. él'ttheoretical maximum density of streptavidin on 30nm
gold nanoparticles calculated by the surface area is 144 per particle. However, as
illustrated by FigurelO and 11, it does 6change much after the density of streptavidin
reaches 98 per particle. S®e chose around 100 SA/NP as our working density to ensure
the highest yield as well as multivalency. To improve yield, we also tested the ratios of
resin: crosslinker, concentrations ®A\-AuNP-SA and TCEP concentration and pH. The
purity of ThermofisheScientific EZ-link Sulfo-NHS-S-S-Biotin is generally more stable

than that of the crosslinker from Apexbio Biotechnology. Usually, for eachnit020

mg of resin, 16.6mg of crosslinker from Thermofisher Scientific creates the same
densely biotirfunctioralized surface as that using @iy of Apexbio crosslinkers, which

is optimized for the binding with-80e11 gold nanoparticles, giving the highest yield
30%-40% On the other handior around 110 mg of resindelow 3elldL for the
binding stepwith a total of 3 ml. the higher the concentration of gold nanoparticles is,
the higher the binding percentage is. Over 3ell/ml, the improvement in the binding
percentage is not apparent. TCEP works in a wide pH range. Changibgftée pH

from 5 to 7 does not change the yield. At pHwe tried 0.009M, 0.05M, 0.5M TCEP
concentration in the last step of Janus nanoparticle production. As long as TCEP
concentration was equal to or higher than WDBCEP, we got the same yield. \&/nthe

concentration was 0.00d, we barelycollectedany Janus nanoparticles. So, we decided
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to use 0.09V pH 7 TCEP in the synthesis. Other reaction conditions (e.g. temperature,

volume, reaction duration) for each step were optimized in the same way.

3.2.4 Generation of SNAbs by modification with ligands

3.24.1 Conjugation of peptides

To verify the modification of th&A-AuNP-SH with peptides by the described methods

in (a), we labeled the binding ligands (biotinylated G3 peptides) as well-esc&jbr
binding peptidesgp33-SMCC) by Alex Fluor 68QAF680) and reacted the fluorescent
peptides withSA-AUNP-SHs as well aSA-AuNP-SAs. By comparing the fluorescence
normalized to the amount of nanoparticles, we are convinced th&AhRUNP-SHs

were sucessfully conjugated with G3 peptides via biesimeptavidin interaction and
with ¢p33-SMCC through thiecmaleimide reaction and transformed into the designed
MDSC-SNAbs. Basically, because the Janus nanoparticles have fewer biotin binding
sites tharSA-AUNP-SA, we observed lower fluorescence with-&B680. The presence

of thiol groups to react with maleimide resulted in higher fluorescence intensity of the
Janus SA-AuNP-SH and Janus G3uNP-SH after reaction withcp33-AF680, also
showing no interference tween the Gadiotin-streptavidin andcp33SMCGSH

reactiongFigurel?2).

The hydrodynamicsize and zeta potential of the unmodified and modified nanopatrticles
were monitored. The results showed a slight increase in size after peptide modijfication
part ofit possibly resulted from insignificant aggregation of the particles in the buffers

(see 3.2.4.3)Little change in zeta after synthesis and modifica(®®e Apendix C and
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Figure 13) which indicates that in terms o€llular uptakeandin vivo biodistrbution

the SNADBs and the parent&8A-AuNP-SAs may not be drasticalljifferent.

A. AF680-G3-Biotin Conjugation B AF680-cp 33-SMCC conjugation
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Figure 12. Quditative analysis of the modification of JanuUSA-AuNP-SH with
fluorescenttagged peptideslanus particleSA-AuNP-SH were only ableto conjugate
half of the fluorescent GBiotin on the particle as on the unmodifis&-AuNP-SA (A).
At the same time, Jan®A-AuNP-SH has higher fluorescerp33SMCC conjugated on
the surface becau§A-AuNP-SH has free thiol groups available for corgign (B).
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Figure 13. Hydrodynamic sizes of nanoparticles before and after peptide modification.

The hydrodynamic size of particles increased from 70nm to 100nm after modification of
Janus particles with peptidas measuredith dynamic light scattering.

3.2.42 Quantification of the modification level of peptides on the SNAbs

G3-biotin and cp33SMCC with heavy, stable isotojebeled amino acids were
synthesized by Genemed Synthesis..li§ee Table 1). The numbers of eaghe of
peptide modified onto the surface of the nanopatrticles were determined by measuring the
relative peak intensity of light peptides (®®tin, cp33-SMCC) conjugated on the Janus
SA-AUNP-SH to those ofthe heavy peptides®E, *°N-G3-biotin and °C, **N-cp33

SMCOQO of known concentration in mass spectrometdging this method, on average,

each SNAb has 163 G3biotin and 8.81 cp33MCC conjugated.
3.24.3 Stability of SNAbs

We observed particle formulations under optical microscope after synthesisetore
use forin vitro or in vivo study. The particle tends to aggregatier peptide modification

because of the increase in hydrophobicity. A study reported that arginine, serine and
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tryptophanrended peptides causes the aggregation of gold nantgmdicl3nm and 20
nm in aqueous solutions, which then influence the cellular uptake of these pdfticias.
peptide contains an -kerminal tryptophan and an inner tryptophan, ande@d we
noticed tlat nonrJanusSA-AuNP-SA particles staed precipitatingout of the solution,
aggregate into pellets and adéeto the wall of the tubes once we added-li&#in
peptides. JanuSA-AuNP-SH seemed to have lesstbis issue when modifying with G3
biotin probably because theyeactd with lower number of G3and alsohad localized
distribution of G3(See Figure9 and 12, reducing the hydrophobic interaction of
modified nangarticles In Aim 2, we needed to compare thevitro response to Janus
G3-AuNP-cp33paticles and nonJanus GRUNP-cp33 We tested makingonJanuss3-
AuNP-cp33 in different buffers (Dlwater, 0.9% NaCl solution, PBRPMI 1640
complete medium) at the same concentration of nanoparticEsA(INP-SA,
1.25e11/ml) and peptide concentratiblonJanus G3AuNP-cp33 made in DI water and
0.9% NaCl has aignificantincrease in the size of thengarticle as compared to the
size of unmodifiedSA-AUNP-SA owing to aggregation of the particl¢See Table 2).
RPMI 1640 complete mediurtcontaining 10% fetl bovine serum)seemed to have
prevented or reduced the modification with peptidies to the potential interaction of the
serum proteins with the particles, forming a corona on the surface of streptavidin
modified particles. On the other hand, nonJanBAGNP-cp33 made in PBS has
detectable increase in size, but are still consistemuality with the Janus GBuNP-
cp33that werenot or less aggregated. Our goal is to have cootret the influence of
aggregation on the cellular response in order $b @@r hypothesis with nonJanus and

Janus peptide modified nanoparticles, so PBSnisagpropriatesolvent to make the
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nonJanus gold nanoparticles. Later, we added 0.001% {2@&&m the PBS for the
reactions to reduce the ngpecificinteractionbetweenparticles and particles as well as
between particles and tubes. We saw significant improvement in the retention of particles

from the tubes after adding the twe2h

Table 2. Sizes of nanoparticles prepared in different buffé8&\-AuNP-SA from
Nanohybriddnc.).

G3-AuNP-cp33
0.9% RPMI | Unmodified
Intensity Peaks DI water NacCl PBS 1640 |SA-AuNP-SA
Ave. Size (nm) 184.9 150.2 | 96.42 | 63.96 62.45
ST.DEV (nm) 151.6 100.2 | 39.83 | 21.45 19.32
Peal
1 Percentage (%) 98.7 98.4 97.9 100 100
Ave.Size (nm) 5010 4609 | 4789 N/A N/A
ST.DEV (nm) 604.9 825.4 | 729.1 N/A N/A
Peal
2 | Percentage (%) 1.3 1.6 2.1 N/A N/A
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3.3 Discussion

In this chapter, we described the process to develop synthetic nanoparticle antibodies.
The first step is to prtuce Janus gold nanoparticles. Thethod we used wasdaped

from a previous publication by Pubudu Peirisaet . , NfAssembl-ghaimsf Li ne
from I ron Oxide Nanospheres with Asymmetr.
Onein 2011 In the paperthey described a method using solid phase chenisicyeate

an iron oxide nanopshere with two faces, one presenting amine groups and the other
presenting thiol group¥. It is one type of the immobilization methods widely used to
produce inorganic Janus nanoparticles, which meets our goal of generating Janus gold
nanoparticlesThe methodalsoexhibited ahigh degree of control over the uniformity of

the nanosphereBy stepby-step addition of particleshe same groumssembled linear
nanachainsand chemically linked drutpaded liposomes to delivery chemotherapeutics

to the tumor sites. The nanochdiposome conjugates could access the minebastatic

sites d tumor because of their unique biophysical properties and could release drug on

demand by radidrequency due to the utilization of iron oxide nanoparticig®* 243

Specifcally, Pubudu Peiris, el. used CLEARTM (crosslinked etkglate acrylate resin)
resins with amine groups andhomobifunctional cleavable crosslinker DTSSP
(dithiobis(sulfosuccinimidylpropionate), amine functionalized iron oxide nanoepher
and TCEP. In comparison, we use ChemMatrix aminomethyl resin, which has a simpler
structure, i.e., PEG network with amine egdoups. We useda heterofunctional
cleavable crosslinker sultNHS-S-S-biotin and streptavidin coated gold nanoparticles. In
this case, the crosslinker prefers to bind the aminomethyl resin througkiNsiocand

amine reaction, while reacts with the pdegthrough streptavidibiotin interaction. As
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a resultwe preventedhe quenching of homobifunctional DTSSP by amine grougben
resin or nanoparticles and thus increased the efficiency of synthetsiednOn the other
hand, sulfeNHS has the agntaye of water solubility, so weoulduse PBS as solvent to

avoid the need to change buffer mwnstreanbiologicalassays.

Gold nanoparticles are coated with streptavidin through $NH&PEGSH and thiol
gold bonds as r epor t dutt sgegification sheeminrcantraetc t ur er
iron oxide nanoparticles, gold nanoparticles cannot be detected by magnetic relaxivity,
but instead, the concentration of gold nanoparticles can be measured through surface
plasmon resonance. Atrtain wavelength blight, collective oscillation of electrons on

the gold surface after interaction with the photons results in the adsorption and scattering
of light, as reflected by the reduction in absorbance readimg. property is easier than
magnetic relgivity to measureas it is detectable by a common benchtopeptaader or
UV-VIS spectrophotometer, while the latter requires a special instrumentnagnetic
resonance imaging. The SPR peak of gold paritcles depends on the size and shape of
the particlesand does not change significantly upon surface modification. For gold
nanospheres of 2000nm, the SPR peaks are usually between 520nm to 57€suitjng

in the red color of thesolution. As mentioned in the method and results section, for the
30nm stre@vidin-coated gold nanoparticle, we use 825nm as thevavelengthegor

the measuremeiaind calculation

Pubudu Peiris, eal., tested the impact of particle diameter on the generation of Janus
nanospheres. The larger the particle, the smaller thealhanmnodified area (PMA) of
thiol-displaying face, with PMA being around 30% of 8@nmion oxide nanoparticles.

We assume the similar results of our streptavidin coated gold nanoparticles because our
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particles are also evenly modified with the reactiveups all over the surface and we
utilized the same reaction mechanism. Instead of particle diameter, we testéddhef
variance of streptavididensityon the yield of Janus nanoparticl&$ere is a limit in the
number of streptavidin(~5nm in dianeter) that can be conjugated on the gold
nanoparticles because of the sensitivity of quantification methedd by the
manufacturer (Nanopartz. Inc or Nanohybrids. In@nd the steric hindrance of
streptaividin denspacking. We chose to use 25, 53, 983 streptavidin per nanoparticle
(Nanohybrids. Inc)to compare the productionf the Janus gold nanoparticles and
determined the best working density98 SA/NP. Below 9&A/NP, the binding ofSA-
AuNP-SA on functionalized resin and the overall yield irasel as the SA/NP increade
Although biotinstreptavidin interaction is quite specific and has a low dissociation rate,
it is dynamic and nowovalent. Considering the large size of gold nanoparticles, a
minimal number of biotirstreptavidin interactiomhave to occur to form solid binding
between th& A-AuNP-SA and resin antb keep theSA-AuNP-SA on the resin. Hence, it

is reasonable to have better binding when the number of streptavidin available on the
nanoparticle for such interactions increases. Hewewhen the density of streptavidin
reaclesa certainlevel, no more streptavidin is needed for each particle to be bond onto
the resin, which is why we saw no changes in the binding and yield over 98 SA/NP. In
addition to the streptavidin densitthe ®lid phase chemistry was also optimized by
varying ratios between resandcrosslinkerand SA-AuNP-SA, the concentration dBA-

AuNP-SA and TCEP, andtherreaction conditions (i.e., temperature, duration, volume,

pH).
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Generally,each10 mL-reactionvessé gave us about.®-2.0e11 JanusSA-AuNP-SH.
After modification, we can concentrate the particles to as highOe&@11Yml, equal to
around 1nM.Usually, inin vitro antibodydependent cellular cytotoxicity assays, the

antibody concentratioiis in the ange of 0.001 to 1@g/mL"***%

corresponding to a
molar concentration range 6f0067%6.7 nM, so wewere ableto male it to the target
working concentration for antiboeyependent response. To doimrvitro assayChapter
4), we need around 50fL, and up to D-3.0ellof Janus nanoparticles. Considering the
loss of the modified particleduring purification we usually need to do a batch of four
reactionvesseldor anin vitro assay. In terms adnanimal studyprevious publications
report vaious different doses and frequencidsnAb administratiorfor different models
of tumor in mice. The most frequentlyads dose is 10@00 g, which is around 4:0
8.0xL0* molecules, much higher than what weukl achieve. Thereforewhen we
started thdirst in vivo study (Chapter 5e administered the amount 8NAbsto mice
as much as we could manage to fabricate withinweeks (hypotkesized shelfife of
SNADbs considering the instability of peptides &Ctin PBS)and tested their response.

The dosage we used in our study is @I7Efper mouse. For each vivo study, we need at

least @11 in which caseve need to do a batch ofr&ad¢ion vessels

To meet the demand of larger animal studies, we need to figure out the scaling up method
of the SNAb fabrication in the futuréds discussedthe current scaling up method is to

use multiple syringes to achieve the desired amount. Scalitigeyprocess includes two
aspects: one is to increase the yield of each round of syntimestier words, to increase

the efficiency of the method and reduce cdise other is to reduce the time aedfort

needed to produce tteame yield. For the firshspectwe 6 ve opti mi zed
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parameters (e.g. temperature, concentration, ratios between reagents, pH) for the resins,
crosslinker, particles and TCEP we currently,usat there isstill potential forfurther
optimization with the length (number foCH,-) of crosslinker, length of PEG linker
between the particle and streptavjdiwhich affects the reaction efficiencystep 1 and 2
The purity and quality of crosslinker also affects the yi€éldr the second aspeds
mentioned in the method semi (3.1.2.1), we can reduce the reaction and purification
time of each step to shorten the entire procedure from 7 days to 1 day. In additign,
larger reaction vessels with higher amount of reageatsd be a good optiorFor
example, we have triedd2nL reaction vessedith double amount of the reagents in the
same concentration. We did not see a significant improvement of theagigder unit
amount of input materialbut this could be a way tsignificantly decrease theetup
monetary cost, labocost andtime. Also, for a larger reaction vessel, the amount of
reagents and the ratio needs to be optimized again becausalithe changes lead to
concentration change and may affect the efficiency of reacti@ssly, other fabrication
methods, suchmicrofluidic device and electrohydrohynamic jetting, could be
considered® However, a change in fabrication methmdy require changes in material
of the particles and modification chemistry of the ligands as wéiich will be discussed

later in Chapter 6

Using fluorescentlyabeled peptides, we successfully validatedrtioalification of them

on the Janus nanoparticles. When it comes to quantification of the number of peptides on
the particle surface, we b6ve tr-bi@ndhonmiol or i me
acid (microBCA) assay, the fluoraldehyde-Phthaldialdefidde (OPA) assay, and

fluorescenceguantification of the AF647/68tagged peptides on the nanoparticles.
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Unfortunately, both the microBCA and the OPA have a detection lower limit of around
10¢e gnmL of protein or peptides. The corresponding concentration of SNAbs required for
the assay is around 3.0¥0per mL, far higher than what weuld achieve because of

both the yield of our method and alslke expensiveness of gold nanoparticles and
pepides Quantifying the level of modification using fluorescence of the-tdgged
peptides gave us an incredibly high number, in the range of thousands of peptides on each
particle. As the total number of available binding sites is only around 400 at meathb
particle, we deem this result not reliabt®ssibly because of the remaining residual of
unconjugated peptides in the solution aftesufficient purification or the loss and
aggregation of nanoparticles. One other method we attempted was ahalytica
ultracentrifugation, which can detect the changes of molecular weight of the particles by
measuring the sediment -efficient during centrifugation. By analytical
ultraentrifugation, we confirmed the available binding sites of the streptasodited

gold nanoparticles for biotinylated ligands are three per streptavidin on the particles.
However, to quantyf the number of peptides, we need more accurate detection method
other than interference optical measurement in the analytical centrifuge as well as a
thorough study of the partial exclusion volume of the particles in the sqlwiuoh was
unachievable at the momeahtie to inaccessibility to necessary equipmeBesides, the
poly-dispersity of the nanoparticles and large molecular weight of the go#l itself

made the measurement of the changes in molecular weight before and after modification
unreliable.Finally, we decided to pursue the method of AQUA (absolute quantification)
of peptides using mass spectrometry (MS). This method uses the spéakd in MS

spectrum dudo the heavy, stable isotope labels in the peptides to discern between the
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normal peptides used in the modification and the heavy peptides of known concentration
in the solution. The relative intensity of the two petMts us therelative concentration

of the normal and heavy peptides and thigdds the accurate level of modification of
peptides on the particle&fter calculation, each SNAb has around 11 copies of G3
peptides and 9 copies of cp33 on the nanoparticles. Congjdéne number of
streptavidin on SNAbs was on average 100 per nanoparticle and each streptavidin protein
molecule has 4 biotibinding sites, the copy numbers of G3 and cp33 were much lower
than the maximum capaci(#00) of ligands modification on the sptavidin. We think

the reason possibly lies in thether the reduction of reaction efficiency due to the
presence of tweeRBO detergent and Janus chemistry or thificulty of proteolytic
cleavage of peptides on the nanoparticles by the enzymes. Positnteols of
nanoparticles conjugated with known number of peptiesi to be tested confirm the

results of the AQUA method. Nevertheless, we could reach a safe conclusion that SNAbs
are more multivalent than the Jvialent antibodies and all of the ifidial antibodies or
antibody biomimetics discussed previously. This multivalent display of ligands could

lead to better functionality, which were tested and discussed in Chapter 4 and 5.

