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ABSTRACT
ENGINEERING OF AN ANTIBODY-CONJUGATED NANOGEL PLATFORM
FOR TARGETED DRUG DELIVERY TO T LYMPHOCYTES
SEPTEMBER 2019
MINE OZDEN CANAKCI, B.S., BOGAZICI UNIVERISTY (ISTANBUL, TURKEY)
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Dr. Barbara A. Osborne and Dr. Sankaran Thayumanavan

In an ideal chemotherapy, cytotoxic drugs travel through the bloodstream,
reach cells all over the body and preferentially kill abnormal cells. Yet, the hydrophilic
or lipophilic property of the small-molecule drugs affects their ability to reach cells
from the bloodstream. So, only a small portion of the drug reaches to the diseased
tissue. A selective cell killing approach for cancer therapy gained momentum after the
realization that cancer cells carry unique set of molecular markers on their cell surface.
The development of antibody drug conjugates (ADC) revolutionized the targeted
approach for drug delivery. ADCs are composed of cytotoxic agents covalently linked
to a monoclonal antibody that can selectively bind to tumor-markers and deliver its
payload to tumor cells. So, off-target effect of the cytotoxic agents on the normal
tissue can be avoided. Currently there are four FDA approved ADCs on the market.
The number of ADCs in the clinical trials increases continuously even if some of them
fail in the efficacy studies. The reasons are cited as low payload capacity of the
monoclonal antibody as well as the limitations of the linker chemistry. Our goal in this

study is to enhance the antibody mediated targeted drug delivery approach by

Vi



combining our knowledge in both immunology and polymer chemistry for the
treatment of T-cell acute lymphoblastic leukemia (T-ALL) in mouse models, we will
engineer anti-CD4 conjugated nanogels loaded with cytotoxic molecules that can: i)
selectively target CD4" T lymphocytes in vitro and in vivo, and ii) eradicate both

liquid and solid T-ALL tumors in mouse.
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CHAPTER 1

GENERAL INTRODUCTION

1.1.  Brief history of chemotherapy

Modern medicine starts with the discovery of penicillin, a small molecule drug
which is toxic to pathogenic bacteria but harmless to the human cell. Before penicillin,
bromine, mercury and arsenic-based products were used to treat infectious diseases
without substantial effect. These treatments as harmful to human cells as to pathogenic
microbes. Almost a century ago, Paul Ehrlich reasoned that the ideal therapeutic
approach to treat infections is the use of a chemical compound which targets and Kills
the disease-causing organism selectively, sparing the host. He entitled this approach as
“chemotherapy” (Perry et al., 2012). So, the search for a “magic bullet” began after it
was conceptualized by him. The magic bullet concept remained as a theory until the
discovery of penicillin at the hands of Alexander Fleming (Fleming, 1929). Penicillin
selectively targets bacteria by affecting a unique feature present only in prokaryotic
organisms. During the last century, scientists took advantage of the distinct
mechanisms found in bacteria but absent in eukaryotes to generate a new class of
drugs called antibiotics, hence eliminating the most deadly disease which killed
millions of people throughout previous centuries.

Today, cancer has replaced infection in the feared disease list. Unlike
infection, cancer is caused by one’s own cells that gained ability to divide
uncontrollably and indefinitely through accumulated mutations. Unfortunately, the

magic bullet for cancer therapy is yet to be found, mainly because cancer cells differ



from the healthy cells in a subtle way—even capable of deceiving the immune system
which is otherwise effective at recognizing and destroying the abnormal cells—
making the drug development process challenging. Because the most apparent feature
of cancer cells is the rapid cell division cycle, the first treatment approach have been
the application of cytotoxic drugs blocking DNA synthesis as well as the replication
machineries. This modality—treatment of cancer using cytotoxic chemical agents—is
since called cancer chemotherapy. By the late 1980s, there were many cytotoxic drugs
identified or generated for this purpose. However, because chemotherapy alone is not
effective, it is often used in combination with radiation or surgery to achieve
synergistic anti-tumor effect (Perry et al., 2012; DeVita and Chu, 2008). Combination
chemotherapies gained significant approval as a contemporary approach, advanced the
clinical outcome and became the most common model for cancer therapy as it is still
in use today.

One of the first chemicals used for chemotherapy was the nitrogen mustard
against lymphomas (Gilman, 1963; Papac, 2001). Nitrogen mustard causes cell death
by alkylating the DNA and because lymphomas grow and divide more rapidly, they
are more prone to cell death by it. The idea behind this approach was “to destroy the
tumor before destroying the host” (Gilman, 1963) but the therapy was unsuccessful in
clinical trials. Although initial results indicated significant regression of tumor, it was
short lived. After patients displayed severe thrombocytopenia, the treatment had to be
stopped to allow bone marrow recovery. Unfortunately, tumor grew back during this
process. The second course of nitrogen mustard was less effective on tumor

suppression and the third course had very little effect (Gilman, 1963). This early study



asserts the challenges facing the chemotherapy or other types of cancer therapies.
Destroying the tumor before destroying the host is not a feasible approach. The magic
bullet of cancer therapy should be able to demonstrate its potent effect on the tumor
while sparing the host.

Most of the anticancer drugs in the market today are inefficient if the
administered dose is not near the maximum tolerated dose (MTD) (Chari et al., 2014;
Frei, 1992). Accordingly, in order to achieve a positive clinical outcome, dose of the
drug needs to be increased to a level at which damage to the normal tissue is
inevitable. This unintended toxicity of chemotherapy drugs is defined as the off-target
effect and it takes its toll on the cells with rapid proliferation cycles like the ones in the
gastrointestinal track and bone marrow (Perry et al., 2012). It is self-evident that
whether they are used alone or in combination, systemic toxicity of chemotherapy
could not be avoided and is a major burden. Because of these limitations, cancer

therapeutics are in dire need for new and better approaches to replace chemotherapy.

1.2.  Targeted therapy approach in cancer treatment

Targeted therapy is one of those promising approaches with a potential to
replace chemotherapy in the future of cancer therapeutics. Its focus has been to
develop drugs in which the effective dosage is significantly lower than the MTD.
Briefly, the majority of chemotherapeutic small molecule drugs have a narrow
therapeutic window where the effective dosage overlaps with unacceptable toxicity
(Figure 1-1a). This limits the dose intensity—total amount of drug that is administered
in a certain time period—in the interest of avoiding systemic toxicity (Perry et al.,

2012). Targeted therapy aims to push the toxicity curve further away from the
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Figure 1-1 Relationship between effective dose response and toxic dose response.

(a) A hypothetical dose-response curve of a drug with narrow therapeutic index in
which the difference between effective and toxic dose is small.
(b) A hypothetical dose-response curve of a drug with wide therapeutic index.

effective dosage (Figure 1-1b) by increasing the potency of the drug or by improving
selectivity .

The most straightforward way to achieve a wide therapeutic window is to
increase the selectivity of the drug molecule. Throughout the years, in-depth research
of oncogenic pathways have revealed the distinction between the cancer and healthy
cells at a molecular level, thus identifying novel druggable targets that were unknown
before. A selective cell killing approach for cancer therapy gained momentum after the
realization that cancer cells carry unique set of molecular markers on their cell surface
as well as in the cytoplasm. Currently, among the notable technologies using this
approach are monoclonal antibodies and protein kinase inhibitors (Chari et al., 2014;
Sawyers, 2004; Singh et al., 2014; Zhang et al., 2009). Although my thesis research
focus is on the antibody mediated targeting, |1 would like to give a brief summary of

protein kinase inhibitors because they are an essential part of targeted therapies.



Protein kinases emerged as a potential drug target because of their key role in
tumor cell proliferation and survival which are caused by either their overexpression
or mutation into constitutively active form (Sawyers, 2004; Zhang et al., 2009).
Consequently, instead of targeting the DNA machinery, new small-molecule agents
were designed to target particular tyrosine kinases as they are the critical regulators of
cancer cell proliferation. It is important to note that these agents were aimed to target
one specific kinase. The downside of this approach is the cancer cell’s ability to
evolve quickly to generate drug-resistant kinases. Furthermore, in clinical trials kinase
inhibitors exhibited unexpected toxicity due to incomplete pharmacological

examination of the kinase family proteins (Sawyers, 2004; Zhang et al., 2009).

1.3. Therapeutic application of antibodies
The function of antibody is to identify foreign invaders (viruses and bacteria)

by recognizing the antigens found on the surface of these invaders and tag them for
destruction. The functional domain of the antibody (Fc domain) binds to the Fc
receptor on the surface of phagocytes and informs them of the presence of invaders
which in turn activates the phagocytes. The immunological term for this function is
opsonization, originating from the Greek word opsanein that translates to “to prepare
for eating”. This is how a simple blood transfusion treated infectious diseases like
tetanus and diphtheria and awarded Nobel prices to Emil von Behring in 1901 and
Paul Ehrlich in 1902 (Dubel and Reichert, 2014). Because opsonization does not have
to be restricted to foreign invaders, for long it has been suggested that antibody
therapy could be applied to treat various other diseases by taking advantage of

oncogenic surface markers. In theory, malignant cells could be tagged with antibodies



for destruction through antibody-dependent cellular cytotoxicity (ADCC) and
complement-dependent cytotoxicity (CDC). The first roadblock was a manufacturing
issue. Unlike infection, cancer is a chronic disease and requires a long treatment
process. Therefore, the technology to produce large quantity of antibody for
therapeutic purposes were required. New opportunities aroused in 1970s after in vitro
production of monoclonal antibody in mouse cell culture was a success (Moldenhauer,
2014). However, unexpectedly, the application of murine-derived antibodies was
short-lived, for the research hit its second roadblock. Murine-derived antibodies
generated an immunogenic response in humans (Dibel and Reichert, 2014). As a
consequence, chimeric antibodies were constructed by replacing the most
immunogenic parts with human 1gG sequences as well as improving the antigen
recognition domain to increase affinity (Dubel and Reichert, 2014; Saldanha, 2014).
So by the early 1990s, the technology for therapeutic antibodies was finally possible

and the next phase was the selection of an oncogenic target.

1.3.1. Monoclonal antibodies

Since 1997, close to a hundred therapeutic antibodies entered the market with
one third of it targeting oncogenic antigens (Table 1-1) (Buss et al., 2012; Duibel and
Reichert, 2014; Scott et al., 2012). The most popular targets of therapeutic antibodies
are growth receptors (HER2, EGFR, VEGFR) for solid tumors whereas the B-
lymphocyte antigen CD20 is the choice for liquid tumors. The last couple of years, the
therapeutic antibody field was confronted with an unconventional oncogenic target
called PD-1 (Table 1-1). PD-1 is an acronym for programmed cell death protein-1 and

it is one of the surface receptors known to be suppressing the immune system and



Table 1-1 Therapeutic monoclonal antibodies approved in United States for cancer

treatment.
Name Trade Names Target FDA Indication
Antigen approval year
Rituximab Rituxan, CD20 1997 Lymphoma
MabThera
Trastuzumab Herceptin HER2 1998 Carcinoma
Alemtuzumab Campath, CD52 2000 Leukemia
MabCampath,
Lemtrada
Ibritumomab Zevalin CD20 2003 Lymphoma
tiuxetana
Cetuximab Erbitux EGFR 2004 Carcinoma
Bevacizumab Avastin, Mvasi  VEGF 2004 Carcinoma
Panitumumab Vectibix EGFR 2006 Carcinoma
Ofatumumab Arzerra CD20 2009 Leukemia
Ipilimumab Yervoy CTLA-4 2011 Melanoma
Pertuzumab Perjeta HER2 2013 Carcinoma
Obinutuzumab Gazyva CD20 2013 Leukemia
Ramucirumab Cyramza VEGFR2 2014 Carcinoma
Pembrolizumab  Keytruda PD-1 2014 Carcinoma
Blinatumomab?  Blincyto CD3/CDh19 2014 Leukemia
Necitumumab Portrazza EGFR 2015 Carcinoma
Elotuzumab Empliciti SLAMF7 2015 Myeloma
Dinutuximab Unituxin GD2 (lipid) 2015 Melanoma
Daratumumab Darzalex CD38 2016 Myeloma




Table 1-1 (Continued)

Name Trade Names Tar.get FDA Indication
Antigen approval year

Olaratumab Lartruvo PDGFR-a 2016 Sarcoma
Durvalumab Imfinzi PD-L1 2017 Carcinoma
Avelumab Bavencio PD-L1 2017 Carcinoma
Nivolumab Opdivo PD-1 2017 Carcinoma
Mogamulizumab  Poteligeo CCR4 2018 Lymphoma
Moxetumomab Lumoxiti CD22 2018 Leukemia
Pasudotox

Cemiplimab Libtayo PD-1 2018 Carcinoma
Atezolizumab Tecentriq PD-L1 2019 Carcinoma

Abbreviations: CD, cluster of differentiation; HER, human epidermal growth factor
receptor; EGFR, epidermal growth factor receptor; VEGF, vascular endothelial growth
factor; VEGFR, vascular endothelial growth factor receptor; CTLA, cytotoxic T-
lymphocyte-associated protein; PD-1, programmed cell death protein 1; PD-L1,
programmed death-ligand 1; SLAMF, signaling lymphocyte activation molecule family
protein; PDGFR-q, platelet-derived growth factor receptor o; CCR4, C-C chemokine
receptor type 4

Note: Information current as of March 2019
aRadioimmunotherapy drug
b bi-specific T-cell engager

promoting the self-tolerance. Cancer cells express PD-1 ligand protein (PD-L1) on
their surface to inhibit T cells in the tumor microenvironment and by doing so they
avoid destruction by the immune system. The inhibition of PD-1 and PD-L1
interaction by therapeutic antibody wakes the suppressed CD8 T lymphocytes so they
would recognize and attack the tumor (Dong et al., 2002; Topalian et al., 2012). These

antibodies are termed as immune checkpoint inhibitors in the literature.