When the gold nanoparticles aggregates in the solution, ofterudsedaydrophobic
interaction between ligands on the surface or high salt concentration in solution, the
spectrum of absorbance will have red shift, changing the color of the solution to purple or
clear. Therefore, we also use the color and spectrum chémgel the stability of the
particle formulation. In general, both the unmodifi&é-AuNP-SAs andJanus gold
nanoparticlesollectedafter solid phase chemistry are pretty stable within two to three

months. Modified Janus gold nanoparticles, or SNADbs, lase stable because the
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hydrophobicity of the peptides and may require addition of detergent, e.g., 0.001%
tween20, to maintain thesuspension of particlesWe also noticed adhesioaf

nanogrticles on the tubes as discussethe 3.24.3 section of sthility of nanoparticles.

In summary in this chapter, wéave describechow we created a sofghase chemistry
based method to fabricate Janus streptaxadeted gold nanoparticles and modify them
with selected ligands to make MDS@rgeting SNADbs. In # next chapter, we will

further explore the biological function of the SNAbsvitro.
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CHAPTER 4 AIM 2. TO DEMONSTRATE EX VIVO, THE
SPECIFICITY OF CELL TARGETING AND ACTIVA TION OF

IMMUNE RESPONSES BY THE SNABS

Antibody therapies in cancer remove theg#drcells, such as tumor cells, by antibody
dependent innate immune response, primarily antiatghendent cellular cytotoxicity
(ADCC) and phagocytosis (ADCPJhe responses happen after the antibodies bind to the
target cells through the interaction beem antigerepitope and Fab region, and are
carried out by Fgamma receptemediated signaling in the effector immune cells, such
as natural killer (NK) cells, macrophages and granulocytggiered by the engagement
with the Fc region of the antibodit¥. After the bridge is formed, the cascade of events
starts withthe tyrosine phosphorylation on tharacellular motif of gamma chas, and
theninduces the release of cytokines, reactive oxygen species (ROS), proteases, perforin
and granzyme Bleading to the destruction of target céf$!*’ In ADCP, the Fgamma
receptormediated signaling in macrophages, which are both phagocytes and -antigen
presenting cells, also indupbagocytosi®f the opsonized cellsnd antigen presentation

of the killed cells to the adaptive immune effector cEfd>°

The major types of effector cells anatural killer cells at macrophaged\K cells in
both human andanouse expresactivatingFc gamma receptors on the surface and can
detect the cells opsonized by IgG1, 1gG2, IgG3, and IgG4, but at different affitdty.
cells are not phagocytic nor antigpresenting cells, so it is believed that the way they
kill target cells is mainly ADCCby cytotoxic granules, tumarecrosis factor alpha

(TNFU-family receptor signaling and proinflammatory cytokifi&sA number of the
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successfumonoclonal antibody drugs for cancer has been shown to work in-eeNIK
dependent way, such @mstuzumalfantiHer2), Cetuximab (antEtGFR) and Rituximab
(antiCD20)*® Macrophages are also important effector cells for antifsEpendent
responsesThey express all four types of fgamma receptord=(cRd, FcRIIB, F cRill,

F cR#V) in mouse and most of thectivatingand inhibitory recepts (F cRY, F cRIIA,

F cRIIB, F cRIIIA) in human!®’ Because macrophages are both phagocytes and antigen
preseting cells, they are likely to perform both ADCC and ADCP to kill antibody
labeled cell targets. Intereggiy, conflictingresults were reported different studiegor
which of NK cells and macrophages are dominant effector cells in antibody therapy. Take
rituximab as an example, despite previous data showingmid#liated clearance of
CD20" lymphoma cells inmmunedeficient mice** two papes publishedbefore 2010
showedthat in an immunecompetent murine model treated with ambuse CD20
monoclonal antibodigsmacrophages mediated the ADCC/ADCP of CDR@nphoma
cels, and no contributions from NK cells or cptement pathways were detectdd*

The relative importance of different cell types in antiba@pendent responses needs to
be discuss# case by case. For instance, NK cells are likely to be more efficient in blood
leukemia and macrophages works better in solid tumor bedaexgedn clear tumor cells
and processand present the antigens, leadingthe activation of adaptive immune
responses.*? More and more evidence appears to support that cells theatpress both
activatingand inhibitoryFc receptors, such as macrophages, and gramegconediate

the antibody responseasthe deficiency in theF cR3B increased the enhancement of
ADCC/ADCP 339 Neutrophils, mononuclear cells and granulocytes stimulatiga w

GM-CSF also showed enhanced ADCC capatityitro."** Because macrophages and
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monocytesexpress a variety dfc-gamma receptorand contributeto both ADCC and
ADCP pathways mediated by antibodies, we chose macrophage cell lines as the effector

cells of interest in our assays.

The most commonly used method to test the functionality afewly developed
monoclonal antibody is to do BCC/ADCP assgs in targeteffectorcell co-culture.

Such assays usually quantify the response through one or few of the following methods:
>1Cr (chromium) LDH (lactate dehydrogenasmlease from the priabeled target cells

after killed; staining of the apoptotic/metic target cells with propidium iodidéPl),

7AAD (7- aminoactinomycin D) or Annexin V; detectiability by CalceirAM or
MTT/MTS (3-(4,5dimethylthiazol2-yl)-2,5-diphenyl tetrazolium bromide/3-(4,5
dimethylthiazoi2-yl)-5-(3-carboxymethoxypheny-(4-sulfophenyl}2H-tetrazoliun).

°1Cr and other release assays are gradually being replaced by other assays due to the
difficulty of radioactive material handling and disposal and the poor reproduycitil
release assayfn recent years, new methods weleveloped for ADCC/ADCP assays,
such as using xCELLigence platform and flow cytometry. XCELLigencefopiat
enables measurement of réiahe proliferation or cell death in a ce@llture plate by
electrical impedance of the adherent target cells. Iniadlflow-cytometrybased assay,

the effector and target cells are usually labeled with differerardfphores. The
advantage of such assays is to be able to tell ADCC and ADCP HBparADCC activity

is evaluated by the number of dead cells stained RIitiiAAD or other deadatell labels

and ADCP activity is assessed by the fraction of depblgtive cellsIn most cass, the
effector cellsused in such assays are, in human, NK cell line92Kil, monocyte cell

lines (e.g. U937, THR) or peripheral bloodnononuclear cells @MC), andin mouse,
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mouse PBMCsbone marrow derived macrophages or RAW 264.7 cell fin€'*|n

this chapter, we tested our hypothesis giSRAW 264.7 cell line as our effector cells in
flow-cytometryb a s e d a s s ay developatd & vew tyme lokcgtotoxicity assay
using splenocytes to better recapitulate the responses happening in the physiological

environment.

The hypothesis for thisim is that the designeBNAbs can target the cell of interest
specifically, activate Fc gamma receptbrdqR)-mediated intracellular signaling cascade,
and trigger ADCC/ADCP of target cells by immune effector célsspectively, G3
enabled the specific cegnition of MDSCs while multivalentp33on SNAbs empowers
them to engage witlF cRs on RAW macrophageswhich results in dowstream
signaling and immune responses. Wéstedour hypothesis with optimized imagig
flow-cytometrybasedassays and also eparel the performance of ouBNAbs with

mMADs to assess their promise iorvivo applications.
4.1 Methods
4.1.1 Materials

EbioscienceRBC lysis buffer (Cat.# 00-433357), Normocin (Cat.#NC9390718,
RPMI 1640 medium (Cat.2240010% DMEM medium (Cat#.11995073) and Bovine
serum albumin(BSA, Cat.#23209 were purchased from Thermofisher Scientific.
Collagenase D was purchased from Sighhdrich (Cat.#11088882001)Characterized
fetal bovine serumHBS, Cat.#SH3007103) USDA FBS (Cat.#SH30910.03 and 1%
Penicillin-Streptavidin PS Cat.#SV3001Q were purchased from GE Healthcare.

Fixation buffer and Alexa Fluor 64-anttS100A9 antibodies (Cat365833 were
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purchased from BD BiosciencéCat.#554655. Cell strainer was purchased from
CellTreat.hc (Cat.#22948). QuanTIBlue (Cat. # repgbl) for Alkaline phosphatase
detectionand Zeocin Cat.#antzn-1) were purchased from InvivoGen.MACS LS
columns (Cat. #130:042-401), antibiotin beads (Cat.#30-105637) and myeloid
derived suppressor celéalation ki (MDSC-Kit, Cat.#.136094538 were purchased
from Miltenyi Biotechnology Purified antimouse CD16/32 (Clone 93, Cat.@1B02)for

Fc receptor blocking and biotin amtiouse Ly6g/Ly-6C (Grl, clone RBE8C5, Cat.
#.108403 for MDSC sorting wagurchased from Biolegendintibodies used for cell
marker staining includes affE4/80-FITC, antiCD11cPE, antiB220-FITC, antiCD8
FITC, antiCD4-PE, antiCD3-PE-Cy7, antiCD11bPECy7, antiLy6G-PerCRCy5.5,
antiLy6C-APC-Cy7, antiCD49bAPC, antiFoxP3APC and antCD25APC-Cy7, all
purchased from Biolegen@Please see Appendix CHluorophore (FITC, PE, PE/Cy7, or
APC)-conjugatedstreptavidin for detectg biotinlabeled cells were purchased from
Biolegend (Cat.#105207 4052@®, 405204 or ThermofisherScientific (Cat.#121223.
FACS buffer was prepared by adding 10 mL of FBS to 500 mL of PBS. MACS buffer
was prepared as PBS buffer (pH7.2) containing 0.5% B&avile serum albumin

(BSA)) and 2 mM EDTA.

4.1.2 Cells andanimals

4T1 breast cancer celink fromAmerican Type Culture CollectiorATCC, Manassas,
VA, USA). was cultured in RPMI 1640 medium with 108hkaracterized-BS and 1%
PS RAW 264.7 macrophages cell line from ATCC (TIB 71) was cultured in DMEM
medium with 10%dJSDA FBSand 1% PenicillinStreptavidin.RAW-Blue macrophages

from InvivoGen.Inc (Cat. #.raw-sp) was cultured in DMEM medium with 10%
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characterized FB&nd 1%PS Heatinactivated fetal bovine serum was made by heating

the normal FBS at 56€ for 30mins. All the cells were cultune®vC, under 5% CQ.

Mice werepurchased from Jackson Laboratofie use of animals was approved by The
Institutional Animal Care and Use Committee (IACUC) at Georgia Institute of

Technology (Atlanta, GA)
4.13 Splenocyte suspension preparatiofrom th e spleen of 4T1 tumoibearing mice

Five-to-twelve-weeks oldfemale Balb/c micewere inoculated subcutaneouslytiw4T1
breast cancer cell lin@®.5x10° in 50¢ Lof PBS, at the fourth mammary fat p&@h day

16 post tumor inoculation, mice were euthanized withh G& and cervical dislocation.
Spleens were collected addyested using collagenase Dp@/mL for 1530 mins. The
mixture was passed through a g&0rcell strainer with gentle grinding. The solution was
then centrifuged at 509 for 5mins, followed by red blood cdlRBC) lysis with RBC

lysis buffer for 510 mins at room temperature. The cell suspension was neutralized with
complete mediunand washed ith PBS by centrifugation at 50§ for 5mins. The cell
pellet was resuspended in the desired buffer (e.g. PBS, FACS buffer, MACS buffer) for

the following assays.
4.1.4MDSC isolation from splenocyte suspension

MDSCs were isolated using Mikenyi MDSC-Kit from splenocytes of the 47thmor
bearing mice Briefly, 100 million splenocytes was resuspended in 850o0f MACS
(magnetieactivated cell sorting) buffer (PBS, pH7.2, 0.5% BSA, 2mM EDTA), and then

incubated wh 50 ¢ Lof the Fcreceptor blocking reagenfrgm the kit or antiCD16/32
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antibodies) at 4C for 10mins. The cell mixture was subsequentiixed andincubated
with 100¢ LanttLy6G-Biotin in the MDSGCKit or biotin-antrGrl antibodiesor 10mins

at 4°C. Following a wash with-80 m_L of MACS bufferand 10 mis centrifugation at
3004, the cells were resuspended in 8 Qbuffer and incubated with 200 Lof antk
biotin microbeads$or 15mins at 4°C. The cell mixture was washed again witR2mL

of buffer and centrifuged at 3@Dpfor 10mins at 4C and then the pellet was resuspended
in 500¢ Lof MACS buffer.A MACS LS column was placed on a magnet separator and
washed with 3 mL of buffer and t®0¢ Lof cell suspension was passed tigb the LS
column followed by 38 mL of buffer to wash the columThe solution can be collected
or discarded depending on the desired application. Afiercolumn was removed from
the separator, 5 mL of buffer was added and using the plunger to flush the column. The
solution that passed through was collected in shftebe as the isolated Ly6®DSCs

or GrlI' MDSCs. If using antLy6G antibody for the above steps, another round of
isolationmay be performed on the collectég6G" cellswith biotin-antiGrl antibody to

get theGr1“™Ly6G cells.
4.15 Free peptide birding on cells
4.1.51 Free peptide binding on isolated MDSCs

Mouse MDSCswere isolated (see 44).and added into FACS tubes, 1 million cells per
tube. The cellsvere washed with PBS 1mL/tube by centrifugation at $0@r 5 mins
and then resuspended intonl of 0.001% streptavidi®BS solution and incubated at
room temperature for 30 mins to quench émelogenoubiotin in the cells. The cells

were then washed again with PBS 1mL/tube by centrifugation and incubated Withf 1 m
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0.001% biotinPBS solution taquench the streptavidin for 3@ins at room temperature.

After another wash, the cells were incubated with different biotinylated peptide solutions

(100e Min 100eL PBSfor 30 mins at room temperaturat least 3 technical replicates
for each type of pgatides The excessive peptide ligands were removed by wgshi
Subsequently, the ligandsbeled cells were stained with streptavi@ or streptavidin
APC at room temperature for 3ins After removing excessive staining reagents, the
cells were washeand resuspended in 2@0 of FACS buffer (PBS, 2% FBS) and

analyzed on BD LSRFortessa flow cytometer.

4.15.2 Free peptide binding on RA¥84.7 macrophage cell line

Similarly to the procedures of testingeptide binding on MDSCsRAW 264.7
macrophaged million/mL were added td~ACS tubes.Cp33biotin peptide solutions
were prepared at different concentratiore(21 20 M 100e M in PBS. The cells were
incubated with thecp33biotin solutions first and then stained with streptavillimC

conjugates and then analyzed on BD Ac€&6 flow cytometer.