We are barely scratching the surface when it comes to antibody therapeutics.
Given the improved technologies and better understating of the tumor environment,
there are many novel therapeutic approaches waiting to be engineered. Whether the
mechanism of action is to induce complement system, to block growth factor
receptors, or to inhibit immune checkpoints, indisputable fact is that antibody therapy

is an innovative approach carrying great promises.

1.3.2. Antibody-drug conjugates

The development of antibody drug conjugates (ADC) revolutionized the
targeted approach for drug delivery (Beck et al., 2017; Singh et al., 2014). The idea
was to increase the potency of the monoclonal antibody which are—in most cases—
used in combination with a chemotherapy because when used as a single agent they
are not effective. ADCs are composed of cytotoxic agents covalently linked to a
monoclonal antibody that selectively binds to tumor-markers and deliver its payload to
tumor cells, so the off-target effect of the cytotoxic agents on the normal tissue could
be avoided. Currently there are four FDA approved ADCs on the market (Table 1-2).
One of these is Trastuzumab emtansine (T-DM1) targeting HER2+ breast cancer cells
and a direct continuation of trastuzumab, a therapeutic monoclonal antibody (Table 1-
1) (Chowdhury and Ellis, 2014; Lewis Phillips et al., 2008; Verma et al., 2012).
Clinical trials of T-DM1 revealed significant reduction in the relative risk of disease
progression when compared to trastuzumab in combination with docetaxel
(chemotherapeutic agent) (Hurvitz et al., 2013).

Before going into more detail about ADCs, | need to call attention to a

common mistake we make in this field. Although it is referred as “antibody” in most



of the literature as well as throughout this thesis, the correct nomenclature of these
molecules should be 1gG. Antibody or immunoglobulin (Ig) refers to a much larger
class of proteins carrying antigen binding functions. Mammals carry 5 major
subclasses of antibodies in their genome; IgA, IgD, IgE, IgG, and IgM. ADCs employ
IgG subclass, particularly the 1IgG1 isotype because of its ability to initiate an immune
response.

The efficacy of the ADC depends on the following parameters; (i) drug to
antibody ratio, (ii) potency of the cytotoxic drug, (iii) stability of linker and drug
release mechanism, (iv) conjugation chemistry.

Drug to antibody ratio: The number of ADCs in the clinical trials increases
continuously even if some of them fail in the efficacy studies. The reasons are cited as
low payload capacity of the monoclonal antibody as well as the limitations of the
linker chemistry (Gordon et al., 2015; Jain et al., 2015; Singh et al., 2014). The drug to
antibody ratios (DARSs) became the first focus point to increase the efficacy of ADCs.
Initial studies on the DAR resulted in an average of 3.5 where DARSs ranging from 0 —
8 (Gordon et al., 2015; Hamblett et al., 2004). The link between DAR and its effect on
pharmacokinetics have been investigated. The results indicated that increasing DAR
higher than 3 had several disadvantages on the stability of ADCs since it increases the
hydrophobicity and decreases the serum half-life of the antibody (Hamblett et al.,
2004). Consequently, increasing the payload does not have any beneficiary effect on
the efficacy of ADCs.

Potency of the cytotoxic drug: The first generation of ADCs used

conventional chemotherapy drugs as payloads but because the number of drugs that
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could be conjugated to antibody is limited, the potency was insufficient (Singh et al.,
2014). Therefore, the cytotoxic payload of the current generation of ADCs are derived
from highly potent anti-cancer agents like the enediyne, maytansine or auristatin class
of drugs. Calicheamicin is a member of enediyne class. It binds to DNA and cause
double-stranded DNA cleavage (Zein et al., 1988). Two of the ADCs on the market
(gemtuxumab ozogamicin and inotuzumab ozogamicin) are its conjugates (Table 1-2)
(Peipp and Gramatzki, 2014). Maytansine and auristatin, on the other hand, inhibit
microtubules. The commonly used derivatives of these molecules in ADC therapeutics
are DM1 and DM4 from the maytansine class, MMAE and MMAF from the auristatin
class (Doronina et al., 2003; Widdison et al., 2006). These molecules are demonstrated
to have 1C50 ( 50% growth inhibition of cancer cells in vitro) values at picomolar
concentrations. However, their free drug forms failed to show potency in clinical trials
mostly because of low MTD (2 mg/m? for maytansines, 0.4 mg/m? for auristatins)
(Chabner et al., 1978; Perez et al., 2005; Singh et al., 2014).

Stability of linker and drug release mechanism: The covalent link between
the antibody and the cytotoxic agent determines the mode of the drug release. The
cytotoxic payload is expected to be delivered into the cytoplasm after ADC is taken up
by the cell. There are two modes of payload release mechanisms that have been
investigated: (i) with a cleavable linker—that is pH, redox or enzyme sensitive—the
cytotoxic payload could be released inside the cell upon internalization, (ii) with a
non-cleavable linker, the payload would be released when the ADC is degraded in the
lysozyme (Chalouni and Doll, 2018; Gordon et al., 2015; Perez et al., 2014). The

former comes with a stability problem since the cleavable linkers usually have higher
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Figure 1-2 General structure of an immunoglobulin G (IgG) antibody molecule.

(a) Surface modeling of the structure of an intact antibody (PDB ID: 1IGT) viewed by
UCSF Chimera program. Primary amine of the lysine residues are shown in green
color, disulfides are in red and glycan groups are in purple.

(b) Cartoon model of IgG structure.

deconjugation rates in the serum. The latter’s disadvantage is the consequence of the
degradation process because after ADC is degraded, an amino acid-linker-cytotoxin
construct is released which in some cases lowers the potency of the cytotoxin. Because
of low DAR in ADCs, it is crucial to maintain the potency of the cytotoxin after
release. The linker engineering is a challenging problem and better designs are
required for the future generations of ADCs.

Conjugation chemistry: To understand the conjugation chemistry for
antibody conjugates, one first must understand antibody structure. Immunoglobulin G
(1gG) antibody is composed of two identical heavy (H) and two identical light (L)

chain polypeptides that are associated with each other through four interchain disulfide
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Table 1-2 Therapeutic ADCs approved in United States.

Name Trade Name Target Antigen Drug (Payload) Clinical Status
Gemtuzumab Mylotarg® CD33 Calicheamicin Approved by FDA in 2000 for the treatment of
ozogamicin (Pfizer) acute myeloid leukemia (AML)
Withdrawn by Pfizer in 2010 due to the
unexpected toxicity results
Re-approved by FDA in 2017 for the treatment
of AML after dosage revisal.
Brentuximab Adcetris® CD30 Monomethyl Approved by FDA in 2011 for the treatment of
vedotin (Seattle auristatin E Hodgkin’s lymphoma (HL) and anaplastic large
Genetics/Takeda (MMAE) cell ymphoma (ALCL)
Pharma.)
Trastuzumab- Kadcyla® HER2 Emtansine Approved by FDA in 2013 for the treatment of
emtansine (Genetech/Rock) (bM1) HER2+ metastatic breast cancer
Inotuzumab Besponsa® CD22 Calicheamicin Approved by FDA in 2017 for the treatment of
ozogamicin (Pfizer) aggressive non-Hodgkin’s lymphoma, acute

lymphoblastic leukemia (ALL) and B-cell ALL

Note: Information current as of March 2019
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bonds (Figure 1-2). The H-chain consists of one variable and three constant
domains whereas the L-chain has one variable and one constant domain. Each of these
domains is the same size (110 amino acids long) and contains one intrachain disulfide
bond. The N-terminal variable domains of H- and L-chains form the antigen binding
site and give the antibody the ability to bind to two molecules of the same antigen
simultaneously. The antibody contains two antigen binding sites and one effector
domain. The antigen binding domain is called the Fab (antigen binding fragment) and
has the ability to bind antigen independent of the rest of the molecule. The Fc
(crystallizable fragment) carries out the effector function by interacting with Fc
receptors of several cells of the immune system. Antibodies also contain two
carbohydrate chains on the Fc region, which are important for Fc receptor recognition.
The Fab and Fc regions are connected by a hinge region, which gives this 150 kDa
molecule the requisite structural flexibility (Harris et al., 1997) (Figure 1-2). Because
of the reactivity of primary amines and thiols, lysine and cysteine residues are
commonly used as handles for protein modification. Lysine residues are randomly
distributed through the antibody and found in numbers of 80—90 per antibody. The
number of cysteines differs for each four subclasses of 1gG. 1gG1 is most commonly
used as a therapeutic agent and it has a total of 32 cysteine residues forming disulfide
bridges within the macromolecule. Twenty-four of these form intrachain disulfide
bonds and are, in general, considered to be stronger than the other 8 cysteines that

form interchain disulfide bonds, and two of these are located at the hinge region of the

antibody.
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The majority of the current therapies use N-hydroxysuccinimide ester
(commonly referred as NHS ester) or maleimide type reactive groups targeting lysine
or cysteine residues, respectively (Hermanson, 2013a). The nucleophilic nature of the
primary amines on lysine residues makes them easy to target for NHS ester. The
random distribution of 80-90 lysines increases the chance of conjugation. For
example, the recommended molar ratio of commercially available NHS esters are 5 to
10 molar excess which yields 1 to 2 modification per antibody (Brun and Gauzy-Lazo,
2013). The desirable features of NHS ester is due to biologically stable nature of the
amide bond and ease of the conjugation method. One drawback of lysine conjugation
is the heterogeneity of the generated ADCs, in both stoichiometry and conjugation
site. However, so far technology for site-specific conjugation is made available only
for cysteine residues. Maleimide groups react with thiols to generate a thioether link
but because cysteine residues of antibody form disulfide bonds with each other,
additional steps are required to generate free thiols on the antibody (Gordon et al.,
2015; Hermanson, 2013b). This could be achieved either by using mild reducing
conditions that will break the disulfide bridges in the hinge region or by genetically
engineering free cysteine residues on antibody. Both approaches have been shown to
benefit the ADC technology due to the homogeneity of the product (Junutula et al.,
2008; Shen et al., 2012).

One vital roadblock facing the current ADC design is the effect of hydrophobic
drug molecules on the stability of antibody and this requires a new linker design (Beck
etal., 2017; Carter and Lazar, 2017; Lyon et al., 2015). The ADC must be stable in the

circulation so it could mimic the pharmacokinetic advantages of the naked antibody.
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Monoclonal therapeutic antibodies have half-lives up to 3 weeks, and ADCs should
likewise have long circulation times, and not accumulate off-target. The impediments
related to ADCs summarized above needs to be addressed to achieve better results in
the efficacy studies in the future. Fortunately, there is an emerging cancer therapy field
to utilize nanoparticles as the delivery vehicles. This system is expected to benefit the

cancer therapy field by increasing the cytotoxic payload without the need for a linker.

1.4.  Nanoparticles as drug delivery vehicles

Nanotherapy emerged as yet another field in the cancer therapeutics to improve
the chemotherapy by compacting cytotoxic agents in nano-sized compartments so that,
the pharmacokinetic limitations of its free form could be avoided (Shi et al., 2016).
Hiroshi Maeda and his co-workers were the first ones to discover the potential of
nanoparticles in the targeted therapy by defining the enhanced permeability and
retention (EPR) effect of the tumor environment (Maeda, 2015; Maeda et al., 2009;
Matsumura and Maeda, 1986). According to this, nano-sized particles tend to
accumulate in the tumor environment due to hypervascularity—a result of the defective
tumor angiogenesis—whereas small-molecules simply diffuse in and out of the tumor
or the normal tissue. The EPR effect is usually described as a passive targeting since it
does not depend on a molecular target but exploits the leaky vessels surrounding the
tumor environment.

In 1995, Doxil became the first FDA-approved nanotherapeutic (Barenholz,
2012; Dawidczyk et al., 2014; Working et al., 1994). It is a polyethylene glycol (PEG)
coated nano-liposome packed with a cytotoxic chemotherapy drug called doxorubicin.