4.1.53 Free peptide binding on splenocytes

The experiments were done in a similar
cells of the singlesplenocytes suspension prepared from the-#ifdor bearing mice

were added to eacRACS tubes.Following the incubation with different peptide

solutiors, the cells were then stained with antibodies for cell surface markers as well as

the fluorescent streptavidins for 30ins at room temperature. Following washing with

FACS buffer, the gaples were analyzed on a BD LSRFortessa flow cytometer.
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4.1.5.4 Colocalization of S100A9 and G3 peptides on MDSCs

Mouse MDSCs were isolated and added into FACS tubes, 1 million cells per tube. The

cells were washed with PBS 1mL/tube by centrifugation & &dor 5 mins and then
resuspended into 1 mL of 0.001% streptavi@BS solution and incubated at room
temperature for 30 mins to quench gr@ogenousiotin in the cells. The cells were then

washed again with PBS 1mL/tube by centrifugation and incubsitbdl mL of 0.001%

biotin-PBS solution to quench the streptavidin for 30 mins at room temperature. Half of

the samples were fixed with BD Cytofix buffer for 30 mins at room temperature. After

wash with PBS, both the fixed and unfixed cells were incubat#dG3-biotin solution

(200 & M) in 100 eL PBS for 30 mins at roo
fixed with BD Cytofix buffer for 30 mins at room temperature. The excessive peptide
ligands were removed by washing. Subsequently, the ligabaésdcells were stained

with streptavidirPE and Alexa Fluor 64@ntiS100A9 antibodies at room temperature

for 30 mins. After removing excessive staining reagents, the cells were washed and
resuspended i n 200 e L o f FACS buffer (P

LSRFortessa flow cytometer.

4.1 6 Photoacousticimaging of peptidemodified particles binding on cells

SNAbs were prepared as described in Chapter 1. Peptdédied nonJanus
nanoparticles were prepared by reacting biotinylated peptides with unmoalifiéie- SA
for overnight at 4£C in 0.002% Tweet20-PBS solution. All the particles were washed
twice with PBS and resuspendaith PBS. The isolated MDSCs were fixed with BD

cytofix buffer or without fixation but conditioned to 4 to minimize endocytosis b
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particles. Cells were then incubated with particles at a ratio at'%million cells (for
Janus NPs) or 2xI@/million cells (nonJanus NPsh 1mL of PBS for 1hr (for live cells)

or 4 hrs (fixed cells) at 4C. After incubation, cells were washed #tenes with PBS by
centrifugation at 50@ for 5mins and then fixed with Bytofix buffer. The cedNP
samples were resuspended intog20per 0.5 million cells in PBS and kept in the fridge

until use.

For photoacoustic microscopwe acknowledge KelseKubelick in Dr.rEme |l i anov 6 s
group for the acquisition and processing of photoacoustic imadesgélatin phantom
used was composed of a base lag@ntaining 8% gelatin and 0.2% silica. The solution
was heated to around 8G under stirring and after diglution of the gelatin, the solution
was degassed to remove bubbles, poured into a container and solidifi€ .aEdch
cel-NP samplewas mixed with an equal volume of hot 16% gelatin solutiwated and
degassedand solidified on theyelatin phantonin the fridge into doméike inclusions.

The container with the gelatin phantom and the inclusions was filled with degassed
ultrapure water and allowed to come to room temperaifthre.inclusions were imaged
with a photoacoustic imaging microscopee Vero LAZR (Fujifilm VisualSonics Inc,
Toronto, Canada)a combined US/PA imaging systemhree crossections of each
sample were randomly selecteéd ensure statistical power of the result$S/PA
(ultrasound/photoacoustic) images were acquired at a fratmef0.5 Hz withan GPO,
Qswitched Nd: YAG p umprec80970rag with a 408Hz US/BA3 2
linear array transducer (LA550). The data was exported aneppomstssed in MATLAB

(Natick, MA) based on previously described methdfs.
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4.17 Activation of NFaB signaling pathway by SNAbs

Twenty microliters of SNAbs and controbfmulations were seeded in-9&ll plates.

RAW-Bl ue cell s were resuspended in test med
and seeded at 100,000 cells/E8Qin each well. The plates were cultured37 € for 20

hours in incubator and then 50Lof the medium from each well was transferred to a new

plate for further quantification of the secreted embryonic alkaline phosphatase (SEAP)
inducible byN F & d&d ARL1 transcription factors from the actieat RAW-Blue cells

with QUANTI-Blue detection reagent#fter 0.56 hours of incubation in 37C, the

assay plates were read with a SynergyHT BioTek R&dder at 625m for absorbance.
4.1 8 Quantification of ADCC/ADCP of MDSCs triggered by SNAbs

RAW 264.7 macropages primed with 28g/mL of IFN2 overnightat 37€ were used

as effector cells and plated in a flat bottom 96 well plate at certain densities bettoeen 1
5x10° per well to achieve the desired effector and target ratio. In certain assays, to
guantify phagocytosis, the RAW 264.7 macrophages weaaest with CellTrace
reagents (Thermo Fisher Scientific) before seeding. MDSCs isolated from the spleen of
4T1 tumorbearing mice were labeled with a different color of CellTrace Reagents
(Thermo Fisher Scientific) and incubated with MDS®Abs (i.e., G3AuNP-cp33),
control particles (e.g., AUNBp33 SA-AuNP-SA), antibodies (e.g. anrGrl antibody),

or buffers respectively for 2tins at 37C. Following that, the mixture of MDSCs and
treatment formulations wemispensedat the required density per well.5-2x10%well).

The coculture system was incubated at@7#or 4 or24 hrs. Cells were harvested and
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stained with viability dyes (e.g. propidium iodjd&mbie UV fixable dye or Annexin V

and then analyzed by flow cytometry.
4.19 Splenocytekilling of MDSCs triggered by MDSG-SNAbs

RBC-lysed splenocyte suspensiomsseeded into 96 well plates at 1%L6ells/well in
200 ¢ Lof RPMI 1640 complete medium. MDSE&NADs (i.e.,G3AuNP-cp33), control
particles (e.g., AuNfp33 SA-AUNP-SA), antibodies (e.g. arGrl antibody isotype rat

| g G2,bor buffers in 50¢ Lsterile PBS was added into the corresponding wells
respectively. After 20rs of incubation at 3, cells were harvested for flow cytometry
analysis using BD LSRFortesd&ability of cellswasevaluatedwith Zombie UV fixable

kit, 7AAD or PI. Antibodies used for cell marker staining includes-&4ti80-FITC, antt
CD11cPE, antiB220-FITC, antiCD8FITC, antiCD4-PE, antiCD3-PECy7, ant:
CD11bPECy7, antiLy6G-PerCRCy5.5, antLy6C-APC-Cy7, aniCD49bAPC, anti

FoxP3APC and antCD25APC-Cy7.

4.110 Molecular dynamic (MD) simulation of G3 and G3*peptide interaction with

human S100A8/A%heterodimer

Zijian Zhang and Katie Kuo performed the computational simulation Dr . Gumbar
group in the shool of physics of Georgia Institute of Technology. On€®(&B/A9

protein (PDB ID code 1XK4*% was placed in a TIP3Rater box of dimensions 12020

x140 &> Sixteen copies of the biotinylated G3 peptide were distribimtéae unit cell

such that they were at least 10 A from SABM9. Na" and Cl” ions were added to
neutralize the system at a concemtt i on o f 150 mM, giving a

~200,000 atomsFive independent systems were constructed, each with a different
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arrangement and orientation of the G3 peptithdge copies of these systems were also
constructed with the G3* peptides reptar G3 peptidesAll systems were constructed

using Visual Moleclar Dynamics (VMD)*#°

The CHARMM36m force field was used for proteins in all simulatiShsbiotin

parameters were obtainedo CGenFE*® and used previoush® Temperature

(310 K = 33sAC® @ahdatpm)e were kept constant
(damping constantY = 1.0 psl) and an isotpic Langevin piston barostat
respectively®° The time step was set to 2 fs. Bonded interactions and-stmaye (12A

cutoff) monbonded interactions were calcuthteat every time step. LoAgnge
interactions were treated with the pelg-mesh Ewald (PME) method and were

updated every other time stefptotal of 10 equilibrium simulatios, five for G3 and five

for G3*, were run with NAMDO®? for 25 ns each.

We selected 200 frames at equal intervals from the last 20 ns of each equilibrium
simulation. Thus, a total of 1000 (2¢®) frames wez used to calculate the contact
probability for each type of peptide (G3 or G3A).contact was defined as a distance of
3.5 Aor less between heavy atoms. Finally, the number of contacts was divided by 16000

(16 peptides<200 frames<5 simulations}o obtain the contact probability.
4.111 Statistical Analysis

St ud e-tedt vas uded to perform statistical analysis between two groups. When
comparing more than two groups, normalization tests were performed first to test the
distribution of data in &h goup. Oneway analysis of variance (ANOVA) with Tukey

post hoc test was used for data with normal distribution angpbatametric methods with
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Dunndés post hoc test was wused for data t
Is < 0.05, the difrencebetween groups was considered significatt*(p<0.0001, ***
p<0.0002, ** p<0.0021, * p<0.0332n vitro experiments were conducted a minimum of

two iterations (n=3 or 6 for each sample) to ensure reproducibility.

4.2 Results

4.2.1 Free peptide bindiig on isolated MDSCs

In an experiment with live MDSC@-igure 15) G3 peptides were shown to have much
higher binding on both granulocytic and monocytic MDSCs thaB* peptide, a
scrambled peptide of G3. Comparably, monocytic MDSCs have higher mean
fluores@nce intensityMFI) than granulocytic MDSCs do, indicating a higke&pression
level of S100A8/A9 proties on the monocytic MDSC$n another experiment where we
used fixed and permeabilized MDSCs,*G8d much higher binding on a mixture of
granulocyticand monocytic MDEs than G3 indicating there could be some other
proteins in the cytoplasma of MDSCs thainds G3 (Figure 14). The above results
implied that G3 could be a potential targeting ligand MDSCs, too. On the other
hand,irrelevantcp33also binds to MDSCs as well due to the hydropharftieraction of
the tryptophan (W) in thepeptides and cell membrane, while all other peptidgs33
AHNP (a peptide targeting Her2 protein on human breast cancer cells), scrambled AHNP

(scAHNP) d o n t fixeddVID8Gk at all.
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Figure 14. The binding of fee peptides on fixed and permdaled MDSCs
Biotinylated peptides were incubated with fixed and permeabilized MDSCs isolated from
the spleen of 4T-tumor bearing mice afteandogenous biotin quenching. Cells were than
stained with SAPE and analyzed on a flow cytometer (n=3)

4.2.2Cp33 binding on RAW 264.7 macrophages

RAW 264.7 is a mouse macrophage cell line that expresses Fc gamma re€gpaars.
mimics the Fc region of auman IgG1 that binds to mouse Fc gamma receptors on
monocytes. In a free peptidending experimentgFigure 15), we saw doselependent
binding ofcp33 on Fc gamma receptors, i.&RAW 264.7 cells that were incubated with
higher concentration ofp33 had higher fluorescent intensity than those with lower
concentration (10& M20 ¢ M2 ¢ M. This shows the capacity afp33to bind on

macrophages.
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RAW 264.7 Macrophages

60000
unstained
% m  cp33+SA-FITC 100uM
40000 A 33+SA-FITC 20uM
_ a cp - u
% i v ¢cp33+SA-FITC 2uM
20000 + SA-FITC

Figure 15. Free cp33biotin binds on RAW 264.7 mouse macrophag€éslls were
incubaed with different concentrations of fregp33biotin. Following the removal of
unbound peptides, the peptibeund cells were labeled with SATC conjugates and
analyzed with flow cytometry.

4.2.3 Free peptide binding on splenocytes

As with singlecell peptide binding experiments, we tested the binding capability of
different peptides on splenocytes. This allows us to assess the specificity of binding of
the peptides of interesAs shown in Figure @ and 17, G3 and G3 have equivalent
binding capabilityon granulocytic while G3 peptide binds better to monocytic MDSCs

than G3.
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Peptide+ Population out of Granulocytic MDSCs

70
0 e  G3-biotin+SA-APC
2o = G3*-biotin+SA-APC
o cp33-biotin+SA-APC
404 [—
g AHNP-biotin+SA-APC
8 307 +  SCAHNP-biotin+SA-APC
g 2011 < Irrelcp33-biotin+SA-APC
109 i No peptide-biotin+SA-APC
T

\
U L EEaRE) L EEeEmE fL
102 .103 Jﬂ’-

Comp-APC-A

SA-APC ——>»

Figure16. The binding of free peptides on granulocytic MDSCsMBSCs) in a mixed
splenocyte suspensiod mixture of splenocytes from 4fLmor bearig mice vas
incubated with different peptide solutions after endogenous biotin quenching. Following
the removal of unbound peptides, the cells were stained with fluorescent antibodies
against a panel of surface markers and fluorescent streptavidin. Savepdeanalyzed

on a flow cytometerTop: the percentage of SAPC" G-MDSC:s, i.e., peptiddound G
MDSCs. Bottom: The representative histogram of the fluorescence -BID&Cs
incubated with the peptides or control solution. The top and the bottom graphseuse t
same color code for each type of treatment.
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Peptide+ Population out of Monocytic MDSCs

1207 o G3-biotin+SA-APC
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Figure 17. The binding of free peptides on monocytic MDSCs in a mixed splenocyte
suspension.A mixture of splenocytes from 4TLimor bearing mice asincubated with
different pepile solutions after endogenous biotin quenching. Following the removal of
unbound peptides, the cells were stained with fluorescent antibodies against a panel of
surface markers and fluorescent streptavidin. Samples were analyzed on a flow
cytometer.Top: the percentage of SAPC" M-MDSCs, i.e., peptiddound MMDSCs.
Bottom: The representative histogram of the fluorescence-6MIMCs incubated with

the peptides or control solutiomhe top and the bottom graphs use the same color code
for each type of trément.

As shown in the graph@-igure $-17), cp33 also binds to granulocytic and monocytic
MDSCs to some extent, illustrating the existence of Fc receptors on the MDSCs. On the

other handcp33 binds F4/80 macrophagesetterthan other peptides exceptelcp33
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and AHNRDbiotin, showing its selectivity towasd Fc recepteexpressing immune
effector cells (Figure B). Surprisingly, AHNRDbiotin also binds to macrophages,
indicating that there are some potential interaction between the At¢pftde and the
surface proteins (e.g.,epidermal growth factor receptors) on macropkégedso tested
the MDSC-binding capability of IrrelG3, a peptide used as a negatbemtrol for G3
peptide I n Hong Qi nds paper . However ,

grarulocytic MDSCs similarly as G3 peptides, despite less binding to monocytic MDSCs

(Figurel9).
Peptide+ Population out of F4/80+ Macrophages Median Fluorescence Intensity of F4/80+ Macrophages
100 500
®  G3-biotin+SA-APC 400
5 87 = G3*-biotin+SA-APC 300 4
o 60- cp33-biotin+SA-APC 200
§ 1 AHNP-biotin+SA-APC 100~
g 409 +  scAHNP-biotin+SA-APC 1w
& 20+ _:‘. ? A T Irrelcp33-biotin+SA-APC 50 ? 5
No peptide-biotin+SA-APC -~
O—T—T—T T T T 7 O-—T—T—T T T T 7

Figure 18. The binding of free peptides on F4/8Macrophages in a mixed splenocyte
suspension A mixture of splenocytes from 4TLimor bearing mice asincubated with
different peptide solutions after endogenous biotin quenching. Following the removal of
unbound peptides, the cells were stained with fluorescent antibodies against a panel of
surface markers and fluorescent streptavidiSamples were analyzed on a flow
cytometer. Left: the percentage of peptimund macrophages. Right: The median
fluorescence intensity of macrophages incubated with the peptides or control solution
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Peptide+ Population out of Granulocytic MDSCs Peptide+ Population out of Monocytic MDSCs
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Figure19. IrrelG3 peptiddbound to MDSCs in a mixed splenocyte suspengiomixture

of splenocytes from 4Flumor bearing mice as incubated with different peptide
solutions after endogenous biotin quenching. Following the removal of unbound peptides,
the cells were stained wittuorescent antibodies against a panel of surface markers and
fluorescent streptavidin. Samples were analyzed on a flow cytometer. Left: the

percentage of peptidgound GMDSCs. Right: the percentage of peptleund M-
MDSCs.

For other cell types, G3 drG3* seem to bind to CD11clendritic cells to some extent
(Figure D). This isexpectedgiven that dendritic cells express a good amount of S100
proteins on the surfadé" NK cells were reported to express ttezeptor of advanced
glycation end product (RAGE) for S100A8/A9 protetf$The binding data shows that
G3 binds much more than other peptides to TDB9L NK célls, which reflected the
presence of S100A8/A9 protein on the caéllsneof the peptides except Iropl33 bound

to B220 B cells(Figure D). G3 and AHNP peptides bind significantly more than other
peptides to CD3 T cells, especially COEDS8" T cells, indicating some potential
interaction between the peptides and the cellplateins (Figure 21). Unfortunately,
Irrelcp33 binds to every cell types strongly, implying that it is not adyoegative control
peptide for the experimentBased on the results, sSCAHNP peptide does not have binding
affinity towards any of the major Ltetypes in splenocytes and was selected as the

universal negative control peptide for later experiments
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Figure 20. The binding of free peptides on dendritic cells, natural killer cells and B cells

in a mixed splenocyte suspemsi A mixture of splenocytes from 4FLmor bearing

mice wasincubated with different peptide solutions after endogenous biotin quenching.
Following the removal of unbound peptides, the cells were stained with fluorescent
antibodies against a panel offace markers and fluorescent streptavidins. Samples were

analyzed on a flow cytometer.adian fluorescence intensitie§ DCs (A), NK cells (B),

B cells (C) after incubation with peptide or control solutgwashown on the graphs.

77
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Figure2l. The binding of free peptides on T cells in a mixed splenocyte suspesi
mixture of splenocytes from 4fumor bearing mice @s incubated with different
peptide solutions after endogenous biotin quenching. Following the removal afnghbo
peptides, the cells were stained with fluorescent antibodies against a panel of surface
markers and fluorescent streptavidins. Samples were analyzed on a flow cytometer.
Percentages gfeptidebound cells of CD3T cells (A), CD3 CD8' T cells (B), CD3

CD4" T cells (C) after incubation with peptide or control solut@me shown on the
graphs.
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4.2 4 Colocalization of G3 peptide with S100A9 protein on MDSCs

N
A. B. .
105 =
10° = |
10% = 10
h h
4 |=)
®» = &
L < b
o g £
O 5 i S e s
- Y b | :
w E| il
0 ] R
E v 3 :
10”7 = RrEE |
LU e - T
TS 10 10 10
RS 107 10 10°
Comn-PE-A
Comp-PE-A
G3 >
Ll
5.0k =5
Cua D
4.0k =
L 400 L 30k=
3 5 ]
Y S ]
2.0k =
200 = ]
10K =
L e 0
T s o T B e L
- =10 a 10° 10 10
Como-PE-A Comb-PE-A
G3 —>

Granulocytic MDSCs
Non MDSC CD11b+ cells
CD11b- cells

M| Monocytic MDSCs

Figure 22. The colocalization of S100A9 protein and G3 on MI3BSand nofMDSC
splenocytesRepresentative flow cytometry graphs show the colocalization of G3 and
S100A9 on MDSCs but not on ndDSC cells (A, B). Cells were stained with G3 and
antkS100A9eitherafter fixation and permeabilization (A, C) or beforeation (B,D).

To test whether the target protein of G3 peptide is still SI00A8/A9 protein on the
MDSCs isolated from 4Tbreast cancer tumor model, which is not verifiedttie
original study of G3° we performed staining with both G3 peptides and-8&fl0A9
antibody.Because of the lack of commercially available specific, fluorescentrantse

S100A8/A9 antibodies at the memt, we used an®100A9 antibodies to study the
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colocalization of G3 peptides with its hypothetical target S100A8/A9 proteins in this
experiment. Almost all MDSCs, both granulocytidCD11B5Ly6GLy6C*") and

monocytic MDSCECD116Ly6G Ly6C"") express SA0A9 protein.

As illustratel by this experiment(>3 peptide bound to 89.8% GMDSCs and 100% of
M-MDSCs. Out of these G3MDSCs,99.7®6 of G3 G-MDSCs and 97.%% of G3 M-
MDSCs were stained with affil00A9 antibody, showing both surface and intracalul
expression of S100A@Table 3) On the other hand, 83% of S100A9 G-MDSCs and
100% of S100AY M-MDSCs were bound with G3. These results suggested strong
correlation between G3 binding and S100A9 expression on MDSCse Wexe some
nonMDSC CD11B cdls bound with G3, but only22.83% of G3 cells among them
showed S100A9 positive staining, and 68.7% of S100A®lls were bound with G3
(Table 4) CD11b cellsdid not have G3 binding arfthd only 2.99% of S100ASells in

G3' subsets whil84.87% ofthe S100Ad subpopulation was G3which tells us that on

nonMDSC cells, G3 and S100A9 binding were notlacalized.

Table3. Colocalization of S100A9 and G3 on MDSCs

Granulotycis MDSCs| Monocytic MDSCs

G3+ percentage 89.83 100
S100A9+ percentage oul 99.77 97.83
S100A9+ percentage 99.77 97.83

G3+ percentage out of 89.83 100
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Table4. Colocalization of S100A9 protein and G3 on #dDSC cells

S100A9+ percentage of G3+ percentage out of
G3+ subset S100A9+ subset
CD11b+ 72.10 88.70
Non-MDSC CD11b+ 22.83 68.70
CD11b 2.99 84.87
All cells 59.30 88.93

4.2.5 Peptidemodified particles binding on target cells.

To test whether the peptideodified particles also have tlsrongbinding capacity on
the target cells, we performed pheatooustic imaging with isolated MDSCs and RAW
264.7 macrophage$he acoustic sighals quantified the density of cells in the inclusions
and photoacoustic signals showed the amount of particles on the A® shown in
Figure 23, SNAbs bound strongly to MDSCs isolated from 4T1 breast cdeaming
mice, much more than unmodifieBA-AuNP-SA. Not surprisingly, cp33modified
nonJanus particles (AuNép33) also bound very well to MDSCs, indicating the prese
of Fc receptors on MDSCEee Appendix A.2)In terms of RAW macrophages, G3
peptidemodified nonJanus particles bound better than G3* pepioiéified nonJanus
nanoparticles. This observation matched the result of free peptide bindMgMIDSCs.
The two types of Janus nanopatrticles, -G3NP-cp33 and G3AuNP-Irrelcp33 bound

equally well to RAW macrophages, indicating the presence of G3 affected the binding
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and eliminated the influence ogp33or Irrelcp33 (Figure 2). All in all, peptidemodified
nan@articles bind to both target cell, MDSCs, and effector cells, macrophages. The
limitation of this experiment was that the target cell population, MDSCs, had similar
characteristics as effector cells, macrophages, which are both myeloid lineagendells
express S100A8/A9 proteingeading to targeting effect of G3 to both types of celis. |
addition,at the momentwe d i dfmdauniversal negative binding ligands to prove the
specificity of the binding of G3or cp33modified nanoparticlesAs illustraed by the

free peptidebinding assay, sCAHNP might be a good candidate for negative controls.
Future photoacoustic imaging experiment with scAHN&dified particles isn needfor
investigating the specificity of the binding of G®dified andcp33-modified particles

on their respective target cell of interest.
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Figure 23. Peptide modified nanoparticles bound on MDSCs isolated fromtymar
model. A. Representative image of photoacoustic imaging. The top images show the
photaacoustic signals in the cell inclusions with SNAImonJanus AuNp33 SA-
AuNP-SA and no NPRtreated samples (from left to right). The bottom images show the
acoustic signals of the cell inclusions in the same order. B. The quantified amount of
SNAbs boundon each MDSC after normalizing the photoacoustic signals by the cell
density calculated with acoustic signals and lasergy.
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A. NonJanus Nanoparticle Binding on RAW 264.7 Macrophages
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B. Janus Nanoparticle Binding on RAW 264.7 Macrophages
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Figure 24. NonJanus and Jangpeptide modified nanoparticles bound on RAW 264.7
macrophagesThe nonJanus NP to cell ratio was 51,000:1 and the Janus NP to cell ratio
was 22,600:1.The quantified amount ohonJanus nanoparticles (A) and Janus
nanoparticles (B) including MDSGSNAbs (G3-AuNP-cp33) bound on each
macrophages were calculated by averagiggdignals from theandomlyselectedhree
crosssections from at least two technical replicaaéier normalizing the photoacoustic
signals by the cell density calculated with acoustic signals andelasagy.

4. 2.6 SNAbs activated NFaB inflammatory pa

High avidity ligation of receptorsassociated with immunoreceptor tyrosiesed
activation motif ITAM), such as Fc gamma receptors, leads to activatioNFaB

pathway in inflammatory cellse(g. macrophages}>***>We used RAWBIlue cells, a
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reporter cell line derived from RAW 264.7 macrophages, whierevetably transfected
with genes for a secreted embryonic &tk@phosphatase (SEAP) inducible W#aB and
AP-1 transcription factors. When these cells were treated with SNAbs {24 hés, we
observed significantly igher secretion of SEAP compared to those in commasticle
treated groups, indicating the capability of SNAbs for triggering the dictivaf NFeB
pathway (Figure 25). This effect potentially will lead to the tnegulation of
proinflammatory cytokine (e.g. interleukitb, IL-6) secretion and the activation of

innate immune responses.
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Figure25. NFeB pathway activation ilRAW-Blue macrophages by SNAbRRAW-Blue
macrophages were treated with equal amount of modified and unmodified gold
nanoparticles, PBS or endotoxiee water for 24 hrs. The supernatant was collected and
theN F a dtivation was measured with QuanTi Blue assay.

4.2.7 Toxicity of SNAbs on MDSCs in absence of effector cells

Before we test the function of SNAbs to induce killing of MDSCs with immune teffec

cells through antibodgependent immune responses,wanted to know whether SNAbs
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themselves are toxic to MDSCs. MDSCs were cultured with SNAbs and control
nanoparticles or buffer (PB39r 4 hrs and 24 hs and their viability was stained with

Zombie UV fixable viability kit and Annexin V.
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Figure 26. SNAbs by themselvekBave no toxicity on MDSCs.Isolated MDSCs were
treated with various types of Janus nanopartidiés. viability of MDSCs wasevaluated
with Zombie UV fixable kit and Annexin N\APC at 4 hrs and 24 hr$he left andright
columns show the percentage of apoptotic (Zombie Audexin V', left), necrotic
(Zombie UV'Annexin V, middle) and dead (Zombie UMnnexin V', right) cells at 4 hr
(top) and 24 hrgbottom) respectively.

None of the nanoparticles induced any mapeptosis or necrosis of MDSCs compdr
to theuntreated control groups (MDSC alone) (Figu&. Zherefore, SNAbs and other

peptidemodified nanoparticles do not have toxicity themselves for MD2E24 hr
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time point nanoparticle or PBStreated groupfiad lower apoptosis rate than untreated
group did, possibly becaugbe treatments were alh PBS and diluted the medium,

which may for some reason supported the survival of MDSCs.

4.2.8SNADbs induced ADCC/ADCP of MDSCs by macrophage vitro
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Figure27. SNAbs induced antibodgependent phagocytosis of MDSCs by macrophages
Macrophage and MDSCs were labeled with CellTracker Green and Celltrace Yellow
respectively and ceultured for 4hrs at a ratio of 20:1. The percentagesdotible
positive (left) and singlpositive (right)yMDSC cells were analyzed by flow cytometry.
Doublepositive cells are macrophages that phagocytosed MDSCs.

To test the capability of SNAbs in triggering specific killing of MDSCs, we cordlct
cytotoxicty assays with MDSCs and RAW 264.7 macrophagesudtoire in 96 well
plates.In such assays, MDSCs and RAW 264.7 macrophages were labeled with different
colors and cecultured for a certain period of time, after which their percentage and
viability were asessed. When the ratio of macrophages and MDSCs wereaddth 4

hr and 24 hr time pointwe observed significant increase in the percentage of double
fluorescence cells out of macrophages the SNADb treated groupindicating the

induction of phagocysis of MDSCs by macrophagékigure. 27). We also observed
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significant reduction in the percentage of MDSCs in the SNAD treated group, resulted
from the phagocytosis. However, the singtesitive MDSCs were not positive for
Zombie UV staining, which stasnfor the dead cells with permeable cell membrane, and
also didnot show higher Annexin V stai
illustrates that the MDSCs were primarily killed by phagocytosis but not specific lysis via
ADCCs. Surprisingly, sScCANP-AuUNP-cp33 Janus particles also elicited the same extent
of increase in doublpositive cell percentage and reduction in the MDSCs population,
indicating the G3 is not playing a key role in this response. Howeverpeyutide
modified Janus particles io-AUNP-NEM di dnot el icit such
nonJanusSA-AuNP-SA or PBS, showing the importance of peptide modificatiothe
killing of MDSCs by macrophages. In another experiment, we treated tbeltcoe of
MDSCs and macrophages with SNAbs atgb nonJanus AuNEp33particlesfor 24 hrs

and stained the cells with Pl for viabilitgf cells (Figure. 28). We observed less
significant but apparently specific lysis effect induced by the nonJanus -8pB88°
nanoparticles, again showing the criticaler of cp33 in the killing of MDSCs.The
capability of inducing specific lysis by naelanus AuNRcp33is probably owing to the
binding of AuNRcp33 on both MDSCs and macrophages dysésence of Fc receptors

(see Appendix A.2).
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Figure28. SNADs triggered specific lysis of MDSCs in a macrophsig@eSC coculture
assay.The MDSCs were labeled with Celltrace CFSE anawtured with macrophages

at 1:25 ratio for 16 hours. The specific lysis was quantified by staining cells with
propidium iodide after culture and analysis with flow cytometry.

4.2.9SNADbs reduced MDSCs in splenocytsuspension

Despite showing effective killing responseluced by SNAbsn an effectortarget ce
culture system, we have yet not enoughvpobthat SNAIs could kill target cells in a
physiological relevantcondition where multiple types of immune effector cells are
interacting with each other and various secretory factors are changing the immunological
environment. Therefore, we devised a splenocyteurexassayo test the capability of
SNAbs to reduce MDSC populations in a complex canelewvant environment. We
harvested spleens from 4Tdmor bearing mice on day 16 post tumor inoculation, when
massive accumulation of MDSCs alreamycurredin spleendue to the onset of tumor.

The spleens were processed into single cell suspension, which is composed of the
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following major cell types: CD1Thmyeloid cells (mainly, F4/80macrophages, CD11c
dendritic cells, Gricells, including granulogycitc and monaicyMDSCs), CD3 T cells
(CD4", CD§8"), B220 B cells, and CD49bNK cells. In such mixture, macrophage and
NK cells were preserdt a diseasalictated ratio to our target cells, MDSO$e mixture

of splenocyte wastreated with equal amount of various égpof nanoparticles or control
solution (e.g. PBS) for 204 hrs and then the percentage of various types of cells were
analyzed by flow cytometryln such assays, we also included positive nanoparticle
controls, which is Janus nanoparticles modified v@thfor targeting MDSCs and human
IgG1 Fc fragments for Foeceptor crosslinking. We usatlalysed, unmodified SA-
AUNP-SA as our negative particle control to exclude the effect generated by nanoparticle
treatment, and PBS as our buffer control as all theoparticles were formulated with

PBS.

First o all, we noticed that both Janus @B8NP-cp33 particles (G3SNAbs) and Janus
G3*-AuNP-cp33 particles (G3*SNADbs) triggered strong Kkilling of ®DSCs in the
splenocyte mixture compared to control particl&A-AuNP-SA) after 24hrs even
stronger than the positive Janus particle control, JanuduBB>-Fc (Figure 29). This
was illustrated by thempressivereduction of the percentage of granulocytic MDSCs and
the increasén the percentage ofedd granulocytic MDEs in these two groups. On the
contrary, the percentage of-MDSCs increased after treatment with-GRAbs and
G3*-SNAbsbecause of the drastic reduction 6MBSCs, but meanwhile the percentage
of dead MMDSCs also increased, indicating a killing effedlucedby the two types of
SNAbs on MMDSCs as wellThe results were consistent acrdsgeexperiments of the

same kind conductesix-months apartThe effect of SNAbs was impressive, considering
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that the ratio of macrophages to MDSCs was around 1:3hendatio of NK cells to

MDSCs was around 1:10 , much lower than that in the efféatget ceculture assay

(20:2).
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Figure 29. G3:SNAbs and G3*SNAbs triggered kilg of MDSCs in a splenocyte
suspensioff.he splenocyte suspeos was treated with equal amount of SNAbs and
control formulations for 24 hrs. The cells were stained with fluoresmatittodies for
cell markers and Zombie UV dye for viabilityhe top graphs show the percentages of
total GMDSCs(A) andthe percentagef dead cells out of @1DSCs (B). The bottom
graphs show the percentages of totaM®SCs (C) and the percentage of dead cells out
of M-MDSCs (D). Oneway ANOVA with Tukey testwas performed to analyze the
statistical difference among group$*¢ p<0.0001, *** p<0.0002, ** p<0.0021, *
p<0.0332.

In addition, we compared the performance of Janus nanoparticles and nonJanus
nanoparticles. The Janus nanoparticles wereS88bs or Janus GRAuUNP-Fc, while

nonJanus nanoparticles we8&-AuNP-SA particles modifed with G3biotin andcp33
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biotin or Fcbiotin. On the nonJanus G8UNP-cp33 the two peptides randomly
distribute all over the surface of the particles in 1:1 ratio. Interestingly, the nonJanus G3
AuNP-cp33and G3AUNP-Fcd i d n 0 tny lalling effacttof MBSCs, agllustratedby

the same percentages ofMBSCs and dead -®DSCs as thosef particle SA-AuUNP-

SA) and buffercontrol (PBS) treated groups (Figui@0). The results were consistent
across three experiments of the same kindicating that Jarsistructures are crucial to

the specific killing induced by SNAbs.
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Figure 30. Janus structure is essential for eliciting killing of MDSCs by SNAbs.
NonJanus double peptide (G3 apB3)-modified AuNPs failed to elicit any respse in
splenocyte suspension assaysre, we show the percentage 6cMBSCs (left) and the
percentage of dead cells out ofMBDSCs (right) asrepresentative result©neway
ANOVA with Tukey testwas performed to analyze the statistical difference among
groups ¢*** p<0.0001, *** p<0.0002, ** p<0.0021, * p<0.033R

In terms of specificity, after the SNAb treatment, the percentages of CPA/S86
macrophages, CD116D11c¢" dendritic cells (DCs)CD3" T cellsand B220 B cells
significantly increased becariof the decrease in the percentages of MDE&Emire 31).