Doxorubicin became one of the most effective chemotherapy drugs since it was

16



approved for cancer therapy in 1974. The mechanism of action is to block DNA
synthesis—like majority of conventional chemotherapy drugs—by inhibiting the
enzyme topoisomerase Il. However, the usefulness of doxorubicin is restricted due to
a dangerous adverse effect of the drug on the cardiac tissue (Working et al., 1994).
Because the cardiotoxicity of doxorubicin is irreversible, scientists searched for
different formulation methods to increase the accumulation of drug in the tumor
environment. The result was the packaging of doxorubicin in nano-sized liposomes.
EPR-related pharmacokinetic of Doxil improved the clinical performance of
doxorubicin, hence establishing the superiority of nanoparticle based approaches on
the chemotherapy (Barenholz, 2012; Working et al., 1994). Moreover, liposomal
doxorubicin (Doxil) reduced the cardiotoxicity significantly. Another important lesson
learned from the development of this nanoparticle is the contribution of PEG on the
pharmacokinetics of Doxil. It has been shown that addition of PEG units on the
surface of the liposome reduced the immunogenicity and so increased the serum half-
life of the liposome (Duncan, 2006). In addition, the phagocytes of the immune system
are programmed to recognize the foreign antigens including nano-sized particles.
However, PEGylation has been shown to rescue nanoparticles from being engulfed
and hinder the protein adsorption (Harris and Chess, 2003; Jevsevar et al., 2010).

Doxil opened the gates for nanotherapy, there are many following its footsteps.
New formulations of drug carriers now include a long list of molecules, from
polymeric nanoparticles to gold nanoparticles. Most of these products aim to improve
the pharmacokinetics of an existing drug—small molecule or peptide. For example,

PEGylation (conjugation of PEG to the therapeutic drug) since become a common
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method to improve the serum circulation time (Duncan, 2006; Harris and Chess,
2003). The conjugation of hydrophobic drug molecules to hydrophilic polymers has
been carried out to improve pharmacokinetics of the drug. One of these hydrophilic
polymers is poly(N-(2-hydroxypropyl)methacrylamide (pHPMA) (Duncan, 2006).
Currently there are multiple variations of pHPMA drug conjugates in clinical trails.
But none of them have obtained approval from FDA thus far.

We are still at the very beginning of nanoparticle based therapies. Only limited
amount of study has been done with nanocarriers in vivo systems. We are yet to find
out the appropriate nanocarrier to facilitate drug delivery. Nevertheless,
nanotherapeutics have shown substantial growth over the few years. It is expanded
from simple and linear structures to more complex scaffolds that could respond to
external stimuli (Kakkar et al., 2017). The magic bullet is unattainable with
chemotherapy alone but may be achievable with complex drug delivery systems.
Nanotherapy may have the capacity and tools to evolve into such a system. My
research focuses on the formulation of a polymeric nanoparticle that has been a ctively
studied by Thayumanavan group over the years (Bickerton et al., 2012; Gonzélez-Toro
etal., 2012; Gordon et al., 2018a; Liu and Thayumanavan, 2017; Ryu et al., 2010a,

2010b). Our goal is to adapt the current design into a targeted drug delivery platform.
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Figure 1-3 Schematic illustration and chemical structure of polymeric nanogels.

Upper figure shows the schematic representation of the preparation of nanogel via
crosslinking of PDS groups with DTT. The structure of the polymer and the nanogel is
shown in the bottom figure.

1.4.1. Advantages of the nanogel design

A nanogel is a type of polymeric nanoparticle that contains a crosslinked
hydrogel-like core. Its value as a biofunctional material has been studied extensively,
in the fields of sensing, diagnostics and drug delivery (Li et al., 2014). It could entrap
molecules physically or chemically inside its crosslinked core. Because of its nano-
size and colloidal stability, its in vivo applications are favored. One of its most

attractive quality is that versatile mechanism that can employed to release the
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entrapped molecules, generally called payloads. The payloads can be entrapped in
nanogel through different ways such as electrostatic interaction, hydrophobic
interaction or direct chemical conjugation. The payloads can be released in response to
a stimuli such as redox potential, pH, or light, depending on the chemical design of the
scaffold (Li et al., 2014).

Nanogels (NG) designed by the Thayumanavan group, is by definition a
chemically cross-linked, water-soluble polymeric nanoparticle. The polymer contains
two repeat units appearing randomly on a single chain (Figure 1-3). One of these
repeat units is a short hydrophilic PEG whereas the other one is relatively hydrophobic
pyridyl disulfide (PDS) unit. Possession of the hydrophilic as well as the hydrophobic
units makes this polymer amphiphilic which results in the formation of the nano-sized
aggregates. In an aqueous environment, PDS units collapse and bury themselves inside
of the aggregate whereas hydrophilic PEG generates a hydrating layer on the surface.
The hydrophobic core of this aggregate thermodynamically favors the physical
encapsulation of lipophilic molecules inside (Ryu et al., 2010a). NG is the cross-linked
form of this nanoaggregate. PDS units of the polymer chain contain a disulfide bond
which could be readily breakable and cross-link the polymer chains, independent of
whether it is intra-chain or inter-chain. Cross-linking of the aggregate will stabilize the
guest encapsulation by entrapping the molecules in a matrix like structure. The
crosslink density of PDS units as well as the hydrophobicity of the guest molecule
affect the leakiness of this nanoassembly. Because disulfide bonds create the
crosslinking, NG disassembles in the presence glutathione (GSH), which is a disulfide

reducing agent present at millimolar concentrations in the cytoplasm and at low
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micromolar concentrations in the extracellular environment. Thus, in the cytoplasm,
NG breaks open and releases the guest molecules (Ryu et al., 2010a).

The advantage of this nanogel design can be exploited with the ease of
formulation. The size of the particle is controlled by varying the salt concentration and
the temperature as well as changing the molecular weight of the polymer. By using
this system, we can easily tune the size of the NG from 5 nm to 200 nm. It is important
to achieve nanoparticles lower than 50 nm size since they have been shown to be able
to penetrate even the poorly permeable tumors. Therefore, NG, combined with its low
toxicity, shows great promise for the development of nanoparticle based therapies.
Moreover, PDS units on the NG are an excellent handle for surface modification
because they exhibit robust reactivity towards the attack of free thiol containing

molecules due to leaving character of pyridine-2-thione (Ryu et al., 2010a, 2010b).

1.5.  Antibody conjugated nanoparticles

Nano-sized drug delivery system demonstrated the power of passive targeting
in cancer therapeutics. However, by introducing an active targeting unit would
improve the system even further. This could be achieved by decorating the
nanoparticles with biologically relevant ligands or with antibodies and thus generated
a more selective nanotherapeutic. Besides, this would be beneficial for ADC field as
well. Compared to ADCs, nanoparticles have superior payload capacity, simpler
design for drug conjugation and release. Additionally, the ADCs in clinical trials
proved to be less effective against solid tumors. This issue could be approached with
the passive targeting ability of nanoparticle. Benefits of ADC and nanoparticle

technologies are summarized in the following statements:
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i. ADCs, on average contain 3-4 molecules per antibody, so for this therapy to be
effective cytotoxic drug should work in picomole concentrations whereas
nanoparticles have more flexibility and could carry hundreds of molecules if
needed.

ii. ADCs require sophisticated drug linker and cleavage strategies whereas for
nanoparticles the payload could be noncovalently encapsulated in the
hydrophobic core.

iii. Thanks to lock and key recognition of antibody, cytotoxic drug could be delivered
to the right target cell. In the case of nanoparticles the targeting effect is a passive
one where particles accumulate in the tumor are due to EPR effect.

iv. Because of their nature, ADCs have been effective against liquid tumors (blood
related tumor), whereas nanoparticles effective against solid tumors.

Overall, the magic bullet of cancer therapeutics might be very well a
combination of both of these therapies in which antibodies act as targeting missiles
and nanoparticles as the shell for the gunpowder. The extent of antibody-nanoparticle
conjugates reported in the literature for drug delivery applications are somewhat
limited. The conjugation methods vary depending on the functional group
incorporated on the nanoparticle. The goal of my project is to design a method to
conjugate antibody to NG without altering the polymer or nanogel synthesis as well as
to generate in vitro and in vivo assays to test the selectivity of antibody-NG

conjugates.
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2.1.

CHAPTER 2

DEVELOPMENT OF AN ANIMAL MODEL TO STUDY ANTI-CD4
CONJUGATED THERAPIES

Introduction

Acute lymphoblastic leukemia (ALL) is an aggressive form of leukemia that
requires intensive chemotherapy treatment. It was the fifth most common cause of
cancer deaths in men and the sixth in women in the US between 2005 and 2011
(http://lwww.leukemia-lymphoma.org). ALL originates in the bone marrow. Once the
marrow cell turns into a leukemic one, it surpasses the development of normal cells in
the bone marrow as a result of its rapid proliferation cycle. T cell originated ALL, also
called T-ALL, represents around 15% of pediatric and 25% of adult ALL cases
(Demarest et al., 2008).

In our research, we wanted to generate a mouse model which would
recapitulate T cell leukemia and enable us to study the effect of antibody conjugated
nanogels. For this reason, we decided to use a primary mouse tumor instead of the
more commonly used xenograft models. Xenotransplantation of human carcinoma cell
lines to mouse is possible only if the animals are immunodeficient. However, the
emphasis on cancer immunotherapy is growing every day and we know the significant
role immune system takes place in the tumor development. Therefore, using a
xenograft model would not be a rational approach. The objective of generating a
mouse tumor model was to recapitulate the phenotypic features of the disease

progression more efficiently by keeping the immune system intact, and thus mimic the
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Figure 2-1 Surface staining of mT-ALL cell lines.

(a) Histogram plots showing surface CD4, CD8, CD3 and CD25 expression in mT-
ALL cell lines. Dashed line indicates applied settings for gating.

(b) Bar plots showing the percentage of CD4, CD8, CD3 and CD25 positive
population (on left axis) as well as the mean fluorescence intensity (MFI) of
corresponding population (on right axis).

normal disease progression. In addition, using leukemic cell lines would allow us to
generate solid tumors as well as liquid one.

We collaborated with Justine Roderick from Prof. Michelle Kelliher’s group in
UMASS Medical School. They use Tall/Lmo2 transgenic mouse in which tall and
Imo2 mis-expression results in the generation of spontaneous mutation in Notchl and
subsequently in the development of T cell leukemia (Draheim et al., 2011; Kelliher et

al., 1996; Roderick et al., 2014; Tatarek et al., 2011).
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2.2.

Results and Discussion

2.2.1. Surface receptor analysis of mT-ALL cell lines

T-ALL cell phenotypes are divided into four groups: DN (double negative or
CD4°CD8), DP (double positive or CD4*CD8" ), CD4SP ( CD4 single positive or
CD4*CD8 ) and CD8SP ( CD8 single positive or CD4'CD8" ). The two of the cell
lines (4673 and 5127) we received from Kelliher group were CD4SP and one of them
(6124) was a mixture of CD4SP and CD8SP. These mouse T-ALL (mT-ALL) cell
lines were originally isolated from Tall/Lmo2 transgenic mice (FVB/NJ background)
after the development of leukemia and adapted to in vitro culture (Draheim et al.,
2011; Tatarek et al., 2011).

The cell surface staining of mT-ALL cell lines 4673, 5127 and 6124 exhibited
inconsistent results in regard to CD4 expression levels (Figure 2-1). Only 20% of the
mT-ALL cells had CD4 positive population but with relatively low fluorescence
intensity (Figure 2-1b). Although the reason of this phenomenon is unknown, the
adaptation to in vitro cell culture conditions was assumed to be the cause. In addition,
these cell lines showed high levels of CD25 and CD3 expression. As expected, 50% of

the mT-ALL 6124 cell line was CD8 positive (Figure 2-1b).

2.2.2. Transduction of mT-ALL cell lines with GLuc-IRES-mCD4

To ensure these cells express the target antigen CD4 on their surface, | decided
to transduce the cell lines with a construct containing mouse CD4 gene. Furthermore,
a luciferase reporter gene was also included in the plasmid allowing localization of the

tumor and to be able to monitor its progression in vivo without a need to sacrifice the
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animal. The mouse CD4 sequence was cloned from pBS mCD4 (Addgene #14613)
into pMIGRII vector after Gaussia luciferase (GLuc) gene and IRES (internal
ribosomal entry site) sequence. GLuc is a reporter protein derived from marine
copepod Gaussia princeps and it is over one thousand fold more sensitive than the
firefly luciferase, most common luciferase enzyme of the field (Tannous, 2009;
Tannous et al., 2005). Moreover, unlike luciferase, GLuc enzyme’s reaction has fast

kinetics and so in vivo imaging could be carried out within minutes after the substrate
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Figure 2-2 Surface staining of retrovirally transduced mT-ALL cell lines.

(a) Histogram plots showing surface CD4 expression of mT-ALL cell lines before and
after transduction. Dashed line indicates the applied gating settings.

(b) Bar plot of CD4 positive population (on the left) and MFI values of CD4 positive
population (on the right).

(c) in vitro luciferase assay of transduced cells verifying the expression of extGLuc
enzyme.
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injection. On the other hand, firefly bioluminescence signal peaks 15-20 minutes after
its substrate administered into the mouse.

One major drawback is that GLuc is a secreted protein. Although this might
provide advantages in other fields, for in vivo tumor localization it creates a problem
by diluting the signal. Fortunately, Prof. Brentjens and his group generated a
genetically engineered version of GLuc—called extGLuc—by fusing the carboxy
terminus of the enzyme with a human CD8 transmembrane domain (amino acids 137—
212) (Santos et al., 2009). The ExtGLuc detains the bioluminescent signal on the cell
and thus makes a better reporter for in vivo imaging.

mT-ALL cells were infected with a retrovirus containing the extGLuc-IRES-
mCD4 construct. Retroviral transduction of the cell lines with 100% retroviral
supernatant was too toxic for the cell lines. But when retroviral supernatant was
diluted in the media with final concentration of 20% or 50%, a higher rate of cell
survival as well as good transduction efficiency was observed especially for m-TALL
4673 and 5127. Unfortunately, transduction of the cell line 6124 did not produce a cell
line with relatively high extGLuc or CD4 expression as can be seen by Figure 2-2 and
because this cell line also had CD8" population, this cell line was discontinued for
further use. CD4 positive cell population of mT-ALL 4673 and 5127 were sorted by

flow cytometry to eliminate untransduced cells.

2.2.3. Development of solid tumor on FVB/NJ mice with GLuc* mT-ALL cells
To generate a solid tumor, 1.5 — 2 x 105 CD4* GLuc* mT-ALL cells were
injected into the flanks of 6 - 8 weeks of FVB/NJ mice subcutaneously. The animals

were irradiated with 500 rad 4 hours beforehand to ensure tumor growth. Irradiation
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Figure 2-3 Monitoring tumor development through CT scanning.

(a) CT scan images of two mice bearing CD4*GLuc* mT-ALL tumors at days 6,12
and 28 post-injection.

(b) in vitro luciferase assay with 1x108 cells harvested from mice shown in (a) at day
28. Error bars indicate SD of three replicates.

(c) Percentage of weight change observed after tumor inoculation. Each lines
represents on animal. n = 5 for control mice (black lines) and n = 8 for CD4*GLuc*
mT-ALL injected mice (gray lines).

was necessary to weaken the immune system and allow the tumor growth. The tumor
growth were monitored through CT (computerized tomography) scans which also
allows us the measure the exact volume of the tumor (Figure 2-3a). A tumor bump
was visible by day 10 post-injection. Tumor growth also increased the overall body
weight of tumor bearing mice (Figure 2-3c). By day 28 some of the mice showed
enlarged lymph nodes (Mouse #2 from Figure 2-3a is an example). To understand

whether the tumor spread to other tissues or not, mice were sacrificed and the
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following tissues were harvested from the animal: tumor, spleen, liver and lymph
nodes.

In vitro bioluminescence assay was performed with 1 x 10° live cells in triplets
and EL4 cell line was used as a negative control (Figure 2-3b). The results showed the
metastasis of mT-ALL cells from the injection location to other organs. | was also able
to calculate the fraction of mT-ALL cells in the collected tissue by assuming that the
tumor tissue was consisting of sole mT-ALL cells. According to this calculation, mT-
ALL cells composed 4% and 1% of the splenocytes harvested from Mouse #1 and #2,
respectively. Furthermore, as expected lymph nodes showed high percentage of mT-
ALL, 8% for Mouse #1 and 150% for Mouse #2. The irrational 150% is due to high
percentage of death cells found in the tumor tissue. Nevertheless, the enlarged lymph
nodes of Mouse #2 was as expected an indicator of lymphoma.

For in vivo bioluminescence imaging, the GLuc substrate coelenterazine was
injected at the dose of 3 mg per kg of body weight. Unlike luciferin—firefly luciferase
substrate—coelenterazine is insoluble in water due to its hydrophobicity and requires
intravenous injection. Unfortunately, this created a problem for us because normally
the injection through the tail vein is difficult and the hydrophobic nature of the
substrate made it even more so. The majority of injected substrate stayed in the tail
vein or caused the vein to collapse. This resulted in inconsistent bioluminescent
reading because the percent substrate reaching the tumor tissue varied with every
injection. Although, this hampered my objective to monitor the tumor growth
quantitatively, it still provided useful information about the mT-ALL metastasis and

validated in vitro luciferase assay results (Figure 2-4). The mouse in the Figure 2-4
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was imaged on day 14 and day 21 after tumor injection. At day 14, strong
bioluminescence signal was detected from the tumor location. At day 21, the mouse
had enlarged lymph nodes and a scar tissue had been formed on the original injection
site due to engorged tumor (Figure 2-4). In vivo bioluminescence imaging revealed
strong GLuc signal originating from lymph nodes. Meanwhile, bioluminescence signal

from the tumor was obstructed because of the scar tissue.
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Figure 2-4 in vivo bioluminescence imaging with GLuc

In vivo bioluminescence images and CT scans of a mouse at day 14 and 21 post-
tumor injection. Bioluminescence images were taken 1 minute after the iv injection of
GLuc substrate.
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2.2.4. Transduction of cell lines with mCD4-2A-effLUC
Unfortunately, for this study, the disadvantages of GLuc outweighed the
advantages mainly because of:
Q) relatively blue shift of luminescent emission of GLuc,
(i) substrate solubility and injection issues,
(iii)  short half-life of luminescent signal making imaging for multiple mice at
the same time not feasible.

Therefore, | decided to generate a new construct with enhanced firefly
luciferase (effLuc) because:

Q) its luminescent emission wavelength closer to IR,

(i) its substrate is water soluble and could be administered through
intraperitoneal injection (i.p),

(iii)  bioluminescence signal peaks after 15-20 minutes post-injection allowing
us to image 5 mice at a time.

In addition, the new construct is designed as mCD4-2A-effLUC to increase the
mCD4 expression. In the previous construct, mCD4 sequence was cloned downstream
of IRES sequence resulting in lower translation efficiency of mCD4 compared to
GLuc. Therefore, mCD4—without its stop codon—was cloned into pMIGRII vector
upstream of 2A-effLUC sequence. The 2A peptide (also known as self-cleaving
peptide) sequence was used instead of IRES to ensure stoichiometric translation
efficiency and also to shorten the insert size. This short peptide was first identified in
foot-and-mouth disease virus (FMDV) and it demonstrates a peculiar strategy to

facilitate a cleavage between two protein sequences (Kim et al., 2011; Szymczak-
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Figure 2-5 CD4 surface staining of transduced mT-ALL cell lines.

(a) Dot plot of the control and transduced mT-ALL cell lines with the gating and
percentage of live cell population (on the left). Histogram plots showing the
percentage of CD4"9" cells.

(b) Histogram plot comparison of the control (CD4'°%) and transduced (CD4M9") mT-
ALL cell lines after cells had been sorted.

(c) Bar plot showing CD4" cell percentage (on the left axis) and total MFI (on the right
axis).

Workman et al., 2012). The peptide contains the following sequence:
GSGEGRGSLLTCGDVEENPG P. The ribosome skips the synthesis of the glycyl-
prolyl peptide bond found at the C-terminus of 2A peptide separating the two peptide
sequence.

mT-ALL cells were infected with a retrovirus containing mCD4-2A-effLuc
construct. Retroviral transduction of the cell lines with was carried out in media

containing 20% or 50% of RV supernatant (Figure 2-5a). 48 hour after infection,
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untransduced control and infected cells were surface stained to detect CD4 expression.
Around 30% of infected cells showed significantly increased levels of CD4 on their
cell surface. This population was later sorted out by flow cytometry to eliminate
untransduced cells. After sorting, 99% of the population was CD4 positive with very

high MFI value (Figure 2-5b,c).

2.2.5. Development of solid tumor on FVB/NJ mice with effLuc* mT-ALL cells

As before, to generate a solid tumor, 1.5 — 2 x 106 of transduced mT-ALL cells
were injected into the flanks of 6 - 8 weeks of FVB/NJ mice subcutaneously 4 hours
after irradiation with 500 rad. The tumor growth was monitored through the
bioluminescence signal emitted from mT-ALL cells at days 5, 10 and 14 (Figure 2-6).
The effLuc substrate luciferin was injected into the body cavity and after 15 minutes
mice were imaged (figure 2-6a). Photon flux was used for quantification of the signal
intensity since the size of animal is not relevant for tumor burden (Cosette et al.,
2016). The region of interest was elected for each mouse and total flux
(photon/second) was calculated using Living Image Software (Figure 2-6b). When the
bioluminescence signals obtained from 5 mice were averaged, we were able to observe
a correlation between signal intensity and tumor growth. Therefore, we believe effLuc
is a better approach if one wants to monitor the tumor growth or regression due to the
effortless administration of the substrate. On the other hand, GLuc is a better approach
if one wants to visualize and track small population of cells in vivo due to its strong

and robust luminescence.
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Figure 2-6 in vivo bioluminescent imaging of mice bearing effLuc'mT-ALL
tumor

(a) Bioluminescence images of 5 mice on day 5,10 and 15 post-tumor injection. Color

bar shows the radiance intensity.
(b) The average effLuc signal was shown as a line. Each dot represents one mouse.
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2.3. Conclusion

We demonstrated that CD4"Luc* mT-ALL cells could generate metastatic solid
tumors in immunocompetent mouse after their immune system was weakened by sub-
lethal irradiation. The development of these tumors can be monitored by using in vivo
bioluminescence imaging techniques thanks to the luciferase expression. Furthermore,

we demonstrated that the GLuc protein is more sensitive and can be used to detect the

spread of the tumor whereas.

36



CHAPTER 3

CONJUGATION OF ANTI-CD4 TO POLYMERIC NANOGEL

3.1.  Introduction

Conjugation of proteins to nanoparticles is commonly achieved by decorating
the nanoparticle surface with an amine reactive group (NHS ester or maleimide as
discussed in Chapter 1.3.2) or using a biorthogonal click group. However for
amphiphilic polymer based nanoparticles this approach does not yield effective results.
The addition of amine reactive groups on the polymer effects the hydrophilic-
hydrophobic balance and affects the nanoaggregate size, surface charge and loading
capability. For example, introducing amine reactive groups on the PEG:PDS polymer
induced the formation of nanoclusters at physiological pH but revert back to original
state at lower pH (Raghupathi et al., 2014). This was achieved with a polymer
containing 20% amine groups. However, in our laboratory, we observed that addition
of even 1-2 % of amine groups affects the encapsulation efficiency of hydrophobic
molecules, signifying that the balance between hydrophobic PDS groups and
hydrophilic PEG groups is delicate.

Therefore, we decided to modify the antibody with a functional handle that
could be reacted to PDS groups on the nanogel. PDS groups are an excellent handle
for modification because they exhibit robust reactivity towards the attack of free thiol
due to leaving character of pyridine-2-thione. To achieve this | used different
conjugation methods and linkers. Moreover, splenocyte and mT-ALL cell based

assays were developed to test the conjugation efficiency.

37



a)

S e oy
NH,'Cl e NH,"Cl
+ (j 2 2

Iz

b)

" + QN \ok&\o/{/ S\g/ —_) j\/@\o/{/s\g/

N .
Figure 3-1 Structure of short linkers and their reaction schemes.

(a) Primary amine's reaction with Traut's reagent (2-iminothiolane)
(b) Primary amine's reaction with NHS-PEGs-SAT (N-succinimidyl-S-acetyl ester).

3.2. Results and Discussion

3.2.1. Conjugation of anti-CD4 to NG with a short linker

The first step of conjugating antibody to NG is to generate free thiol group on
the antibody, then free thiol could react with PDS groups on NG. To achieve this |
used commercially available linkers Traut’s reagent (Figure 3-1a) and NHS-PEGs-
SAT (Figure 3-1b). Both of them react with the primary amine on the lysine residue.
The formal linker forms a free thiol on the protein upon reaction. Therefore, it needs to
be reacted to NG immediately after protein modification otherwise thiols groups will
oxidize and lose their reactivity towards PDS groups on NG. The second linker
(Figure 3-1Db) generates a protected thiol group and also has a PEG group with 4 repeat
unit. After protein modification, the protected group could be removed with
hydroxylamine (causes deacetylation) thus forming a free thiol at the end of PEG

linker.
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Unfortunately, both of these linkers failed to conjugate anti-CD4 to NG. To
test the conjugation, FITC or Rhodamine conjugated NG’s were reacted with free thiol
containing anti-CD4 and then were incubated with isolated splenocytes which has
~20% CD4" T cells. Using flow cytometry, we compared the FITC or Rhodamine
fluorescence intensity emitted from CD4" cells and CD4" cells. When there was no
difference, we concluded that there was no conjugation which was the case for Traut;s
reagent or NHS-PEG4-SAT reacted anti-CD4. Because in the case of successful
conjugation, one would expect FITC or Rhodamine signal from only CD4" cells. This
method was used in the following studies as well.