Surprisingly, SNAbs alsceducedthe number of NK cells in the mixture of splenocytes,
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possibly due to the decrease in the S100A8/A9 factors secreted by MBaas the

lack of interleukin2, which is essntial growth factors for NK cells in culture.
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Figure 31. The specificity of SNAbBnduced Killing of target cells in single splenocyte
suspensionSNADbs increased the pertages of F4/80macrophage$A), CD11¢ DCs
(B), CD3' T cells(C), and B220 B cells(D), but decreased that of CD49WK cells (E).
The plots are representative of three repeated assays of the san@niemcay ANOVA

with Tukey testwas performed to ange the statistical difference among group&*(
p<0.0001, *** p<0.0002, ** p<0.0021, * p<0.0332

We also compared the efficacy of SNAbs with the most commonly used M&rg€ting
monoclonal antibody, antrl antibodies, clon®&B6-8C5, which were freqgntly used
in the depletion of MDSCs in murine tumor mod&f:®* We tested two concentrations
of the antiGrl antibodies: the lovdosegroup had a concentrationatched that of the
gold nanoparticlesthe highdosegroup usedne matchel the theoreticatoncentration

of each ligand modified on the SNAbs. We observed influence of th&ahtantibody
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on the stainingf antiLy6G-PerCP/Cy5.5 antibodiesh G-MDSCs and MMDSCs post
treatment in the splengtes (Figure. 32 left), so we could not directly calculate the
percentage of tse two types of cells in the airl treated groups. Instead, we
examined the percentages of the parent population, the CDiElls. Due to the
reduction in GMDSCs, the pemntage of CD1Ibcells also decreased after SNAb
treatnent. However, neither of the ai@irl treatment growgelicited any reduction in the
CD11b cells. AntiGrl highdosegroup didincreasethe percentage of déaG-MDSCs
and ckcrease that of dead-MDSCs implying different mechanism of action between
SNAbs and antGrl antibodies(Figure. 33) and that concentration of the antibodies
matters At the 24 hr in the splenocyte suspension assay, SNAbs weflg tikdave
inducedstrongADCP of MDSCs, while amGrl1 antibodiegunctioned primarily through
ADCC, which caused more specific lysis of MDSCs. Further, by presenting ligands
multivalently, SNAbs were more effective than a@til antibodies at the same dosage
(low dose). Lastly, SNAbs targeted both graeytic and monocytic MDSCs, while anti
Grl antibodies worked oanly granulocytic MDSCsand seemed to protect monocytic

MDSCs from dying
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Figure 32. Anti-Grl monoclonal antibodies trement didn't decrease the percentage of
CD11b+ cellsin the splenocyte suspensioihe splenocyte suspension was treated with
SNAbs andantibodies (antGrl, 1gG isotype)for 24 hrs. The cells were stained with
anttCD11bPE/Cy7, antiLy6G-PerCP/Cy5.5, aliy6C-APC/Cy7 for cell markers and
Zomhbe UV dye for viability. The left graph is a representative flow scattering plot of
antiGrl high dose group (red) and other samples (blue). The right is the calculated
percentage of CD11leells out of total cells in each group (n=6neway ANOVA with

Tukey testwas performed to analyze the statistical difference among gradps (
p<0.0001, *** p<0.0002, ** p<0.0021, * p<0.0332
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Figure 33. High concentration of anterl antibody increased the death ofMIDSCs
(left) but decreased that of MIDSCs (right). The splenocyte suspension was treated
with SNADbs and antibodies (ar@Erl, IgG isotype) for 24 hrs. The cells were stained
with anttCD11BPE/Cy7, antLy6G-PerCP/Cy5.5, antly6C-APC/Cy7 for cell markers
and Zombie UV ge for viability. The left graph ithe percentage of dead #DSCs and
the rightis the percentage diead MMDSCscells (n=6).

Surprisingly, in one assaywe observednconsistency in the regubf the killing of
MDSCs in splenocyte@-igure 34) One obervation in this assay was that Irrel®®tin-

or scAHNRbiotin-modified Janus AuNP witbp33-SMCC, basically IrrelGESNAb and
scAHNPR-SNADbs, which should have less strong or no targeting effect for MD34gs, a
decreased the percentage 6MBSCs and incrased that of MMDSCs comparable to
G3-SNAbs(Figure 35). The other observation was that G3 and ¢p@B modified Janus
AuNPs also induced similar killing effect as that of-SNAbs, contradicting with the
resultsin other assays. Such accidental failypesmpted us to examine the effect of the
nonpeptidemodified Janus nanoparticles in killing MDSCs in bathvitro (see 4.2.8)

andin vivo (see 52.4 and 5.2 pand the reproducibility of the splenocyte assays.
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Figure 34. Someinconsistent results of the MDSC killing experimenighe splenocyte
suspension from 4Fiumor bearing mice was treated with equal amount of SNAbs and
control formulations for 24 hrs. The cells were stained with fluoresmatittodies for

cell markers ath Zombie UV dye for viability. The top graphs compare the percentage of
G-MDSCs (A) and the percentage of dead cells out-M@ESCs (B) after treatment with
Janus nanoparticles modified with different targeting ligands. The bottom graphs
compare the perctage of GMDSCs (C) and the percentage of dead cells out-of G
MDSCs (D) after treatment with Janus nanoparticles modified with different targeting
ligands.
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4.2.10MD simulation of the interaction between G3 and G3* peptides and human

S100A8/A9 heterodmer protein
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Figure 35. MD simulation of the interaction of G3 and G3* with S100A8/A9 prota&in.

and B are the superposition of the final frames of the five G3 simulations (A) and G3*
simulations (B). C and D are the contact oility (defined as coming within.B A)
determined from all five G3 simulations (C) and G3* simulations ()¢ sequence
along the x axis is that of each peptide.

As we noticed that both G3 and G3* peptide have strong binding affinity with
S100A8/A9expressing MDSCsin experiments we collaborated with DrGumbarb s

group in the school of physics in Georgia Institute of Technology to computationally
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predict the binding mechanism. S100A8/A9 mohseeralimer proteincrystal structure
was not determined yebut human hetetetramerhas the similar amino acid sequence
(over 50%) aghe mousecounterpartsand its structure was available fronof®in data
bank. Therefore, the computationalodeling was done with human S100A8/A9
heterdetramerprotein (PDB ID code 1XK4*% and G3biotin, G3*biotin peptides in a

modeling system to shedme light into the possible binding sites between them.

No unique binding site was observed in any of the simulations; whethes thig ito the

lack of such a site or the time scale of the simulation being too short is uncertain.
However, G3 peptides we observed to interact with two predominant areas on the
S100A8/A9 protein, as seen in Figh A. Since both the distribution of Giptides (top

and bottom) and the structure of SAB0A9 heterotetrameare symmetrical, it further
supports the preferenad G3 for these areas. Contrary to G3, the G3* peptides interact

with many different regions of S100A8/A9 in multiple conformations.

At the end ofthe G3 simulations (Fige 35A), there are 21 peptides (out of 80 total)
within 3.5 A of S10@\8/A9 acrossall five simulations. In the G3* simulation, there are
30 peptidegotal within 3.5 A of S1088/A9 heterotetrameacross all five simulations
(Figure 35 B) This suggests that the G3* peptide has a stronger ability to bind with the

S10M8/A9 protein.

In order to dissect and further quantify the interactions between the peptides and
S100A8/A9, the contact prohiity between the peptides and S100A8/A9 was measured
with a cutoff distance 3.5 A across all the simulations. Compared to G3 and S100A8/A9,

the aggegate binding probability between G3* and S100A8/A9 is notably higher. We
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broke down contacts by amino acid in the peptide, revealing which are important for
binding to S100A8/A9 (Fig. 3C-D). Compared to G3 in which the two lysines are next
to each otherboth with relatively low contact probability, the two lysines of G3* appear
separately at theNand Gtermini (not counting biotin), both with relatively high contact
probability. This suggests that the location of the lysines in G3* enhances binding to
S100A8/A9. In addition, the tryptophan at the-té&dminal end of G3 promotes
aggregation between tipeptides, making iess likely for the G3 peptide to interact with

the S100A8/A9 protein.

4.3 Discussion

Two of the essential prerequisites for an ardijpto function well are the capability to
recognzetarget cell types and the ability to crosslink Fc gamma receptors on the effector
cells. We tested the binding capability of both the free peptides and the pepidiged
nanoparticles. The fre83 bouml to their target cellsViIDSCs, stronglyThey also bound

to CD11¢ DCs slightly because DCs express S100A8/A9 protgiasd Fc receptors as

well (SeeAppendix A.9. Interestingly, G3 also binds to CBBD8" T cells and NK

cell s. Alt hough we didnot find anyther eport
possibility that CD3CD8" T cells also express some S100A8/A®tpins or have

receptors that can engage with such protéiosvever, G3 modifielE NAbs di dndét a
the viability of CD3CDS8" T cells. For NK cells, Kenta, et. al., reported that NKlsel
express the RAGE receptors on the surface and bind with S100A8/A9 proteins secreted

by pancreatic cancer ceff® The S100A8/A9 proteinsn the tumorstimulated the

10C



proliferation of NK cells inducedinterferon gammalEN-92) production and enhanced the

NK group 2D ligandmediated intracellular activation pathway in NKlls. Therefore,

G3 could be binding to NK cells via S100A8/A9 engaged with the RAGE receptors. We
also observed reduction in the percentage of NK cellsarsplenocyte suspension assay.
There could be two potential reasons: one is thaB838bs might bad to NK cells and
induced phagocytosis of NK cells by macrophages; the other is thaedbetionof
MDSCs removed the source of S100A8/A9 proteins andbtiteof IL-2 factors, resulted

in the reduction in viability of NK cells in the cultur€p33wasshown to bind to RAW

264.7 murine macrophagdi&e cell line in a concentratiedependent manner, and also
preferably bound to F4/80macrophages in a mixedplenocyte suspensiorFN-2
priming could induce the expression of FaRIll and FoRIIb on macrophages (See
Appendix Al) , but didnot i aqp33 prensasraphagefirigureAil@)d i ng o
Anti-CD16/ CD32 antibody treat meimdg of gB3sam di dn
macrophages significantly (Figure 3, indicating thatp33 possibly favos the FoRI,

which are highly expressed on macrophages, but not so much on PMNs, and are not
expressed on NK cells. This observation matches what we saw in the haygop
MDSCs coculture assaysin such assays, MDSCs were killed mainly by phagocytosis
rather than cytolysis mediated perforin or granzymeCB33 functionally mimics the
property of human IgG1, which is evolutionally conservative and similar to mouse I1gG1
Both human and mouse IgG1 binds to mouseRFcand human IgG1 actually binds to
FcoRI more strongly than to other mouseoRs. *>>°° FooRIs are more efficient at
mediating phagocytos&**® and thus cp33modified nanoparticles can trigger

phagocytic process of target cells by macrophages. This conclusion is not only supported
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by our own da but also the published results on the ADCP of prostate cancer cells

induced by a chemically synthesized small molecule involepgg°>?

The nanoparticle we used are 30nm in size, which is challenging to visualize in
microscopy. Unfortunately, the available amine groups on the streptavidircutesle
were used to functionalize streptavidins on th@n@article surface, so they are
unavailable for conveni¢rabeling of the particles with amisreactive dyes. Therefore,
we 0 v e labeling tkedp33 peptides withAlexa Fluor 647 dye on the Kerminus and

use the fluomphoreconjugated peptides to modify thenangarticles. When we
performedconfocalimaging wth these particles, we saw clustering apf33-modified
JanusAuNP particles ormacrophages (See Figuredh Besides confocal imaging, dark
field microscopy can visualize the gold nanoparticles utilizing the optical scattering
property of them, buthe limited resolution oflarkfield microscope (inferior to confocal
microscope)nd difficulty of thoroughly cleaning and maintenance of cleanness of glass
slidesimpeded the collection of convincireyidenceof SNAbsbinding on cells. After

trials and errarwe determined that hptoacoustic (PA)imaging isthe best way to
illustrate the cdocalization of nanoparticles and cells. Photoacoustic effect is the
conversion of light to sound with a nanosecond pulsed laser. Gold nanoparticles are
optical absorbers #i absorbs the elgomagnetic radiation, leading to localize thermal
deposition andthe production ofa pressure wayeand thus can be detected by PA
imaging microscop&® Therefore, we can use PA imaging to quantitatively assess the
binding of peptidemodified gold nanoparticlesn target cells. The significant increase

the PA sigals in G3SNAbstreated MDSCs and macrophages demonstrated the

capability of G3SNAbs onthe target and effector cells. The bindingopB83 modified
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nan@articles on MDSCs can be explained by the expression of Fc receptors on myeloid
lineage cells and thbinding of G3 or G3*modified particles on macrophages can be
explained by the interaction of S100A8/9 protein with macrophages. Although the cross
binding occurs for GAuUNP-cp33par ticles as shown in PA im
notice any significantoxicity of the SNAbs on macrophages the killing assays

indicating that the engagement of two phagocytes could not induce killing of one another.

G3* peptide, which is a scrambled G3 peptide, was originally dedigadhe negative
control peptide foiG3. However,G3* sequence was not included in the PRI2 phage
display library, so it was not tested fts binding to MDSCsn the original publicatiod®

Both of the flowcytometry peptide binding assay and the PA imaging experiments
proved that capability of 8 to bind toMDSCs, especially @1DSCs.The experimental
results were also supported by the computational modefingteraction between G3*
and human S100A8/ABeterdetramers Functionally, G3:SNAbswasalsoshown to be
able to elicit strongkilling of MDSC in the splenocyte suspension. Therefore, we can
draw a conclusiorsafely now that G3* is also a targetinggéind for MDSCs isolated

from 4T1 breast cancdrearing mice.

The clustering of FaRs by IgG immune complexes will lead to the tyrosine
phosphorylation of ITAMs by the Src family tyrosine kinases, which in turn activates
multiple signaling pathwaysncluding theactivation of spleen tyrosine kinase (Syk),
phosphatidylinositol &inase (P13-K), mitogenactivated protein (MAP) kinases and
phospholipase € (PLCo). These signaling events result in actin polymerization and
phagocytic cup formation, the release of various inflammatory mediators, such cytokines

and reactive oxygen species (RO&nd eventually the phagocytosis of kgGated
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particles or the cylgsis of target cells. The entire processA3$P-dependent and
involves the refluxes of calcium. Unfortunatelye vailed to detecthe phosphorylation

of Syk by western blotting of cellysate or the increase in ROS production from RAW
macrophages treated with SNAbs (AppenBjx We also could not capture tkalcium
reflux as it is very transient and tirsdependent respon$®®'**We could only
detected the activation of the downstream signaling events, i.eeB Nfathway
activation, in the highly sensitive reporter cell line, RABlue macrophagesyhich is
highly involved in the transcriptional modulation of inflammatory cytokineseséh
results prompted us to think about one of our hypetheshich is that thenultivalent
presentation o€p33 ligands on the nanoparticles can crosslink the Fc receptors on the
effector cells and activate immune responses. Apparently, our SNAbs were not capable
enough to elicit antibodgependent activation of the macrophages auththe presence

of target cellswhich ensures the safety of SNAbs and avoid the unspecific cytotoxicity
In fact, previous studies on the artificial antigpresentingcells (aAPCs)for T cell
activation have demonstrated thatreasing the densities dfjands on the beads alone
could not increase the ability to stimulate T cells if the beads were too smalinj5hd

the activation of Tcell receptor (TCR) nanoclusters by mutceptor ligation is size
dependent for aAPCs (larger than 300nm is regi)i’® Given Fc receptor mealied
activation of innatemmune cells is a similar process as F@Rdiated T cell activation,
we think that the 3@m SNAbs were not large eagh to induce the immune response by
themselves and thus a target cell is needed to form a large immune conplkeigger

the Fc receptedependent signaling cascadeurther investigation on the effect of

SNADbs of different sizes could provide us witbtter understanding of how SNAbs work.
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In the effectostarget cell ceculture assays, we demonstrated tBBtAbs could induce
phagocytosis oMDSCs by macrophages. Additionally, we developed a new cytotoxicity
assay, the splenocyte suspension ageaiest the functions of SNAbShe splenocyte
suspension assay betteflects the physiological events in the lmving three aspects:
one is that it enables us to test the functions of the MBERBbs at a diseasdetermined
effectortarget ratio (macrophage MDSCs ratio was arountt3 instead of 20:1 in the
co-culture assays), and thus produces more clinicalvant results; a second is that it
includes multiple immune effector cells types (e.g. macrophages, NK cells, DCs, T cells
and B cells), which ivery important for predictingn vivo immune responses because
innate immunity interacts with adaptive immunityvivo (for example macrophages are
also antigefpresenting cells and can activate cellular immune responses); another aspect
is that it allovs us to study whether the SNAbs affect other cell types thagither in
close proximity spatially with MDSCs or in the similar dage.Using this assay, we
successfully proved that MDSrgeting SNAbs could still efficiently reduce the
MDSCs at a loweffectortarget raticafterthe onset of tumors and this effect was specific
for MDSCs, not affecting other cell types vivo The G3SNAbs and G3*SNAbs did
better than the positive Janus control nanoparticlesA@8P-Fc, possibly because the
number ofFc fragments conjugated on the nanoparticles were lower than ttE@dn

the SNADbs, leading tdhe we&kened capability of efféor activation. Besides, the
nonJanus control GBuNP-Fc failed to trigger any response, possibly because the
competitive bnding between GB®iotin and Febiotin on theSA-AuNP-SA resulted in a
nonJanus nanoparticle mostly covered with G3 ligands. However, our data still

undoubedy demonstrated thatanus structure is essenfia induction of such responses

10¢



as nonJanus GBuNP-cp33 coated with both G3 andp33 also didnot I n
killing of MDSCs. MoreoverJanus nanoparticles without peptide modification (Biotin
AUNP-NEM) didnot elicit a response, indicat.i
Surprisingly, we noticg similar effect in the control SNAb (scCAHN®&NAD) groups and
Irrelcp33-modified Janus NP groups inconsistently. bop&83 was excluded from the

following experiments or analysis because of its hydrophobicity and strong binding
capability on all types ofadls. For the control SNADbs, we will see in the next chapter that

thein vivo experimental results disagreed with &evivoresults and showed that control

SNADs failed to work as well as &G&NAbs in depletion of MDSCs in murine tumor

models.
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CHAPTER 5AIM 3. TO EVALUATE THE THER APEUTIC

POTENTIAL OF THE SNABS IN TUMOR MODELS

MDSCs are key players in the immunosuppressive microenvironment of tumor, which
dampens the antiancer immune attack and facilitates the growth and metastasis of
tumor. RemovingMDSCs from the tumor microenvironment was pmove be an
important strategy for restoration of immuserveillance and the eradication of
tumors'’ %412 However, as discussed in Chapter 3, there are limited options for
deplging MDSCsin vivo and therapeutics that wonk vitro may not necessarily function

as wellin vivo. Therefore, after wegalidated the capabilitgf SNADbs to induce killing of

MDSCsex vivg we moved forward to test its efficacy in murine tumor models.