To define the problem of conjugation, the conjugated samples were run on
SDS-PAGE gels (Figure 3-2). Free (or unconjugated) antibody will run at 150 kDa
mark, however if it is conjugated to polymer/nanogel its molecular weight should
significantly increase. | observed that IgGSAT (antibody modified with SAT linker)
does not react with the NG (Figure 3-2a). To see if the bulky nature of antibody is the
problem, I reacted the NG with BSA (albumin) and observed that BSASAT (BSA
modified with SAT linker) reacts with the NG under deacetylation conditions (Figure
3-2a). This indicated that the bulky structure of antibody might be the source of our
problem because PDS groups on the NG are relatively hydrophobic and sequester
close to the core of the NG. To prove this | conjugated the modified antibody to
PEG:PDS polymer which contains more available PDS units and also two NG with
different sizes (Figure 3-2b). The result showed us that PDS availability was playing

an important part in fact. The polymer reacted with the antibody more easily, and as

39



a) NG + 19G 1gG | 196G | BSA BSASY | BSAS

Deactylation + + - + +
conditions —=

| 196 | 19657 | 1g6% | 196

b) Polymer NG NG
(20nm) | (60nm)
C) Polymer conjugation Nanogel conjugation
MIgG 1gG"  IgG  1gG | MigG  1gG™  1gG  I1gGM
o - ow—
E—— e

Coomassie uv Coomassie uv
staining staining

Figure 3-2 SDS-PAGE analysis of antibody conjugates prepared with short
linker.

(a) Coomassie blue staining of 10% SDS-PAGE gel run under non-reducing
conditions. 1gG is anti-CD4 antibody, BSA is bovine serum albumin, 1gG>AT and
BSASAT are the proteins modified with 10 molar excess of NHS-PEG4-SAT.
Deacetylation conditions indicate that the protein was treated with hydroxylamine
prior to NG addition to deprotect the thiol on the linker.

(b) Coomassie blue staining of 7% SDS-PAGE gel run under non-reducing
conditions. The antibody was modified with 50 molar excess of NHS-PEG4-SAT and
after deprotection with hydroxylamine was reacted to polymer alone, NG with 20 nm
diameter or 60 nm diameter.

(c) The antibody modified with 50 molar excess of NHS-PEG4-SAT was reacted to
FITC labeled polymer or to FITC labeled NG and run in 10% SDS-PAGE gel run
under non-reducing conditions. To image antibody, gel is stained with coomassie blue.
To image track FITC conjugated polymer, gel was imaged under UV.
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efficiency decreased significantly.

One more gel experiment was carried out to see if the upper band really is an
indication of polymer-antibody aggregate. Because this polymer is labeled with FITC,
after staining with Coomassie blue, the gel was observed under UV light (Figure 3-
2¢). Although majority of the FITC signal was found at the bottom of the gel, the
upper band predicted to be an antibody-polymer conjugate also showed FITC signal.
However, this approach was not feasible to detect antibody-NG conjugate because of
its larger molecular weight (as a result of multiple polymer chains crosslinking with
each other).
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Figure 3-3 Structure of long PEG linkers and their reaction schemes.

(a) Primary amine’s reaction with NPC-PEG(2kDa)-SAT. Amine reactive group
nitrophenol carbamate (NPC) is shown in blue and protected thiol group is shown in
red.

(b) Primary amine’s reaction with NHS-PEG(1kDa)-PDS. Amine reactive group of N-
succinimidyl is shown in blue and thiol protective pyridyl disulfide (PDS) group is
shown in red.

In the end, surface exposed PDS groups are not readily available on NG. In
addition to that, NG has a hydrophilic 9 repeat unit long PEG layer on its surface. All

of these factors make the antibody conjugation challenging with the current approach
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involving short linkers. Therefore, we decided to use a long linker, one that could

reach the core of the NG and ease the conjugation.

3.2.2. Conjugation of anti-CD4 to NG with a long linker

The structures and reaction schemes of the long linkers used for antibody
conjugation are shown in Figure 3-3. Both of the linkers are heterobifunctional PEG
derivatives. They contain an amine reactive unit on one hand and a protected thiol
group at the other end. The first linker is called NPC-PEG-SAT in short because it
contains the amine reactive nitrophenol carbamate group and S-acetyl group (Figure 3-
3a). | started my experiments using this linker but later | had to switch the linker for
reasons that will become apparant. The second linker is called NHS-PEG-PDS
because it contains amine reactive N-succinimidyl group and a PDS group (Figure 3-
3b).

Because the molecular weight of these linkers are around 1-2 kDa, the
modification increases the overall molecular weight of the antibody significantly. The
shift in the molecular weight was first analyzed through size exclusion
chromatography-multiple-angle light scattering (SEC-MALS). 100 ug of antibody
solution was loaded to an Agilent Bio SEC-5 (5 pm particle size, 300A) column
equilibrated with PBS. Multi-angle static light scattering and differential refractive
index (RIU) were measured using Wyatt Technology/Agilent SEC-MALS. For
unmodified antibody, weight average molar mass was found to be 145 kDa (Figure 3-
4a). Unfortunately, the modified antibody was too polydisperse to yield accurate molar
mass. This was likely due to high linker load distribution as well as the polydispersity

of the linker itself. Nevertheless, we were able to analyze the antibody modification
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Figure 3-4 Size exclusion chromatography of anti-CD4 and NG.

(a) Size exclusion chromatography-multiple-angle light scattering (SEC-MALS) of
anti-CD4 antibody run through Agilent Bio SEC-5 (5 um particle size, 300A) column
in PBS buffer with 1 mL/min flow rate.

(b) SEC results of anti-CD4, anti-CD4"EC (anti-CD4 modified with 25 molar excess of
NPC-PEG-SAT) and NG-Rho (Rhodamine labeled NG). The samples were run
through Agilent Bio SEC-5 column in PBS buffer with 1 mL/min flow rate. The
wavelength detector was set at 214 nm.

(c) Comparison of SEC results of mixture and conjugate. Anti-CD4/NG-Rho
conjugate is shown in red. The mixture is shown in blue and contains anti-CD4"E¢ and
NG-Rho in unreactive conditions. Briefly, anti-CD4"EC was not treated with
hydroxylamine for deacetylation prior to NG-Rho addition, so the conjugation reaction
was not expected to take place.

and conjugation to a certain extent by using the variable wavelength detector modality
(Figure 3-4b and 3-4c).
As expected, the retention time of anti-CD4 decreased after it was modified

with NPC-PEG-SAT (Figure 3-4b). Moreover, the peak became wider either because
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the solution contains dispersed linker-to-antibody ratio or because of the shielding
effect of PEG or a combination of both factor. The aggregated antibody peak was also
detectable at 6.2 minute mark. Interestingly, the retention time of NG-Rho was higher
than anti-CD4 despite the fact that it has a larger molecular weight (Figure 3-4b). This
phenomenon might be a result of NG’s interaction with the column which might also
explain the peak tailing as well. | tried to run the NG-Rho under different conditions to
improve the resolution of SEC. Increasing the salt concentration in running buffer did
not change the result. However, when the salt concentration decreased, | observed
increase in retention time and long tailing.

To see if the conjugation was observable in SEC, the conjugate sample was run
in SEC along with a control mixture (Figure 3-4c). The mixture contains anti-CD4"E¢
and NG-Rho mixed under unreactive conditions. Despite the poor resolution, anti-
CD4PEC and NG-Rho could be observed in the mixture sample. In the conjugate
sample, a third peak with a lower retention time appears. This peak was thought to be
belonging to anti-CD4E¢/NG-Rho conjugate (Figure 3-4c). Meanwhile, two peaks
close to retention times of anti-CD47E¢ and NG-Rho could also be observed, thus
displaying the large percentage of unreacted antibody and NG in the conjugate
solution.

Later, aiming to increase the conjugation, concentration of anti-CD4 and NG
was increased as well as anti-CD4 (weight) to NG (weight) ratio. The objective was to
get rid of free NG by adding excess amount of antibody to conjugate. In fact, these
conditions improved the conjugation efficiency but did not eliminate the free NG

(Figure 3-5a). In addition, during the SEC run, samples were collected manually into a

44



a) —anti-CD4 + NG-Rho b)
W anti-CD4 + NG-Rho

W anti-CD4™¢ + NG-Rho

Conjugate N

—— anti-CD4"5¢ + NG-Rho

Normalized Response
at 214 nm

—anti-CD47#¢/NG-Rho

B anti-CD4"¢/NG-Rho

Rhodamine Fluorescence Intensity

Conjugate

.

9 11 13
RT (min)

o
~

Fraction Number

Figure 3-5 SEC analysis of anti-CD4PES/NG-Rho conjugates.

(a) SEC results of anti-CD4 + NG-Rho, anti-CD4"E® + NG-Rho and anti-CD4"5¢/NG-
Rho. Anti-CD4"E¢ was modified with 25 molar excess of NPC-PEG-SAT. The
samples were run through Agilent Bio SEC-5 column in PBS buffer with 1 mL/min
flow rate. The wavelength detector was set at 214 nm.

(b) Rhodamine fluorescence intensity of fractions collected manually from SEC
samples (a) into a 96-well plate. Ex:540nm, Em:580nm

96-well plate to measure the fluorescence intensity of rhodamine (Figure 3-5b). As
expected anti-CD4PE¢/NG-Rho conjugate displayed two peaks corresponding to
antibody conjugate NG and free NG.

The conjugation reactions displayed above were prepared with anti-CD4
antibody modified with 25 molar excess of NPC-PEG-SAT. Unfortunately, for this
linker 1 was not able to calculate the average number of linkers conjugated to antibody
(which will be achieved with the NHS-PEG-PDS linker). Therefore, we do not know
if antibody modification with 25 molar excess of linker was enough to achieve 1:1
linker to antibody ratio. Because increasing anti-CD4:NG ratio did not eliminate all of

the free NGs from the solution, | decided to increase the linker concentration during

45



antibody modification. In the end, anti-CD4 was modified with 25, 50 or 100 molar
excess of NPC-PEG-linker and conjugated to NG-Rho (Figure 3-6a). As observed
previously, during SEC, samples were collected in 96-well plate to monitor rhodamine
intensity (Figure 3-6b). As expected, increasing the linker concentration improved the
conjugation efficiency. The anti-CD4”5S/NG-Rho peak was significantly increased
and amount of free NG-Rho decreased. Because, anti-CD4 modified with 100 molar
excess linker showed the best conjugation, the collected samples were concentrated

for selective cell uptake assay.

3.2.3. Selective cell uptake assay with anti-CD4”ES/NG-Rho

For the selective uptake assay, isolated splenocytes were used. Three main cell
types found in the spleen are CD4" T cells, CD8* T cells and B cells (CD45R*). CD4*
T cells form ~25% of mouse splenocytes. Isolated cells were treated with NG-Rho or
anti-CD4ES/NG-Rho at 4 °C or at 37 °C for 30 minutes. Later, cells were washed
with PBS and surface stained with fluorescently labeled anti-CD4, anti-CD8 and anti-
CD45R antibodies for flow cytometry analysis (Figure 3-6¢). If the anti-CD4
conjugated to NG-Rho, we expected to observe Rho fluorescence only with CD4* T
cells and that is exactly what we observed. At 4 °C, where the active uptake does not
take place, no Rho signal was observed from splenocytes treated with NG-Rho.
However, anti-CD4”E¢/NG-Rho treatment showed selective Rho signal emitted only
from CD4" cells. At 37 °C, NG-Rho displayed no selectivity, all three cell types
displayed similar MFI values for Rho. On the other hand, anti-CD4PE¢/NG-Rho

showed selective uptake towards CD4" T cells demonstrating the success of
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conjugation. However, the MFI values were low, probably due to low percentage of

Rho conjugated to NG.
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Figure 3-6 SEC analysis of anti-CD4"ES/NG-Rho conjugates and selective cell
uptake assay.

(a) SEC analysis of conjugates prepared with 25, 50 or 100 molar excess of NPC-
PEG-SAT. The samples were run through Agilent Bio SEC-5 column in PBS buffer
with 1 mL/min flow rate. The wavelength detector was set at 214 nm.