Murine tumor models are designed to capture the complexities of human cancer and offer
the platform to study the mechanism of therapeutics anduaealtheir efficacy and
potency before going into human clinical trials. Expansion of MDSCs populations was
observed in a variety of murine tumor models, such as EL4 lymphoma, B16 melanoma,
EG.7 thymoma and 4T1 breast carfcef> To test the SNAbs for MDSC depletiongw
chose the orthotopic 4T1 breast cancer model, which repriggehtiman triplenegative
breast cancer (TNBC) in mouse aisdcapable of metastasig efficiently to the sites
affected in humaf’**’ The TNBC is defined by a lack of expression of the three human
receptors, epidermal growth factor receptorserfh)l estrogen receptor (ER) and
progesterone receptor (PR). It accounts fovedb% of the breast caars and has no
effective clinical therapy yet®*'®* Therefore, using 4T1 breastncer model to test

SNADbs could provide new rationale for TNBC treatment.



In this aim, we testd our hypothesis that SNAbs could deplete MDSCs populaiions

vivo in the orthotopic 4T1 breast cancer moddieloid lineage precursor cells mature

into suppressive CD116r1" MDSCs in bone marrow and then enter the peripheral
blood and accumulate in the spleen and tumors, and to a lesser extent in the lymph nodes.
We e\aluated the efficiency of SNADbs in the depletion of MDSCs in blood, tubme
marrow and spleen. It is one of the advantages of nanopabi&ded artificial antibody
platform that by tailoring size, shape, and surface chemistry, we can enhance the
penetation and retention of them in tlésease sites. MDSSNADs were designed to be

in the size range that they can preferentially accumulate in solid tumors, so we also
analyzed the biodistribution of SNAbs after intravenous injection to validate this
hypothesis. In the end, watudied whetheMDSC-SNAbs could improve the survival of

4T1-tumorbearing mice by depleting MDSCs.

5.1Methods

5.1.1Material

Aqua regia for dissolving tissue samples in the biodistribution study was prepared by
mixing concentrateahitric acid:hydrochloride acid in 1:3 volume ratio; nitricicaevas
purchased from SigmAldrich (Cat.#695025; hydrochloride acid was purchased from
VWR International,(Cat.#BDH3030). Collagerase D, RBC lysis buffer, andytofix

buffer were the same akescribed in Chapter Anti-PD1 (Clone RMP114) and anti

CTLA-4 (Clone 9H10) were purchased dm BioXCell, New Hampshire, USAThe
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antibodies used iflow cytometrywere the same as those described in Chapter 4, except

for some new antibodies for funchial markergSee Appendix Table for antibodies)
5.1.2Cell lines and Animals

Murine triplenegative breast cancer cell line 4T1 were purchased from American Type
Culture Collection Manassas, VA, USA). The 4T1 cell lines were cultured in RPMI
1640 (Thermd=isher Scientific, Waltham, MA, USA) supplemented with 10% FBS (GE
Healthcare, Chicago, IL, USA) and 1P&(Thermo Fisher Scientific) under standard cell

culture condition (37€, 5% CGQ).

Five to Sixweekold Balb/c female mice were purchased from thekdan Lab. All mice
were naintained in a pathogenee mouse facility according to institutional guidelines.
All of the animal experiments were approved by the Institutional Animal Care and Use
Committee (IACUC) at Georgia Institute of Technology (Atlantagorgia). The

experimenthsample sizes ensured adequate statistical power.

5.1.3Biodistribution of MDSC -SNADbs by inductively-coupled mass spectrometry

(ICP-MS)

Singlecell-suspension of 4T1 cells before passagevaSprepared in PBS (Hyohe) at

a corcentration of 1x10 cells/mL. Fiveto-six-weeksold Balb/c mice were inoculated
with 0.5x10° 4T1 breast cancer celtsrthotopically on the fourth mammary fat pad on
day 0.We injected 20&¢ Lof SNAbs (0.80<.0™) via tail veirs into Balb/c mice with
around3 mm 4T1 breast tumeron day 9 post tumor inoculation. At t=6, 24, 48 hrs, we

harvestedand weighed thdung, liver, spleen, kidney, tumor, and blood and dissolved



themin aqua regia for overnight at room temperature. Samples feMERnalysis were

prepared by boiling aqua regigssue solutiorat 200C and thendiluting the sample with

DI water. The debris of tissue samples was removed by going throughmOs3ringe

filters and the concentratioof Au in each samplevas analyzed by IGRIS (NexION

300Q, PerkirEImer). We acknowledge Da Huo in DN ounan Xiads groupg

acquisition of data with ICIMS.
5.1.4In Vivo Depletion of MDSCs by MDSGSNAbs

Singe-cell-suspension of 4T1 cells before passagevaSprepard in PBS (Hyclone) at

a concentration of 1x10cells/mL. Fiveto-six-weeksold Balb/c mice were inoculated
with 0.5x10° 4T1 breast cancer cells in 50Lsterile PBS orthotopically into the fourth
mammary fat pad of each mouse on daM.SC-SNAD (i.e., G3AUNP-cp33 or G3*
AUNP-cp33 formulation orcontrol SNAbs (e.g., SCAHNRuUNP-cp33 Biotin-AuNP-
NEM) or unmodified streptavidin functionalized gold nanoparticl&A-AUNP-SA)
formulation containind.75<10*! nanoparticles were administrated intravenously through
tail vein injection to mice (n=6according to the designed injection schedbler single
treatment study, a4 hrs after the injection, mice were euthanized and the spleens,
tumorswere ollected. Spleensand tumors were treated with collagenase D and RBC
lysis to make single cell suspensionss described previously in Chapter We also
collected blood by cardiac punctur.minimum of 100e Lof blood from each mouse
was transferred tordsh FACS tubes and treated witht®2 RBC lysis buffer at room
temperature for 1@nins and then centrifuged at 7@0for 10 mins. Cell pellets were
resuspended in FACS buffand kept in 4°C until use.In some experiments, we also

collected the bone mamofrom tibia and femur. Briefly, the skin and muscle tissue were
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removed from the bones and then bone marrow was flushed with medium using a 25
gauge needle and syringe. Red blood cells in the bone marrow were lysed and cells were
washed with PBS and reqmended in FACS bufferAll the cell samples from spleen,
tumor and blood werestained with antibodies for MDSCCD11b, Ly6G, Ly6C),
macrophages (F4/80), dendritic cells (CD11c), T cells (CD3, CD4, CD8, Foxp3, CD25),

B cells and NK cells (CD49b, CD3, B220jyumor samples were also stained with
functional or proliferation markers (Granzyme B, Perforin, CD107, CD69, PD1, LAG3,
Ki67, IFN92). Samples werdfixed with BD Cytofix buffer and analyzed on BD

LSRFortessa flow cytometer.
5.1.54T1 breast cancer survival study with MDSGSNADbs

Singlecellsuspension of 4T1 cells before passagevaSprepared in PBS (Hyclone) at

a concentration of.@x10’ cells/mL. Fiveto-six-weeksold Balb/c mice were inoculated
with 0.1x10° 4T1 breast cancer celtsrthotopically on the fourth mammary fat pad on
day 0. MDSGSNAbs or control particleSA-AuNP-SA (0.75x1.0"* NP/200¢ Lin PBS)

were then given intravengly through tail vein injection on day 7, 9, The size of the
tumor and the weight of the mice were measured every otherTdiey.mice were
sacrificed according to the IACUC protocol when the tumor size reached 1.5 cm in any
direction or ag of the folowing was observedsignificant weight loss (over > 10%),

perforation of skin, or severe cachexiaimor volume was calculated by the following
equation @ & 0z — , where | is the length and w is width of the tumbtedian

survival and KaplatMeier survival curves were generated, and Log rank (M#&Zue)

111



tests were performed to compare survival between various groups using GraphPad prism

7 software*P<0.05, ** P<0.01, and *** P <0.001 were considered significant.

5.1.6 4T1 breast cancer survival study of the combination therapy of MDSSNADbs

and immune-checkpoint blockade

Singlecell-suspension of 4T1 cells before passage a8Sprepard in PBS (Hyclone) at

a concentration of 0.2x1Gells/mL. Fiveto-six-weeksold Balb/c mice were inoculated
with 0.1x10° 4T1 breast cancer celtsthotopically on the fourth mammafat pad on

day 0. MDSGSNADbs or control particleSA-AuNP-SA (0.75x10"* NP/200¢L in PBS)

were then given intravenously through tail vein injection on day 7, 913JAnti-PD1

and antiCTLA-4 antibodies were given 200mouse, intraperitoneally on day H), 14.

The size of the tumor and the weight of the mice were measuesy ether dayThe

mice were sacrificed according to the IACUC protocol when the tumor size reached 1.5
cm in any direction or any of the following was observed: significant weight loss (over >

10%), perforation of skin, or severe cachexiamor volume vas calculated by the
following equationo & & 0z — , wherel is the length and w is width of the tumor.

Median survival and KaplaNleier survival curves were generdteand Log rank
(MantelCox) tests were performed to compare survival between various groups using
GraphPad prisnY software.*P<0.05, ** P<0.01, and ** P <0.001 were considered

significant.
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5.1.7 Statistical Analysis

St ud e-tedt was uded to perforstatistical analysis between two groups. When
comparing more than two groups, normalization tests were perforins¢dof test the
distribution of data in each group. Oway analysis of variance (ANOVA) with Tukey

post hoc test was used for data withmak distribution and noparametric methods with
Dunndés post hoc test was usrieuionfWhenPdauea t ha
is < 0.05, the difference between groups was considered significant (**** p<0.0001, ***
p<0.0002, ** p<0.0021, * p<0.0332n vitro experiments were conducted a minimum of

two iterations (n=3 or 6 for each sample) to ensure repibitiyc Two-way ANOVA

was performed to study the difference amomgugs in the tumor growth curvéog

rank (MantelCox) test was used to analyze the statistical difference among groups in the

survival curve.
5.2 Results
5.21 MDSCs accumulated in splegand blood during tumor progression

Our lab haspreviously established this 4T1 breastncer model for vaccine studies.
Before doing MDSC depletion studies with SNAbs in this model, we examined the
accumulation of MDSC in the spleen and blodhlb/c mie were orthotopically
inoculated with0.5x10° 4T1 tumor cells in the fourth mammary fat paut after around

7 days, subcutaneous primary tumors could be seen at the site of injdbD&Cs
stared to accumulate in spleen, blootlmor and bone marrowThe percentage of
MDSCs couldreach 86-10% and 106-20% in spleen and bloocdespectively by day 10

(Figure 3). Healthy mice of age-82 weeks will continue to gain weight over time, but
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tumorbearing mice have slower weight growth and scar tissue formstloeesite of
tumor inoculatiortypically betweerday 14-21. Without treatment, tumor dimension will

reach the 1.5 cm ergbint in about 2680 days.
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Figure 36. Gating strategy for MDSCg he graphs are selected from the bloochsas
of breast cancer tumdrearing miceThe CD11b cells were first gated out from the

single cell population. Ly6Gy6C°" granulocytic MDSCs and Ly6Gy6C"9" were then
gated in the CD1Tpopulation.

5.2.2 The biodistribution of MDSC-SNADbsin 4T1 breast cancer tumorbearing mice

As the element Au does not naturally exist in the body of animal, we were able to
accurately quantify the amount of gold nanoparticles in the tissues collected from mice to
analyze the distribution of MDSSNAbs (Janus G23uNP-cp33 after tail vein
injection. Because¢hey were introduced intravenously, blood was found to have a high
concentratin of the SNAbs at 6 hr time point after injecti@figure 3). The SNAbs
circulated in the blood andtravel to other organsover time resulting in a gradual

decrease in the blood concentration of Au over time. At t=48 hr, the concentration of
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SNADbs almost returned to zero. The calculated-lifalfof SNAbs in blood is 26 hrs.
After SNADs left blood vessels, their first destination Wesr. At t=6 hr, over 30% of

the SNADbs were found to be in the liver, and they remained in the liver for the rest of the
time (Figure J). Spleen was apparently the second favorable organ for SNAbs to
accumulate in. In fact, from @r to 48hr, spleen remned to be the organ with the
highest SNAb concentratidng/g of tissue). Lung and kidney hardly had any retention of
SNADbs, but theSNAbs kept accumulating in the tumors. The percentage of SNAbs
traveled to tumor increased from aroun@0% at 6hr timepoint to 3.3% at 48hr time

point (Figure 38) The concentration of SNAbs in tumor was the third amalhghe

organ types, being 4648fy of tissue.
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Figure37. Biodistribution of SNAbs in 4T-tumor bearing mice by mass of AGNAbs

were administered by intravenous injection through tail vein. Tissue and blood samples
were collected at t=6, 24, 48 hrs post injections.-M® was conducted to analyze the
amount of SNAbs in each samplehe graphs show the total amount of Aareénts in

each type of organs at different time poifsC) (n=3) and the changes over tir(ie).
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Figure 38. Biodistribution of SNAbs in tumebearing mice by percentag&NAbs were
administered by intravenous injection thgh tail vein. Tissue and blood samples were
collected at t=6, 24, 48 hrs post injections. IB was conducted to analyze the amount
of SNADbs in each samplé@he graphs show the percentage of SNAbs distributed in each
type of organs at different time pts{A-C) out of total amount of SNAbs administered
(n=3)and the changes over tir(ig).
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Figure 39. Biodistribution of SNAbs in tumebearing mice by concentration (ng of Au
per g of tissue) SNAbs were administered by in#nous injection through tail vein.
Tissue and blood samples were collected at t=6, 24, 48 hrs post injectiondSIGRS
conducted to analyze the amount of SNAbs in each saniple.graphs show the
concentratiorof SNAbs distributed in each type of orgaat different time pointéA-C)

as nanograms of Au per gram of tissue collected (n=3) and the changes over time (D)

5.2.3MDSC depletion with single treatment of MDSGSNADbs

In a preliminary study, we administered 0.75%1.6f SNAbs or control particle§SA-
AUNP-SA) on day 10 post tumor inoculatiamo the 4T breast tumobearing miceand
after 24 hrs, we analyzed the percentage of major immune cells types in the spleen, blood

and tumors.
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Figure 40. The numbers of cells inhé spleens after treatmentlanoparticles were
injected into the 4Ttumor bearing mice through tail vairon day 10 post tumor
inoculation. The spleens were collected 24 hrs after injection and the total number of
cells in each spleen was counted witypain blue. Statistical difference was analyzed
with ANOVA with Tukey test(n=6, *p<0.05)

First, we observed significant lower number of cells in the spleen B3&NAb-treated
groups compared to the contdrticletreated group ountreated tumaebearing group
(Figure 40), showing an amelioration of splenomegaly, the enlarged spleen symptom
resulted from tumor progression. More prominently, we observed apparent reduction in
the percentage of granulocytic MDSCs in the spleen and pblop®5.7% and 48%
respectively compared to those of the untreated g(Bigure 41) and also significant
reduction of thenumberof monocytic MDSCs in spleehy 69.6% However, SNAbs
didnot change the accumulation of MDSCs
group. Because of the reduction of MDSCs, the percentage of GD&lls, including
CD3'CD4" T helper cells, and CD8DS8" cytotoxic T @lls in the spleen (Figure2}

after treatment withG3-SNADbs indicating higher probability of effective antiancer



immune reponsesSimilarly, in blood, CD3CD4' T cells percentage increased and the
percentage of CDOED4'CD25 Foxp3 T regulatory cells decreased the G3-SNAb-
treated groupy 40.1% compared to the untreated gr@kigure 48). Interestingly, the
percentage of NKcells increasedy 12.4%in the spleen afteG3-SNAb treatment,
contradictingwith the result of the splenocyte suspension assay (FiglireBésides,
control particle treatmentSA-AuNP-SA) also reduced the percentage of MDSCs to
some extent compared tontreated groups, but they do not affect any other cell

populations and may not have any treatment effects on cancer progression.

12C



>
w

Untreated

G-MDSCs in Spleen ' M-MDSCs in Spleen
4 xnx 0.25 - |
g 5 g 020
% ] G3-SNAbs % 015 =
E 2 — 3 nonJanus SA-AuNP-SA g
8 8
& 4

1 % N _I_ . 0.05 I —_—

0 0.00
C. G-MDSCs in Blood D. M-MDSCs in Blood
100 - 3.0
I T —=
3 80 g 2.5
2 & [ G3-SNAbs 8 20
‘g : [ nonJanus SA-AUNP-SA g
8 40 é U g g 15 ==
= | ntreate 8
o 20 | * ** 1.0
0 0.5
E. G-MDSCs in Tumor F. M-MDSCs in Tumor
8 2.0

1.5

3 T

4 [J G3-SNAbs
[ nonJanus SA-AUNP-SA ’
2 & Untreated 0.5
_ —

Figure 41. Percentages of -GIDSCs and MMDSCs in spleenblood and tumomfter

treatment Nanofarticles were injected into the 4Tamor bearing mice through tail vein

on day 10 post tumor inoculation. The splegnsnors and bloodvere ®llected 24 hrs

after injection. Thecells in the samples westained with fluoresntantibodies against

cell aurface and intracellular markers and analyzed on a flow cytonfdtergraphs show

the percentages of-@DSCs (left column) and MMDSCs (right column) of spleens

(A,B), blood (C,D), and tumors (E,Fjtatistical difference was analyzedth oneway

ANOVA with Tukey post hoc testor KruskatWa |l | i s t est wi t h Dun
comparison* p < 0.05,**p<0.01, ****p<0.001, n=6.
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Figure 42. The percentages of T cells in spleens after treatm&@noparticles were
injected into the 4Ttumor bearing mice through tail vairon day 10 post tumor
inoculatin. The spleens were collected 24 hrs after injection. The cells in the samples
were stained with fluoresntantibodies against cell surface and intracellular markers
and analyzed on dofv cytometerThe graphs show the percentages of the TD&ells

(A), CD3'CD4" helper T cells (B), and CD8DS8" cytolytic T cells (C) in the spleens.
Statistical difference was analyzetheway ANOVA with Tukey post hoc testor
KruskatWallis test with i nnods
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A. CD3'CD4* T cells out of CD3" T cells in Blood B. cD4*CD25'Foxp3*T cells out of CD3* T cells in Blood
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Figure 43. The percentages of CD4T cells and T regulatory cells in blood after
treatment. Nanoparticles were injected into the 4fdnor beamg mice through tail
veinson day 10 post tumor inoculation. The spleens welleated 24 hrs after injection.
Thecells in the samples westained with fluoresentantibodies against cell surface and
intracellular markers and analyzed on a flow cytomdtke graphs show the percentages
of the CD3CD4" helper T cellsA), and CD3CD4" CD25Foxp3 regulatory T cell§B)

in the blood.Statistical difference was analyzedth oneway ANOVA with Tukey post
hoc test* p < 0.8B32 n=6
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Figure 44. The percentages of CD49MNK cells in the spleens after treatment.
Nanoparticles were injected into the 4fiimor bearing mice through tail veion day 10
post tumor inoculationThe spleens wereolected 24 hrs after injection. Thells in the
samples werestained with fluoresentantibodies against cell surface and intracellular
markers and analyzed on a flow cytomeldre graph shows the percentages of the CD3
CD495 NK cells in the spleensStatistical difference was analyzedth oneway
ANOVA with Tukeypost hoc testt p < 0.0832 n=6
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5.2.4MDSC depletion with three treatments of MDSGSNAbs

Singlet r eat ment depletion study didndot affect
so we tested the therapeutic effects of thireatments in tumor. G3SNADbs or other
control particles (JanusrelG3-AuNP-cp33 G3*-AuNP-Irrelcp33 SA-AuNP-SA) or

PBS were administered in the 4timor-bearing Balb/c mice on day 7, 9, 11 post tumor
inoculation. After three treatments with SNAbs, vgaw significant enhancement inet
depletion of MDSCs in tumor, with 52% and 90% decrease-MO®Cs and MMDSCs
respectively compared to untreated group, and 69% and 88% decrease com@a#ed to
AuNP-SA treated grougFigure %4). However, surprisingly, #hcontrol SNADbs, IrrelG3
AuNP-cp33 and G3*AuNP-Irrelcp33 also had strong depletion effect. After we tested
the binding of free IrrelG3 peptide and lo@B3 on MDSCs (See 4.2we noticed that
both peptides have strong binding capability to MDSCs. Tbezethe Janus particles
modified with these two peptides were also capable to affect the MDSC populations
vivo. In the following analysis, we will not consider these two types of nanoparticles as
control SNAbs any more and in the later depletion stadyg-peptidemodified Janus
nanoparticles, biottAUNP-NEM, was used as a universal negative Janus nanoparticle

control for the SNADSs.
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Figure 45. Percentages of MDSCs in spleen, blood and tumor after three injections.
Nanoprticlesor PBSwere injected into the 4Ftlmor bearing mice through tail veain

on day 7, 9 and 1pog tumor inoculation. The spleen, tumor, bone marrow and blood
were ollected 24 hrs aftethe lastinjection. Thecells in the samples westained with
fluoresentantibodies against cell surface and intracellular markers and analyzed on a
flow cytometer The graphs show the percentages eMBSCs (left column) and M
MDSCs (right column) of spleens (A,B), blood (C,D), and tumors (ESEatistical
difference was analyzedith oneway ANOVA test withTukey or KruskalWallis test
with Dunnés mu,l*p £ @d5&p<@ Q24p*&wp<0.60@2n****p<0.001,

n=6.

12¢



We observed similar reduction in the percentages-MBCs and MMDSCs in spleen
and bloodafter SNAb treatment as well as compared to &B&ed and untreated groups
(Figure 45). Unlike the first depletion studA-AUNP-SA't r eat ment di dnot

MDSCs in tumor and spleen this time, but slightly reduced MDSCs ibloo

Tumor growth significatly increased the percentage of bottMBSCs and MMDSCs
in the bone marrow, but MDSENADbs failed to deplete any MDSCs in the bone marrow

(Figure 46), probably due thelack of mature effector celfs.

A. G-MDSCs in Bone Marrow B. M-MDSCs in Bone Marrow
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Figure 46. Percentages of MDSCs in bone marrow after three injectibiasoparticles
or PBSwere injected into the 4Fumor bearing mice throughit veins on day 7, 9 and
11 pog tumor inoculation. The bone marrow wiaslated 24 hrs aftethe lastinjection.
Thecells in the samples wegstained with fluoresentantibodies against cell surface and
intracellular markers and analyzed on a flow cyéten The graphs show the percentages
of G-MDSCs @A) and MMDSCs B) in bone marrowStatistical difference was analyzed
with oneway ANOVA with Tukey post hoc testn=6. Naie group was significantly
different from other groups statistically.

There wereno significant changes in T cells in spleen, and blood, but the percentage of
CD3'CD8" T cells slightly increased in tummrafter SNAb treatments. Also, the

percentage of IFdI cells out of CD3CDS8" T cells increased due to SNAb treatment
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compared toSA-AuNP-SA-treated and PB&eated groups, indicating stronger anti

tumor activity in the T cell§Figure 47)

A. CD3*CD8*T Cells in Tumors B. IFNg* CD3*CD8" Cells in Tumor
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Figure47. Percentages of cytotoxic Tlisein tumors after three injection®Nanoparticles

or PBSwere injected into the 4Fumor bearing mice through tail vairon day 7, 9 and
11 pog tumor inoculation. Théumorswere collected 24 tours afterthe lastinjection.
Thecells in the samplesave stainedvith fluorescentantibodies against cell surface and
intracellular markers and analyzed on a flow cytomdtke graphs show the percentages
of CD3'CD8" cytotoxic T cells(A) andIFNa-secretingCD3'CD8" T cells @) in tumors.
Statistical difference was analyzedith oneway ANOVA with Tukeypost hoc tesn=6.

Although there were more CD49INK cells infiltrated into the tumors after SNAb
injections, all the treatments seemed to haegatively affected the functionality of the

NK cells, resulting in lower percentage BiNa*, perforin, granzyme Bcells (Figure

48). It could be that triggered by the treatments, these NK cells have unloaded factors
into the tumor microenvironment ill the malignant cells or the target cells, MDSCs,
leading to a reduced percentage of positive cells detected byQlherwise, it could be
possible that due to the binding of thenusnanoparticles to NK cells, thgability and

activity of NK cellswere dampened.
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Figure 48. Percentages and functional characterization of NK cells in tumors.
Nanoparticles or PBS were injected into the 4dror bearing mice through tail veins
on day 7, 9 and 11 post tumor inoculation. Timaorswerecollectad 24 hrs after the last
injection. The cells in the samples were staimgtth fluorescentantibodies against cell
surface and intracellular markers and analyzed on a flow cytometer. Tites gtaow the
percentages of CD3D49b" NK cells (A) andIFNo" (B), Granzyme B (C), Perforif

(D) NK cells in tumors. Statistical difference was analyzed witbway ANOVA with
Tukeypost hoc testn=6.

5.2.5A comprehensive MDSC depletion study with MDSESNAbs

After summarizing the information we got from theepious two MDSC depletion
studies, weplanned to further investigate whethraore dosages of treatment and earlier
treatmentmight have better chances to reduce the MDSC accumulation in tumor. Also,
we still havennot reached a conclusion abowhether pptide ligands modified on the

particles areessentiafor the selective depletion of MDSCs or not as we got controversial
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results fromprevious ex vivo and in vivo studies Therefore, we designed a more
comprehensive MDSC depletion study, in which we idetll a threenjection and a
single-injection group of G&SNADbs, and also singli@jection grou of Janus scCAHNP
AuNP-cp33and BiotirAUNP-NEM. Specifically, the single injections were given day

10 post tumor inoculation and the three injections ofSB2bs were give on day 6, 8,

10 through tail veinThe tissue samples were collected on dapdsgt tumor inoculation

to study the changes in cell compositiorthie spleen, blood and tumord.s we di dn ol
see any changes in the bone marrow samples imashstudy, bone marrow was excluded

from the analysis.

Interestingly, unlike previous results, both singigction and threénjection groups did
not affect granlocytic MDSCs much, but reduced the percentage of monocytic MDSCs
in the tumorgFigure 49) The results of singlejection of GISNADb gr oup di dndi

any difference from those of thrégection group.

Similar to previous resultsn the spleenghe treatment with GBENAbs resulted in huge

reduction (around ®8%) in the percentage of-@DSCsin the spleen (Figure 49 C)

The singleinjection group still had no difference from the thiegction group. Whi¢

the scAHNPAUNP-cp33induced a smaller decrease in thdl®SC percentage, biotin
AUNP-NEM treated groups di d,dobetto thedecrease in the mu c
G-MDSCs, the percentage of-MDSCs slightly increased in the spleen in the treatment
groups. The GENAD threeinjection group seemed to have smaller increase in the M

MDSCs groups, indicating a better control in the therapedfect.
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Figure 49. Percentages of MDSCs @pleen, blood antumors after injections.SNAbs
(Janus G3AUNP-cp33) was injected either one time on day 10 or three times on day 6, 8,
10 through tail vein into the 4Ftumor beaing mice. Other treatments were given only
one time on day 10 to mice. Thpleens, blood and tumongre collected on day 11. The
cells in the samples were stained with fluoresaartibodies against cell surface and
intracellular markers and analyzed aflow cytometer. The graphs show the percentages

of G-MDSCs cells (left) and MMDSCs (right)out of total cellan tumors(A, B), spleens

(C,D) andout of CD11b cells inblood (E,F)(n=6). Statistical difference was analyzed

with oneway ANOVA with Tukey post hoc tesbr KruskatWa | | i s

multiple comparison
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However, in blood, thaingleinjection of G3SNAbs did better than the thr@gection

groups in reducing @DSCs. SCAHNPAuUNP-cp33di d n o6t i
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percentages of ®DSCs, suggesting that the targetilgands are playing an important
role in the depletion of @IDSCs in vivo. Interestingly, the administration of Janus
Biotin-AuNP-NEM also affected the ®DSCs and MMDSCs as much as the single

injection of G3SNADs.
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0.8 4|"** 80-
** [ Untreated
!

~ 0.6+ nonJanus SA-AuNP-SA = and
T o & 60
o 0.4 3 Janus Biotin-AuNP-NEM o
£ Janus scAHNP-AUNP-cp33 @ 40+
c o = <
g 0.2 g G3-SNAb 8 @
£ g0 Lt 1 G3-SNAD 3 injections $ 20

B e e N N E 0-—T—

Figure50. Percentages of CDBDS8' T cells in tumors after injectionsThe graphs show

the percentages @D3'CD8’ cytotoxic T cells out of total cell(left) andthat of CD8

out of CD3 T cells(right) in tumors(n=6). Statistal difference was analyzed witne

way ANOVA with Tukey post hoc tesor KruskatWa | | i s t est with Dur
comparison * p<0.05,**p<0.0021, ***p<0.0002

The reduction in MDSCafter G3SNAD treatmentesulted in theemarkablencrease in

the CD3'CDS8' T cells in the tumor, as shown in Figur®. ®ther Janus nanoparticles
didnot elicit t he s ame respo mgaingliganch di c at
modification on the particleddowever, the scAHNFAUNP-cp33seemed to be able to

activate he few infiltrated CD3CDS8' T cellsto producelFNo more than other groups

(Figure®B) , which we havenodét. found any expl ana
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Figure 51. The percentages of activated or regulatory T cells in the tumors after
treatmentThe graphs show the percentage€bBf07 cells (A) andKi67" cells B) out
of CD3'CDS8" cytotoxic T cells andthe percentages of T regulatory cel®) (n tumors
(n=6). Statistical difference was analyzed watheway ANOVA with Tukey post hoc

testor Kruskal-Wa |
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Also noticeably,there was aslightly higher percentage of CDBD8" T cells being

activated in the tumors after €&NADb treated compared to control treatments, as those T

cells express the CD107 markeepresenting degranulation during the cytotoxic

responsegFigure 51 A) G3-SNAb treatment also seemed to relieve the proliferation

C

inhibition on T cells by MDSCs to some extent compared to control Janus nanoparticle

treatmentgFigure 51 B) In addition, fewemregulatory T cells were detected metG3

SNADb groups, indicatinghe abrogation of immunsuression due to MDSCs depletion

systemically(Figure 51C).
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treatment with GEBNADs (Figure 52 A) Interestingly, in blood, there was a trend of
growing percentages of CDZ cells out of CD3T cells and a trend of decreasing

percentagesfaCD8’ T cells out of CD3T cells from the untreated tumbearing groups

to SNAbtreated groups.

A. B.
CD3* T Cells in Spleen CD8* T Cells of CD3* T Cells in Blood
50 35
[ Naive no tumor
= 404 [ Untreated =
=2 S
@ 30 nonJanus SA-AuNP-SA o 30
8 [ Janus Biotin-AuNP-NEM s
c <
3 20+ Janus scAHNP-AUNP-cp33 8 254 é E
2 10- G3-SNAb 2
[J G3-SNAb 3 injections
0 1 1 1 1 1 1 20 1 1 1 1 I 1 1
C. D.
CD4* out of CD3* T Cells in Blood CD4*CD25*Foxp3* Cells of CD3* T Cells in Blood
75- " , 10-
[ Naive no tumor
= 70- | é Q [ Untreated s 8
o nonJanus SA-AUNP-SA o 6
g 654 E 1 Janus Biotin-AuNP-NEM g
c c
3 Janus scAHNP-AUNP-cp33 S 4
& 60+ G3-SNAb e L E
[ G3-SNAD 3 injections

Figure52. T cell percentages in thspleen andlood after treatmeniThe graphs show

the percentages @D3" T cells in the sfgen (A), CD8 T cells (B), CD4 T cells (C),

and regulatory T cells (D) out oED3" T cells in the blood after treatme(i=6).
Statistical difference was analyzed witheway ANOVA with Tukey post hoc tesbr
KruskatWa | | i s t est wi t paridu*pa0®d821l. mul t i pl e com

Although the G3SNAD treatment reduced the percentages of B celldFMal cells out
of NK cells in the spleengFigure 53)and blood (Figure 4, but G3SNADb single
treatment remarkably increased the percentage of Bl§ infiltrated in the tumors
(Figure 55). No enhancemenbr reductionof NK cell function or activatiorin tumors

was observednterestingly, biotirRAUNP-NEM increased the percentages of B cells out
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of CD3- cells andSA-AuNP-SA increased in percentages of FN\ells out of NK cells

in blood(Figure 54)
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Figure53. Percentages andharacterization of B and NK cells in the sple€fise graphs

show the percentages 6D3 cells (A),B220" B cells out of CD3cells (B),CD3B220

B cells out of alkcells (C), andCD4965 NK cells out of CD3cells (D), CD3CD49b NK
cellsoutofalcel s ( E) ,” cedlsodt ofINK &ebBgF) in the spleens after treatment

(n=6). Statistical difference was analyzed watheway ANOVA with Tukey post hoc

testor KruskatWa | | i s test with Dy p<.85s mul ti pl e com
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Figure 54. Percentages and activation of B cells and NK cells in blood after treatment.