(b) Rhodamine fluorescence intensity of fractions collected manually from SEC
samples (a) into a 96-well plate. Ex:540nm, Em:580nm

(c) Bar graph showing the rhodamine mean fluorescence intensity (MFI) of CD4",
CD8" or CD45R" cells after they were incubated with NG-Rho or antiCD4E¢/NG-
Rho.
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3.2.4. Selective cell uptake assay with anti-CD4PES/NG(Dil)

In order to obtain better MFI values and to show the stability of guest
encapsulation mechanism of NG, | conjugated the anti-CD4 to Dil loaded NG or
NG(Dil). Dil is a lipophilic dye molecule, used commonly to stain cell membranes for

imaging for cell tracking purposes. Anti-CD4 conjugated NG(Dil) displayed
high selectivity towards CD4* T cells (Figure 3-7). The MFI values were significantly
different compared to Rho MFI’s, because hundreds of Dil molecules could be
encapsulated in one NG. NG(Dil) alone did not show significant amount of uptake, in
fact Dil positive cell percentage was 16%, 19% and 48% for CD4" T cells, CD8" T
cells and CD45R* B cells, respectively (Figure 3-7b, left panel). However, upon
antibody conjugation unspecific cell uptake decrease for CD8" T cells and CD45R* B
cells to 5% and 4%, respectively (Figure 3-7b, right panel) whereas Dil positive cell
population was 100% for CD4" T cells. However, flow cytometry does not provide
information about the location of the fluorescence signal, so an important unknown
factor in this experiment is whether the Dil is internalized or not.

Anti-CD4 antibody targets the surface protein CD4, so NG(Dil) should be
internalized along with anti-CD4 antibody through receptor-mediated endocytosis. To
visualize the internalization of anti-CD4/NG(Dil), Amnis imaging flow cytometry was
conducted. This instrument could capture the image—Dbrightfield and fluorescent—of
each cell in addition to scatter plot of conventional flow cytometry. Moreover,
acquired cell images can be examined in means of fluorescent intensity, location, and

co-location with a IDEAS® (Image Data Exploration and Analysis Software).
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Figure 3-7 Selective cell uptake assay with anti-CD4”EG/NG(Dil) conjugate.

(a) Bar graph on the left shows the percentage of CD4*, CD8*, CD45R™ cells isolated
from mouse spleen. Graph on the right shows the mean fluorescence intensity of Dil
for each cell type. Splenocytes were incubated with NG(Dil) or anti-CD4/NG(Dil) for
30 minutes at 37 °C . Error bars indicative of S.D. of two independent experiments.
(b) Representative histogram plots of CD4*, CD8* T cells and B cells. Numbers
indicate the percentage of Dil positive population for each cell type. Dashed line
indicates the applied gating settings.

The splenocytes were incubated with anti-CD4/NG(Dil) at 4 °C for cell
surface staining (Figure 3-8a) and 37 °C for internalization (Figure 3-8b). A non-

competitive fluorescent labeled anti-CD4 antibody was used as a surface marker. The
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Figure 3-8 Imaging of anti-CD4/NG(Dil) treated CD4* T cells via AMNIS.

(a,b) Four representative images of anti-CD4/NG(Dil) treated CD4" T cells. Dil
fluorescence was shown in red. Surface marker indicates the Pacific Blue anti-CD4
antibody and shown in blue. In (a) cells were treated at 4 °C for 30 minutes, in (b)
cells were treated at 37 °C for 2 hours.

(c) Bar graph of the internalization score calculated through IDEA software.
Incubation at 37 °C increased the internalization score of anti-CD4 conjugated NG.
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internalization score was calculated via IDEAS (Figure 3-8c). As we expected, Dil
fluorescence was localized on the surface when incubation took place at 4 °C due to
anti-CD4 binding to CD4 receptor on the cell surface. However, when incubation took
place at 37 °C, Dil was not only found at the cell surface but inside the cell as well.
Interestingly, the signal was concentrated in specific spots which might indicate

localization in an endosome or lysozyme.

3.2.5. Selective cell uptake assay with anti-CD4"ES/NG(Dox)

The studies described above was conducted with isolated splenocytes. Next, |
wanted to test if we can deliver these conjugates to mT-ALL cells selectively. To
achieve this, | used two cell lines described in Chapter 2. mT-ALL 4673 cell line was
used as a negative control because it has low expression of CD4* receptor and thus
named as CD4'°Y mT-ALL cells. Retrovirally transduced mT-ALL cells were used as
CD4M" mT-ALL cells because they overexpress this protein under a viral promoter.

After modification with the linker, anti-CD4 was conjugated to NG(Dil) or
NG(Dox) which is doxorubicin (Dox) encapsulated NG. Dox is one of the most
effective chemotherapy drug. It blocks DNA synthesis by inhibiting the enzyme
topoisomerase Il. Moreover, its intrinsic fluorescence serves as a valuable tool to
characterize doxorubicin concentration in encapsulation and also in cell uptake assays.
mT-ALL cells were incubated with these conjugates for 2 hours at 37 °C, then
fluorescence intensity of Dil or Dox was observed through flow cytometry (Figure 3-
9). As expected, Dil fluorescence intensity was substantially higher for CD4"9"mT-
ALL cells compared to CD4"°% cells. Moreover, 92% of CD4"9" mT-ALL cells were

Dil positive, this percentage dropped to 16% for CD4'®" cells. Unfortunately, same
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Figure 3-9 Selective cell uptake assay with anti-CD4/NG(Dox).

Histogram plots of CD4'°" and CD4"9" mT-ALL cells after they had been treated with
anti-CD4/NG(Dil) or anti-CD4/NG(Dox) for 2 hours at 37 °C. Numbers indicate the
percentage of Dil or Dox positive population for each cell line. Dashed line indicates
the applied gating settings. Bar plots show the mean fluorescence intensity (MFI) of
Dil or Dox.

Dox: Doxorubicin

could not be said for Dox fluorescence since both cell lines displayed similar MFI
values for Dox. The reason behind this phenomenon is related to the hydrophobicity of
the guest molecule. As | mentioned before, Dil is a lipophilic molecule meaning it

could dissolve in fat, oil or lipid thanks to the long hydrocarbon chains found in its

52



structure. Although most of the chemotherapeutic drugs are relatively hydrophobic,
they are not as hydrophobic as the Dil dyes or its derivatives. Moreover, doxorubicin
is slightly less hydrophobic than other commonly used chemotherapeutics like
docetaxel, camptothecin and paclitaxel. Therefore, it is reasonable to suggest that Dox
encapsulation was not stable which caused Dox to leak out of NG.

To solve this problem, I tried different encapsulation methods for Dox such as
making Dox more hydrophobic or by dissolving polymer + Dox in an organic buffer
and dialyzing against water for two-three days. None of these methods improved the
system significantly. Meanwhile, the second batch of NPC-PEG-SAT linker showed
significantly lower conjugation efficiency for unknown reason. Therefore, the linker

was switched to a commercially available one: NHS-PEG-PDS.

3.2.6. Quantification of linker to antibody ratio by using NHS-PEG-PDS
polymer

Although first batch of synthesized NPC-PEG-SAT was an effective linker, the
synthesized second batch showed reduced conjugation efficiency. Moreover, we had
to use 100 molar excess of linker to achieve good conjugation, which increased the
antibody aggregate percentage after the modification. Therefore, | decided to use
NHS-PEG-PDS linker (Figure 3-3b) to conjugate antibody to NG. The advantages of
this linker could be summarized with the following bullet points:

e NPC (nitrophenol carbamate) is less reactive than NHS ester. So, higher pH
buffer (pH 9-10) was used to achieve successful modification in the case of
NPC linker whereas NHS ester reaction conditions were well characterized in

literature and requires a slightly more basic solution (pH 8.5).
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e S-acetyl group protecting the thiol groups is susceptible to deacetylation
under basic conditions which is necessary for primary amine to react with
NPC group. PDS group on the other hand is a more reliable protective group.
Moreover, PDS group enable us to quantify the linker to antibody ratio
because after deprotection a small molecule called pyridine-2-thione would be
released, which has a strong absorbance at 343 nm.

Anti-CD4 was treated with 1.5, 3, 4.5, 6 and 7.5 molar excess of NHS-PEG-
PDS linker and modified antibody solution were run through Superdex column using
Agilent SEC system (Figure 3-10a). PBS was used as the aqueous phase and the
column was run at 0.5 mL/min rate. As the linker concentration increased, retention
time of the antibody peak decreased (Figure 3-10). The modification with linker lead
to formation of two peaks in the SEC. The first peak appeared around 19-20 mins and
the percent area of this peak increased as molar ratio of the linker in the reaction
increased. This peak is probably due to dimerization of the antibody or another form
of aggregation caused by PEGylation because it is not observed in the anti-CD4
sample. The second peak appears at minute 24.9 for native antibody and shifts to 23.5
for anti-CD4°%XPEC and 22.5 for anti-CD4'>XPEC,

The extent of linker incorporation was assessed by the release of pyridine-2-
thione after the addition of TCEP (Figure 3-11). Absorbances at 280 nm and 343 nm
were used to calculate linker to antibody ratio with the help of molar extinction
coefficients summarized in Table 3-1. The linker to antibody ratio was calculated to be

0.7 when antibody modified with 1.5 molar excess linker; 0.8 with 3 molar excess; 1.1
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Figure 3-10 SEC analysis of anti-CD4 modified with NHS-PEG-PDS.

(a) SEC analysis of linker conjugated antibody prepared with 1.5, 3, 4.5, 6 or 7.5
molar excess of NHS-PEG-PDS. The samples were run through Superdex 200
Increase (GE) column in PBS buffer with 0.5 mL/min flow rate. The wavelength
detector was set at 280nm. Reference standards are shown as grey dashed line. (1) 440
kDa ferritin, (2) 158 kDa aldolase and (3) 75 kDa conalbumin proteins.

(b) Table showing the retention time of the peaks and area percentage of the
corresponding peak. Area percent was used to quantify the percentage of aggregates

which have a retention time around 20 minutes.

with 4.5 and 6 molar excess; 2.2 with 7.5 molar excess. For NG conjugation, antibody

modified with 6 molar excess NHS-PEG-PDS was used.
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Figure 3-11 Uv-Vis analysis of TCEP induced pyridine-2-thione release.

(a) The reduction reaction schemes of anti-CD4"E® with TCEP. TCEP concentration
was optimized so the disulfide bridges on the antibody does not get effected.

(b) Kinetic of pyridine-2-thione release after the addition of 2 molar excess TCEP to
anti-CD4%<PEC, The reaction was slower at lower pH conditions, but very fast and
efficient at physiological pH.

(c) Absorption spectrum of unmodified anti-CD4 and NHS-PEG-PDS modified anti-
CD4 after the addition of TCEP. Small box demonstrated the absorption spectrum
before the addition of TCEP.
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Table 3-1 Extinction coefficients of 1lgG and NHS-PEG-PDS linker.

A 280nm A 343nm
IgG 199,500 M-1cm-1
NHS-PEG-SH 21,129 M-1cm
pyridine-2-thione - 8080 M-1cm-

3.2.7. Targeted delivery of anti-CD4/NG(Dil) to CD4* T cell in splenocytes
After the linker modification is optimized, antibody is conjugated to NG(Dil).
Prior to conjugation 2.5 molar excess TCEP was added to release pyridine-2-thione

from the linker thus generating a free thiol on the antibody (Figure 3-11a). Anti-CD4
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Figure 3-12 CD4 receptor selective uptake of anti-CD4/NG(Dil) in splenocytes.

Histogram shows the Dil fluorescence intensity of splenocytes. Second peak with
higher Dil fluorescence signal could be observed when cells were incubated with anti-
CDA4/NG(Dil). Bar plot shows the Dil MFI of CD4* T cells. Error bars indicative of

S.D. of three replicates.
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and NG(Dil) conjugation was carried out at three different ratios to determine the
optimal conjugation conditions. Prepared anti-CD4/NG(Dil) conjugates were later
incubated with isolated splenocytes for 30 minutes at 4 °C (Figure 3-12). Analysis of
splenocytes with flow cytometry showed the selective uptake of Dil by CD4" T cells.
In addition, 5:1 ratio of anti-CD4 (wt): NG (wt) displayed significantly lower MFI
values. On the other hand, the difference between MFI values of 1:1 and 1:2 ratios

were not significant, indicating that conjugation reaction reached saturation.

3.2.8. Targeted delivery of anti-CD4/NG(DiO) to CD4"" mT-ALL cells

Next, we demonstrated that anti-CD4/NG conjugates prepared with NHS-PEG-
PDS linker could be used to deliver guest molecules into CD4"9" mT-ALL cells
selectively. To achieve this, DiO (a derivative of Dil) was encapsulated into the NG.
The anti-CD4 antibody was modified with 6 molar excess of NHS-PEG-PDS linker to
achieve 1:1 linker:antibody ratio. For the conjugation reaction, anti-CD4 was treated
with 2.5 molar excess TCEP prior to NG addition. I also prepared a negative control in
which modified antibody was mixed with NG without TCEP treatment. These two
samples were incubated with mT-ALL co-culture which consists of 50% CD4'°¥ and
50% CD4"9"mT-ALL cells (Figure 3-13). As expected, TCEP treatment was shown to
be necessary for successful NG conjugation. Without TCEP, neither cell types showed
significant DiO fluorescence when the incubation took place at 4 °C (Figure 3-13a and
3-13b) and when incubation took place at 37 °C , both cell types emitted similar levels
of DiO signal (Figure 3-13b) due to unspecific uptake or DiO leaking from NG. On
the other hand, TCEP treated anti-CD4 sample displayed selectivity towards CD4""

cells demonstrating the success of conjugation. At 4 °C, DiO fluorescence correlated
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Figure 3-13 TCEP treatment is required to generate free thiol on anti-CD4EC
and accordingly for NG conjugation.

Co-culture of CD4'"" and CD4"9" mT-ALL cells incubated with anti-CD45%PEG/
NG(DiO) prepared under unreactive (without TCEP) or reactive (with TCEP)
conditions.

(a) Flow cytometry dot plots showing CD4 surface receptor staining intensity (on x
asis) and DiO intensity (y-axis). Co-cultured mT-ALL cells were incubated with anti-
CD45%PEGING(Di0) samples at 4 °C for 30 minutes. Solid lines show the applied
gating settings.

(b) Bar plot shows the DiO mean fluorescence intensity of CD4'°" and CD4"9" mT-
ALL cells after they were treated with CD4%*PEG/NG(DiO) samples at 4 °C for 30
minutes or at 37 °C for 3 hours. Error bars indicative of three replicates (S.D.)
APC-anti-CD4 antibody was used to stain CD4 surface receptors.

with anti-CD4 surface staining, meaning cells displaying high CD4 receptor had
stronger DiO fluorescence in comparison to cells displaying medium CD4 receptor

(Figure 3-13a). Moreover, at 37 °C DiO intensity of CD4'"Y mT-ALL cells was at the
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background level (similar to control), whereas DiO intensity of CD4"9" cells was
substantially higher (Figure 3-13b).

These data demonstrated that TCEP reduction was necessary to generate a free
thiol on modified antibody. However, we should not forget that antibody itself harbors
a number of disulfide bonds that could be reduced to free thiols following TCEP.
What if the NG conjugation happened through those thiols? Although I found this
unlikely due to the failure of short linkers previously, I set up an experiment to show
that without linker even under reducing conditions the conjugation to NG would not
take place.

Therefore, NG conjugation reactions were prepared by using unmodified anti-
CD4 or modified anti-CD4. In addition, modified antibody was prepared under four
different linker concentrations to show the correlation between average linker number
per antibody and conjugation efficiency (Figure 3-14). As expected, there was no
selectivity towards CD4"9" cells when cells were incubated with unmodified anti-CD4
reacted NG(DiO). CD4'"°" cells displayed similar levels of DiO intensity independent
of the modification levels on anti-CD4. On the other hand, we observed that DiO
intensity on CD4"9" cells were correlated with the average linker number per
antibody. This data demonstrated that it is in fact the linker that reacts with NG under

these conditions.
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Figure 3-14 Effect of the linker:anti-CD4 ratio on conjugation efficiency.

Co-culture of CD4"% and CD4M" mT-ALL cells incubated with anti-CD4/NG(DiO)
prepared at 37 °C for 3 hours. Histogram plots display DiO fluorescence intensity of
CD4'%% (in red) and CD4"9" (in blue) mT-ALL cells. Unstained control is shown in
grey color. Bar plot show the mean fluorescence intensity of DiO for each cell type.
Error bars indicate of three replicates (S.D.)
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3.2.9. Selective cell killing assay with anti-CD4/NG(DTX)

After successfully targeting CD4"9" mT-ALL cells with anti-CD4/NG(DiO), |
wanted to examine whether or not the same approach could be used to deliver
cytotoxic drug molecules. Doxorubicin (Dox) was our first choice (as described in
3.2.5) because of its intrinsic fluorescence. However, as | showed before, NG
encapsulated Dox revealed to be leaky due to it being relatively more hydrophilic.
Therefore, | decided to use docetaxel (DTX) which is a common chemotherapy drug
from taxane class targeting microtubules in the cell. Unfortunately, 1 was unable to
quantify the encapsulation amount after NG(DTX) was formed. Nevertheless,
conjugation to anti-CD4 was carried out under the conditions described above.

To test the selectivity of cell killing, CD4"9"and CD4"°" mT-ALL cells were
cultured separately on 96-well plate (50 % of the plate was seeded with CD4"9" cells,

other 50% with CD4'°" cells). In the case of selective cell killing, CD4"9" mT-ALL
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Figure 3-15 Selective cell killing assay with anti-CD4/NG(DTX).

CD4"9"and CD4"" mT-ALL cells were incubated with NG(DTX), anti-CD4 and
NG(DTX) mixture or anti-CD4/NG(DTX) conjugate for 24 hours. Cells were
incubated 24 more hours after media containing the NG samples were removed. MTT
assay was performed to measure the cell proliferation and activity. Untreated cells
were used as control (not shown in the graphs) to normalize the absorbance of MTT
formazan.
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cells should be more sensitive to anti-CD4/NG(DTX) compared to CD4"" cells. Cells
were incubated with NG(DTX), anti-CD4 and NG(DTX) mixture or anti-
CD4/NG(DTX) conjugate for 24 hours. After the treatment, cells were washed and
cultured for another day in a fresh media. MTT assay, which depends on the reduction
of tetrazolium salt reduction to water insoluble formazan dyes, ws used to measure
cellular metabolism and viability.

As expected, NG(DTX) did not show any selectivity towards either cell line
(Figure 3-15). On the other hand, the mixture of anti-CD4 and NG(DTX) was slightly
more toxic for CD4"9"mT-ALL cells probably due to toxicity caused by anti-CD4
antibody. A similar phenomenon has been observed for anti-HER2 antibody as well
(Lewis Phillips et al., 2008). Unfortunately, the conjugate showed similar trend with
the mixture (Figure 3-15). Subsequently, | had to conclude that hydrophobic drug
delivery through encapsulation was not working. Therefore, instead of using physical
encapsulation, I decided to chemically incorporate the drug to polymer. Because by
doing so, we could rule out cargo leakage and also we could be able to purify the
conjugate through SEC column to remove unconjugated antibody and NG. The latter
was not possible for DTX encapsulated NG because of DTX leaking during its run in

the SEC column.

3.2.10. Preparation and purification of anti-CD4/NG-DM1 conjugate

DM1 is a microtubule inhibitor from maytansine drug class. It has been used in
ADC therapies (Hughes, 2010; Lewis Phillips et al., 2008; Widdison et al., 2006). It
contains a free thiol group and thus simplifies conjugation and linker chemistry

designs for ADCs. Luckily, we could also take advantage of this component and

63



generate DM1 conjugated NGs. To do this, first | prepared Polymer-DM1 conjugates
in which PEG:PDS polymer was mixed with DM1 in water under inert conditions for
one whole day (Figure 3-16a). The conjugation efficiency was monitored by the
release of pyridine-2-thione. Feed ratio for DM1 was 10%, meaning for every 100
PDS units present in the polymer solution, 10 DM1 molecules were added into the
solution. The reaction efficiency was around 90%, meaning in the end 9% of PDS
groups on the polymer was converted to DM1.

DM1 on the Polymer-DM1 conjugate could be seen on the absorbance
spectrum because it holds a strong absorbance at 252nm (Figure 3-16b). This
absorbance peak is used to calculate the DAR ratio of ADC conjugates in the past
(Zhang et al., 2017). The peak intensity at 252nm did not change after NG formation.
Later, following the protocol optimized earlier, anti-CD4 was conjugated to NG-DM1.
These conjugates were later run on SEC to monitor the conjugation as well as to purify
the conjugates. Unfortunately, DM1 decoration increases the hydrophobicity of NG.
So, we had to use two columns to get a better resolution. Samples run through
Superdex 200 Increase (GE) column followed by SUPREMA (PSS) column in PBS
buffer at 0.5 mL/min (Figure 3-16¢). By using fraction collector, conjugate samples
were collected starting from 24 minute and ending end 35 minute. This method was
used to eliminate the unconjugated antibody. Using SEC, different methods were used
to see whether or not free NG (not conjugated to antibody) was left after the reaction.
However, | could not find a way to differentiate NG-DM1 from anti-CD4/NG-DM1.
Nevertheless, the collected sample (whether or not it still contained free NG-DM1)

was concentrated for selective cell killing assay.
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Figure 3-16 Preparation and purification of anti-CD4/NG-DM1 conjugate

(a) The structure of the Polymer (PEG:PDS), DM1 and Polymer-DM1.

(b) Absorbance spectrum of Polymer (in black), Polymer-DML1 (in red) and NG-DM1
(in blue). DM1 shoulder could be seen at 252nm.

(c) SEC analysis of control mixture and the conjugate. Samples run through Superdex
200 Increase (GE) column followed by SUPREMA (PSS) column in PBS buffer at 0.5
mL/min flow rate. The wavelength detector was set at 214nm.
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3.2.11. Selective cell killing assay with anti-CD4/NG-DM1

To determine whether DM1 conjugated NG does have intrinsic selectivity
towards any of the cell lines as well as to observe the effective concentration, mT-
ALL cells lines were incubated with polymer alone, polymer-DM1 conjugate or NG-
DM1 (Figure 3-17). In addition, cells were incubated with anti-CD4 alone to see at
what concentration antibody was toxic to these cells (Figure 3-17). After 24 hour of
treatment, cells were washed and incubated for 24 more hours with a fresh media. As
expected, anti-CD4 antibody showed slight toxicity starting from 0.5 pg/mL
concentration for CD4"9" cells, while CD4'™" mT-ALL cells were indifferent to anti-
CD4 concentration. Polymer alone also displayed toxicity beginning at 10 pg/mL but
it did not display any selectivity. Like polymer alone, polymer-DM1 and NG-DM1
also did not show any selectivity. The 1C50 (50% cell killing) was calculated to be 0.7
pg/mL for polymer-DM1 and 0.08 pg/mL for NG-DML1. These values indicate that
NG-DML1 is almost 10 times more toxic than polymer-DM1.

Later, using the same methods, cell killing selectivity of the anti-CD4/NG-
DM1 conjugates were tested (Figure 3-18a). Unfortunately, neither the mixture nor the
conjugate showed significant selectivity under these conditions. To investigate if this
is due to the unreacted antibody, conjugate was purified through SEC column as
described in 3.2.10 (Figure 3-16¢). The rationale behind this was that if considerable
amount of anti-CD4 was left unreacted in the sample, it might compete with anti-
CD4/NG-DM1 and undermine the effective conjugate. Therefore, conjugates were
collected from SEC and concentrated for cell assays. This time we were able to

observe a significant difference in toxicity (Figure 3-18b). SEC purified anti-CD4/NG-
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DM1 conjugates were significantly more toxic for CD4"9" cells compared to CD4'oW
cells. So, the presence of free antibody in the solution was affecting the selectivity of
conjugate as we predicted. To make sure this was repeatable, 5 independent
experiments were completed. At the end, the average IC50 value was 1.3 pg/mL for

CD4M"mT-ALL cells and 4.8 pg/mL for CD4'°YmT-ALL.
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Figure 3-17 Toxicity of anti-CD4, Polymer, Polymer-DM1 and NG-DM1 on mT-
ALL cells lines.

CD4"9" and CD4'"Y mT-ALL cells were incubated with anti-CD4, Polymer, Polymer-
DM1 or NG-DML1 for 24 hours. After 24 hour of treatment, cells were washed and
incubated for 24 more hours with a fresh media. MTT assay was performed to
measure the cell proliferation and activity. Untreated cells were used as control (not
shown in the graphs) to normalize the absorbance of MTT formazan. Non-linear
regression curve with a variable slope was drawn to calculate 1C50 values.
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Figure 3-18 Selective cell killing assay with anti-CD4/NG-DM1

(a) CD4"9"and CD4"°“ mT-ALL cells were incubated with anti-CD4 and NG-DM1
mixture or with anti-CD4/NG-DML1 conjugate for 24 hours. After 24 hour of
treatment, cells were washed and incubated for 24 more hours with a fresh media.
MTT assay was performed to measure the cell proliferation and activity. Untreated
cells were used as control (not shown in the graphs) to normalize the absorbance of
MTT formazan. Non-linear regression curve with a variable slope was drawn to
calculate 1C50 values.