The graphs show the percentages of B2RQells out of CD3cells (A), CD49b NK

cells out of CD3c el | s ( BY cells amut dof NK Eelso(C) in the blood after
treatment (n=6). Statistical difference was analyzed wittway ANOVA with Tukey

post hoc tesbr KruskatWa | | i s t est with Dpyp<.@s multiple
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Figure 55. Infiltrated NK cells increased in the tumors after-&SAb single injection.

The graphs show the percentage€B#9b NK cells out of CD3cells (A), CD495 NK

cells out of total cells (B), Granzyme'Rells out ofCD49b NK cells (C), | F Neells

out of NK cells (D), and Perforin® out of CD49b NK cells (E) in the tumors after
treatment(n=6). Statistical difference was analyzed watheway ANOVA with Tukey

post hoc tesbr KruskatWa | | i s t est with Dp*thp«0®s mul tipl e

5.2.6MDSC-SNAD treatment prolonged the survival of 4TXtumor bearing mice

As shown in the depletion studies, MDSBIAbs not only deplete MDSCs in themor,
spleen, and blood, but also affect other cell types. Therefore, we wanted to investigate

how these changes after MDSENADb treatment translate into therapeutic effects in
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tumor models. We administered MDSSINADbs through tail vein injections to 49timor

bearing mice on day 7, 9 and 11 post tumor inoculation.

A Tumor inoculation Tail vein injections of treatments
Day 0 7 9 11

B C.

Tumor Growth

Survival Plot
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Figure 56. MDSC-SNADb treatments prolonged the survival of 4fliinor bearing mice.
MDSC-SNAbs (Janus GAuNP-cp33 or control nanoparticles were administered into
4T1-tumor bearing mice on day 7, 9, and 11 post tumor inoculédnThe graphsand
table show the growthcurve of tumors in each grouf), the survival plot C) and
median survival of each group ([=10). Two-way ANOVA was performed to study
the difference among groups in the tumor growth curve-lamg (MantelCox) test was
used to analyze the statigtidifference among groups in the survival curve.

We observed that MDSGSNADbs prolonged the survival of mice by delaying tumor
growth significantly compared to the contgdrticle treatment after day ZFigure 56)

We were requested to end the studydag 30 because of the onset of skin perforation on
the primary tumors causing pain in the mice. At day 30, 60% of the mice were still alive

(didnot me et any criter irSihNAbftreated geoupt, bubomly z at i o



20% of mice remained alive the control groups. The median survival of MDSSAD
group is 30 days, while that 8A-AuNP-SA-treated group and untreated group is 23 and
26, respectively. These confirmed that depleting MDSCs by SNAbs conferred survival

benefits to 4Td4umor-bearing mie.

5.2.7MDSC-SNAD treatment had little enhancement over the immun&heckpoint

blockade therapy in 4TXbreast tumor model.

Anti-PD1 and antCTLA-4 antibodiesare the most weknown immunecheckpoint
inhibitors (ICIs), which were showrto induce remarkdé therapeutic responses
variouscancersbut had limited effects in poor immunogenic tumors, such as 4T1 breast
cancer. Previous studies have shown that MDSC depletion could enhance the therapeutic
effects of immunecheckpoint inhibitors, so we testéae combination of MDSEGNAD

and antiPD1, antiCTLA-4 treatments in our 4Ftumor models!’**®We administered

the nanopartigs and antibodies accordingtte treament schedulelescribedn Figure
57and tracked the growth of twumors in the
observe noticeable difference in the tumor growth rate between the group treated with
antibodies jus G3SNAbs and the group treated wihtibodies plugontrol particles or

only antibodies the MDSGSNADb treated group had longer median survival time (37
days) comparedtthe control groups (See Figusé C). MDSGSNADbs had a therapeutic

effect in theearly period of disease progression after adminstration, but the effect was
lost after ® days and mice in MDSGSNADb-treated groups were euthanized when they

met the engboint criteria.
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A. Study Schedule and Group Designpay 7, 9, 11, 13
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Figure57. Survival study of the combinah therapy with immunaheckpoint inhibitors
and MDSCGSNAbs. A. MDSC-SNAbs (Janus GAuUNP-cp33) or control nanoparticles
were administered into 4ftumor bearing mice on day 7, 9,5Hhd 13post tumor
inoculation via tail vein injections(A). Anti-PD1 aml antiCTLA-4 antibodies were
administered on day 6,10, 14 via i.p. injectionbe graphsand tableshowthe survival
plot and median surviva(B) and the growth curve of tumors in each group, (D)
(n=10). Twoway ANOVA was performed to study the diffee among groups in the
tumor growth curve. Logank (MantelCox) test was used to analyze the statistical
difference among groups in the survival curve.

5.3 Discussion

Among all the tumor models, 4Ti4 one of the few that is highly metastatic arhalsely

recapitulates the properties trighegative breast cancer in humavhich affect millions



of women in the worldndlack effective treatment strate§yThe syngeneic 4T1 mouse
model also have the advantage of normal immune functions, wirishides more
translational information for human breast cané&ts’ Meanwhile, according to our
observation,once inoculated on the mammary fat pad orthotopically in mice, the 4T1
cells establish primary tumors fast and rapidigtastasize to other organs, such as bone
marrow, lymph nodes and lung, within 20 days. As a result, the window of treatment and
analysis in 4T4umor model is short, allowing fast studgmpletion Also taken into
consideration that 4Flreast cancer stngly promotes the expansion of MDSCs, 4T1
orthotopic murine tumor modeéd a good choicéo evaluate the therapeutic efficacy of

MDSC-SNADbs.

Intravenous (i.v.) injection is the most common route of administration for monoclonal
antibodies, followed by swhtaneous (s.c.) and intramuscular (i.m.) injectin.
Adsorption of monoclonal antibodies afterc. and i.m. injections are slower process
compared to that aftew. injections, because it is dependent on the convective transport
of antibodies througlinterstitial space into the lymphatic system and the flow rate of
lymphatic fluid is slow!®® By i.v. injection, monoclonal antibodies can distribute into the
tissue from the blood through convective transport, whities@n the flux of fluid by

the bloodtissue hydrostatic gradient and sieving effect of the-pallalar pores? We
sdected intravenous injection as the route of administration for MSSIBbs to match

the common practice used for monoclonal artties and also to take advantage of the
fast distribution of SNAbs into the tissues, such as spleens and tumor, which are two
major sites where MDSCs resides. In addition, after getting out of the bone marrow,

MDSCs circulate in the blood to the spleen &mahor following the inflammation cues,
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so capturing the blood MDSCs in circulatiearly by i.v. injectiorwould help enhance
the therapeutic effecdof MDSC-SNAbsby reducing the systemic immuiseppression of

cancer.

To investigate the biodistribution of SNAB#er i.v. injectionin the mice, we have tried

the following method: 1Quantifying the fluorescence afrgansisolated from mice
injected with SNAbs labeled with fluorescent probesiesired time points using Vi8S

vivo imaging system2. Imagng the whole mice with photoacoustic imaging microscope

at 680970 nmatfter injection with unlabele®NAbs at desired time pus 3. Using
inductively-coupled plasmanas spectrometryguantifying the amounbf Au element in

the tissuegollectedfrom the micenjected with unlabeled SNAbs at desired time points
For thefirst method we labeled the SNAbsith Vivotag 647NHS eser dye. Although

the fluorescence of the label&iNAbs were detectable in the Biotek microplate reader,
we failed to acquire any signalistinctly higherfrom the organs collected from the
SNAb-injected micecompared to the untreated midévotag 647 dyecovalently binds

to theaminegroups. However, the amine groups the streptavidin wereccupiedfor

the conjugation of the onto the gold nanopatrticlesand thenumber ofavailable amines

on the peptidesvere also limited, so the nanoparticles were atdeproduce enough
signals to penetrate through the tissue and be detected in the VIS system. Despite other
chemically active groups exist in the structure of SNAbs, they do not present in high
enough numbers to enhance the fluorescent signals of theamtcles. For the second
method, the photoacoustic imaging microscégied to discern the signatsf SNAbs

from thoseof the oxygenated hemoglobin at around the SPR peak (532nm) of 30nm gold

nanospheredAs a result, we cannot tell whether the increasigdal from the organs of
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the nanopartickereated animals was caused by more blood flow in the same area or not.
Photoacoustic imagingctually works better with gold nanorods, which have optical
absorption spectra in the near infrared rangd thus dishguishable from the optical
adsorption of hemoglobitf*'°%” Therefore, we moved on with the third method,

guantification of the gold element in the tissues by-N®.

The plasma hallife is a key factor in the pharmacokinetics to be considered when
designing the dosage and frequency for drug administrifidionoclonal antibodies
usually have elimination halife in days (for example, 181 days for 1gG1, 1gG2,
1gG4"3'%) because of the recycling by binding onto the neonatal receptor, FcRn, that
express on theusface of blood cells and mediate the internalizatibigG by cells and
returning of the antibodies to the cell surfaceler certain physiological condition&s
shownin the ICRMS results the SNAbs extravasated the circulation within 48 hrs.
Seemingly, he SNAbshave amuch more rapid clearance rate from the circulatiam
monoclonal antibodigswith the half-life being 26 hrs.In this case, SNAbs should be
dosed more frequently than monmadl antibodies.However, they preferentially
accumulated in the spleen after they left the blood, which arefthke main target
organs for MDSESNADbs to deplete MDSC3 his obseration matches the remarkable
decrease of MDSCs in the spleen of 4Tnor bearing mice after treatment of SNAbs.
MDSC population expands rapidly in the spleen after tumor onset, constituting as high as
80% of the myeloiederived cells and up to 40% of ttetal cells in the spleen (data not
shown) Therefore, the capability of SNAbs to accumulate in the spleen and deplete
splenic MDSCs could lead to significant reduction of MDSC migration to the tumors, and

further ameliorate immunosuppression in tumor aretastasis®>
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More promisingly, SNAb concentration in tunsawas observed to keep increaginom

6 hr to 48 hr post injection. The size of the SN@btual size 3®&0nm, hydrohynamic

size 70100nm)definitely is playing a critical role in the process as previous literatures
suggested nanospheres in thessiange of sd0nm are better at escaping from the
tumor vasculature, penetrating and retanin the tumorsby the EPR (enhanced
permeability andretention) effect. The favorable accumulation anbng retentionof
SNADbsin the umor definitely projects greater resgse and bettdong-termtherapeutic
efficacy, and potentially reducing the dosage and treatment duration requirements.
Indeed, the da@gje we administered of SNAbs in the MDSC depletion studies was 10,000
times lower than those used in previous reports for -Griti monoclonal
antibodieg®1>1%51%9 pyt we achievedomparablelevel of MDSC deletion in the
blood, spleens and tumoas antiGrl monoclonal antibodie©ne other observation is
that MDSGSNADbs also accumulates in the liver to a great extem.importantthat a
novelantibodylike therapeutic is saf® patients So, a futuretgp is to evaluate the liver

and hematological toxicity of SNAbs.

The results from the three depletion studies clearly verified gpothesis that the
SNADbs can specifically deplete MDS@svivo. The first depletion study used the SNAbs
generated withhte SA-AuNP-SA from Nanopartz.Inc, on which only 21 streptavidins
were coated, while in the later two studies, we used $#eAuNP-SA from
Nanohybrid.Inc, on which 100 streptavidins were coated. In other words, the first
depletion study used a batch of SNAWith theoreticallylower valency of ligands than

the later two studies did. Howeveave achieved similar level of depletion GEMDSCs

in these studies in thepleens and blood hisresultindicatesthateither the change in the
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number of streptavidinen t he nanoparticles di dnhét al t

change in valency of SNAbs dsnot impact the capability of them to induce tardete
responsegor granulocytic cellswhich necessitates further investigation on the valency
effect of SNAbswith accuratequantification of ligand modificatiarOn the other hand,
compared to the first studshe later studies with theheoreticalhighervalency SNAbs
showed greater reduction in the percentages -0iSCs in the collected samples and
better depletin effect of both MDSC subsets in the tumors. The valency of the ligands on
the SNADbs could possibly be an important reason for it, since the indneageity may

lead to higher affinity and specificity of SNAbs on the target cells and regulate the

pendration and retention of the nanoparticles in the tumors.

We did see some unexpected results elicited by the control Janus nanoparticles
unmodified or modified with peptides other than G3 or G3*. One possible explanation for
these observations is that tharface property (e.g., hydrophobicity, electrostatic charges)
of the Janus nanoparticles after modification changed their interaction with the blood
cells. Different Janus nanoparticles would be taken up and cleared by cells in the blood
differently, lealing to completely different pharmacokinetics of them. Apparently, G3
SNAbs are more prone to get around with blood clearance and get into the tumor and
spleens to take an effect. Mdrevitro andin vivoinvestigations need to be carried out to
study how the surface property changes after ligand modification impact the
nanoparticlecell interaction protein corona composition of the nanopartiaded how it
translate into thein vivo responses elicited by the nanoparticles. This information is

crucial far the design of SNADbs as a versatile artificial antibody platform.
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MDSCs were known to suppress the adaptive immune responses by reducing the
proliferation and activation of cytotoxic T cells and promoting the differentiation of T
cell into T regulatory dés. Repeatedly in ouMDSC-depletionstudies, we observed
increased infiltration of CDTD8" T cells, higher percentage of activatd@No-
secreting T cells and lower numbers of regulatory T cells in the tumdhe MDSG

SNAD treated groupsTheseall suggested that MDSENAbs are capable of restoring
antirtumor cellular immune responses by depletion of MDSCs. In our preliminarysingle
therapyin vivo study, the MDSESNAb-treated group had a much higher percentage of
mice remained aliveat the end of the study compared to the control groups, which
validated that MDSESNADs has therapeutic potential to prolong the survival of-4T1
breast turar-bearing mice. In the IGMDSC-SNAbs combination studi
a statistically significant difference in the tumor growth rate among the groups, but from
the survival curve, MDSGNADbs helped to improve the therapeutic effects of the ICIs in
the early times points (before day)3 Previous studies by KiBem Kirat al. and by
Olivier De Henau etal. both showed significant improvement in survival in the
combination therapy groups with both ICls and MDSC depletion compared to ICI alone
group™™®The reason vathieve similar desutsnoduld be that MDSC
SNADbs affected the functions of NK cells to some extentshamsvn in the depletion
studies NK cells are the major effector cells for ADCC elicited by IgG2a and IgG2b
(antiPD1: IgGa, antiCTLA4: IgG2b), and previoustudies report ADCC of regulatory

T cells as one of the mechanism of &TiLA4 antibodies and pettially for antiPD1
antibodies*’® Therefore, a dampened NK cell response may affect the therapeutic

efficacy of ICIs and thus leading to no improvement in the combination therapy group.
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Lastly, based on the collected results from the alabseussed in vivo studies, some
other studies wdd be interesting and important for the evaluation of therapeutic
potential of SNAbs. Instead of intravenous injectiortratumoral injection of MDSE
SNADbs could possibly enhance the depletion effect of MDSCs in the tumor and thus
more effective inhibithe growth and metastasis of tumohs imagable 4T4duc cell line

could be used to track the metastasis of the tumor and study whether depletion of MDSCs
could delay or inhibit the metastasi$ the 4T1cancer celldo lung, lymph nodes and
bone marrow.?%% Breast cancers were wly surgically removed before treatment
with medicines, but the residuals of malignant cells in the original sites will lead to the
re-occurrence of tumor and morapid progression and metastasis of cancer. So, it would
be interestingly to see if MDSESNAbs treatment after the surgery could decrease the
chances of r®ccurrence of tumor or improve the prognosis by removing the
immunosuppression microenvironment. In addition, thgressiveness of 4Tireast
tumor model limitel the design of then vivo studies in terms of injection schedule. We
were only able to inject the SNAbs before day 12 post tumor inoculation due to the
collapse of tail vein caused by dehydration of the mideerefore, a less aggressive
model of 4T1 wih a decreased dose of tumoodnlation could be useful to allow wider
treatment windowand study the effect of late SNAb treatmeWte would also like to
validate the therapeutic effect of MDSXINAbs in other cancer models, such as B16
melanoma, A20 lymphoma, C26 colon carcinoma, peat@ or prokate cancers, and

human breast cancer models in humanized mice.
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