(b) CD4"9"and CD4'""Y mT-ALL cells were incubated with anti-CD4/NG-DM1 after it
was purified through SEC. The graph on the left is the representative image of one
experiment. The plot on the right shows the 1C50 values of 5 independent experiment
in which each dot represents one experiment. Black line shows the mean and error
bars shows S.D. Paired t-test analysis was performed the measure p value.

p = 0.0002
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3.3.  Conclusion
We demonstrated that NG can be conjugated to antibody after the latter was
modified with a long PEG linker. The conjugated NG can be used to deliver
hydrophobic dye molecules to CD4" T cells selectively. Unfortunately, NG
encapsulation efficiency were low for cytotoxic drug molecules doxorubicin and
docetaxel, so the conjugates prepared with these molecules were not successful at
selective delivery. However, we were able to achieve CD4 selective cell killing by

conjugation the cytotoxic agent DM1 directly to the polymer.
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CHAPTER 4

TARGETING CD4" CELL IN VIVO WITH ANTI-CD4/NG CONJUGATES

4.1.  Introduction

Upon intravenous administration, nanoparticles enter the circulation and are
distributed to the organs and tissues. This distribution largely depends on the shape,
size, surface charge and protein corona when there is no active ligand present on the
surface of the nanoparticle (Gordon et al., 2018a; Longmire et al., 2008). Small
molecules—less than 10 nm—are excreted through urinary track due to the glomerular
filtration in kidneys whereas large proteins (e.g. antibody) and nanoparticles larger
than 10 nm size are retained in the circulation. So, for nanoparticles renal clearance
can be avoided by size manipulation. On the other hand, avoiding the liver and spleen
is way more challenging because of reticuloendothelial and mononuclear phagocytic
systems (Hume, 2006; Soo Choi et al., 2007). These organs are equipped with
macrophages that can uptake macromolecules—like antibodies, viruses or
nanoparticles—and clear them from the circulation. To overcome this biological
barrier, PEGylation has been introduced to the nanoparticle therapies. PEGylation or
coating surface of the nanoparticle with PEG (poly-ethylene glycol) has shown to
decrease the interaction of nanoparticle with serum proteins by forming a hydrophilic
protective layer on its surface (Duncan, 2006; Harris and Chess, 2003; Owensiii and
Peppas, 2006).

The objective of this project is to evaluate the targeting ability of anti-CD4/NG
in in vivo conditions. Previously, in Chapter 3, we showed that these conjugates could

be used to deliver lipophilic dye molecules or cytotoxic drug DM1 to CD4* T cells.
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However, the in vitro cell culture system is simpler and more straightforward than in
vivo systems. In in vitro experimental conditions, we control the cell type and cell
density as well as the buffer, pH and temperature. On the other hand, the in vivo
system is far more complex. By conjugating anti-CD4 to NG, we aim limit the uptake
only to cells carrying CD4 receptor on their cell surface because ideally the uptake of
the nanogel should be mediated by the interaction between the antibody (anti-CD4) on
the NG and the antigen (CD4) on the cell. However, pharmacokinetics—the serum
stability, serum half-life and bioavailability—of this nanoparticle formulation are
unknown. Our objective here is to provide some answers to these unknowns, to

observe the benefits and drawbacks of the current antibody-nanogel conjugates.

4.2. Results and Discussion

4.2.1. Tracking anti-CD4/NG(DiR) biodistribution in vivo

CD4* T cells can be found in the spleen, thymus and lymph nodes. These
organs also contain macrophages that can uptake NGs in a non-specific manner.
Because our NG has PEG units, this non-specific uptake may not be an issue. And to
investigate this, we decided to track the NG in in vivo conditions. DiR was chosen as
the guest molecule for its near-infrared excitation (750 nm), where tissue are
maximally transparent and stably encapsulated in NGs (Pastrana, 2013). Anti-CD4
was conjugated to NG(DiR) and the conjugate was purified and concentrated through
SEC (as described in Chapter 3). Finally, 100 pg of unconjugated or anti-CD4
conjugated NG(DiR) was injected to FVB/NJ mice intravenously through the tail vein

in 100 pL of sterile PBS. Epi-fluorescence images of animals were taken at 3 hour and
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12 hour post-injection (Figure 4-1). In epi-fluorescence measurements, the position of
the animal is extremally important because at any given position, organs are not
exposed to the light source evenly. Therefore, the images were acquired at three
different positions; prone, supine and left recumbent position which places the spleen
directly under the light source.

Overall fluorescence intensity levels were similar at 3 hour post-injection for
unconjugated and conjugated NG. However, we did observe a strong signal
originating from the left flank of the mouse injected with conjugate that was missing
in the control. The signal was apparent in prone and recumbent position (indicated as
black dashed circle in Figure 4-1a) in which the spleen was exposed to the light
source. In 12 hour post-injection images, conjugate injected mouse displayed stronger
fluorescence signal overall and majority of the signal was coming from liver and/or
spleen. Although these results were illuminating, it did not exactly provide the desired
information. To pinpoint the fluorescence signal, we need to use Fluorescence
Imaging Topography (FLIT) which is a 3D trans-illuminating fluorescence imaging
technique. FLIT technique combines the CT scan with fluorescence images. However,
different from epi-illumination, the light source for excitation is placed opposite to the
camera for trans-illumination. The position of the light source is adjustable and
because it is closer to the animal it has better tissue penetration capability.

Figure 4-2 displays reconstituted FLIT images acquired when the light source
was placed encompass liver, spleen and kidneys. 24 hour post-injection, fluorescence
signal was located at the kidneys precisely (Figure 4-2b). On the other hand, 3 hour

post-injection showed localization at spleen for the conjugate and liver for the mixture.
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This result correlated with the epi-fluorescence images and demonstrated that the
circulation time of these conjugates were less than 1 day.

Next, we wanted to see if the conjugate can accumulate in the thymus, a
primary lymph organ within T cell mature and develop into CD4" helper T or CD8*
cytotoxic T cells. The trans-luminating area was placed to encompass upper mammary
regions to visualize thymus and heart. At 3 hour post-injection there was significant
amount of NG in the circulation so we detected a strong fluorescence signal located at
the heart (Figure 4-3b). Thymus is located very close to the heart, therefore
reconstituted 3D tomography images were difficult to interpret (Figure 4-3a). On the
other hand, appropriate sagittal and transaxial cross-sections presented a more clear
picture (Figure 4-3b). For the mixture injected animal, majority of the signal was
located the position of the heart whereas the signal from the conjugate injected animal
were originated from two or three different locations. These are predicted to be
thymus or lymph nodes in the upper thoraric duct (e.g. cervical lymph nodes).

IVIS images are a powerful source to visualize and track the nanoparticles in
vivo conditions without sacrificing the animal. However, the limitations of this
approach needs to be clarified. First of all, the DiR dye is physically entrapped in the
NG and not chemically linked to the polymer. The in vivo stability of the NG(DiR)
complex is unknown. It might leak after a certain time, so we do not know if the dye
we are visualizing is still in the NG or not. Secondly, we need to consider that the fur,
the diet of the animal and position of the light source affects the in vivo fluorescence

signal intensity. Overall, the images we obtained were informative on the circulation
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time and localization. However, we do not believe that this method can be a

replacement for biodistribution.
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Figure 4-1 in vivo epi-fluorescence images of NG(DiR) injected mice.

Epi-fluorescence images of mice taken at 3 hours (a) or 12 hours (b) post-injection

with anti-CD4 and NG(DiR) mixture or anti-CD4/NG(DiR) conjugate. The animals
were imaged in prone, supine and left recumbent position.
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a)

anti-CD4 + NG(DiR) anti-CD4/NG(DiR)

3 hour post-injection

b) anti-CD4 + NG(DiR) anti-CD4/NG(DiR)

kidneys

12 hour post-injection

Figure 4-2 FLIT reconstruction images displaying liver, spleen and kidneys.

Trans-fluorescence images of mice taken at 3 hours (a) or 24 hours (b) post-injection
with anti-CD4 and NG(DiR) mixture or anti-CD4/NG(DiR) conjugate. The trans-
luminating area was centered around kidneys.
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Figure 4-3 FLIT reconstruction images displaying thymus and heart.

Trans-fluorescence images of mice taken at 3 hours post-injection with anti-CD4 and
NG(DiR) mixture or anti-CD4/NG(DiR) conjugate. Images are represented as 3D
tomography (a) as well as appropriate sagittal and transaxial cross-sections (b).The
trans-luminating area was placed to encompass upper mammary regions to visualize
thymus and heart. “*” represents the predicted location of thymus.
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4.2.2. Treating mT-ALL tumors with anti-CD4/NG-DM1

As described in Chapter 2, mT-ALL cells were transduced to overexpress CD4

and effLuc (enhanced firefly luciferase). And because these cells express the
luciferase enzyme (effLuc), the location as well as growth of mT-ALL tumors could
be monitored in vivo through bioluminescence (Figure 2-6).

CD4"effLuc* mT-ALL cells were injected into the left flanks of 7 mice
subcutaneously 4 hours after they have been irradiated with 500 rad. Animals were

divided into 3 groups: PBS (n=2), anti-CD4 and NG-DM1 mixture (n=2) and anti-

4]
—'
O

N

--- PBS

-= anti-CD4 + NG-DM1

anti-CD4/NG-DM1 -+ anti-CD4/NG-DM1
or

anti-CD4 + NG-DM1

iv injection

Weight percent change (%)

N ‘\‘\ o
T S 1004
CD4* mT-ALL Monitor tumor growth
tumor growing mouse through tumor volume 90
I T T T
and bioluminescence 0 5 10 15 2
Days
(post tumor injection)
) Tumor volume Lumimescence

— PBS
— anti-CD4 + NG-DM1
— anti-CD4/NG-DM1

Tumor (mm®
&
=]

Total Flux (p/s)

0 5 10 15 20 7 9 1 13 15 17 19

Days Days
(post tumor injection) (post tumor injection)

Figure 4-4 Results of anti-CD4/NG-DML1 injection into CD4* mT-ALL tumor
bearing mice.

(a) Schematic illustration of experimental design.

(b) Weight percent change of PBS (n=2), anti-CD4+NG-DM1 mixture (n=2) and anti-
CD4/NG-DM1 (n=3) injected mice overtime.

(c) Left graph shows the tumor volume measurements, right graph shows the
bioluminescence signal in total flux (photons/second). Each line represents on mouse.
x mark on the tumor volume graph indicates the death.
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CD4/NG-DM1 (n=3). When the tumor sizes reached to 100 mm?, the corresponding
samples were administered into the bloodstream through i.v. injection. Changes in the
tumor growth were monitored through tumor volume measurements as well as
bioluminescence (Figure 4-4a). Mice weight percent change was monitored to detect
the stress caused by the injected samples since significant weight drop is an indication
of systemic toxicity (Figure 4-4b). The injection were carried out on days 10,14 and
17 (three injection per week was our aim).

Unfortunately, we did not observe significant regression of mT-ALL tumors.
Actually, none of the mice survived after all three injections. There was no difference
between the mixture injected mice and the conjugate injected mice. Moreover, the
drop in the weight percent change compared to control PBS indicated that there was

significant amount of off-target toxicity caused by NG-DM1.

4.2.3. Studying anti-CD4/NG conjugate with organotypic tumor spheroids

So far, anti-CD4/NG-DM1 conjugate was studied in basic 2D cell culture
system and displayed targeting ability against CD4" cells. On the other hand, in vivo
results were not as satisfying. To investigate the in vivo problem, we decided to study
the effectiveness of anti-CD4/NG conjugate in a more complex 3D cell culture system.
To achieve this, we generated murine-derived organotypic tumor spheroids that could
be cultured in collagen hydrogels (Aref et al., 2018; Jenkins et al., 2018). First, mT-
ALL cells were grown under various conditions so they would form spheroids.
Unfortunately, none of the spheroids formed from mT-ALL cells were viable. So, we

decided to work with a cell line that is known to form viable spheroids.
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MC38 (mouse colon #38) is a mouse colon adenocarcinoma cell line and tends
to form spheroids depending on its growth conditions (Efremova et al., 2018;
Hirschhaeuser et al., 2010; Jenkins et al., 2018). MC38 cells were grown in hanging-
drop fashion and formed spheroids in 24-48 hours (Figure 4-5a). Later, they were
collected from the plate, counted and mixed with collagen gel solution on ice. The
spheroid-collagen mixture was then injected into the center gel region of 3D
microfluidic culture device and incubated at 37 °C for 30 minutes or until hydrogel
formed. The gel was later hydrated with media and placed in the incubator. At 24
hour, the spheroids were stained with AO/PI (acridine orange/propidium iodide) dyes
to assess cell viability. AO is a cell permeable nucleic acid binding dye and generate a
green fluorescence. P1 is not cell permeable dye so it enters cells with damaged
membrane structure (necrotic, dying or dead cells). Like AO, PI also binds to nucleic
acid, but it generates a red fluorescence. Therefore, when cells are stained with both
AO and PI, live cells display only green fluorescence and dead cells only green. By
using AO/PI staining, we were able to image the live and dead cells in the spheroids
(Figure 4-5b). The analysis of obtained images displayed 90-95% viability for MC38
spheroids.

Because MC38 does not express CD4, we transduced this cell line with
pPMIGRII-mCD4-2A-effLuc plasmid to express CD4 receptor on its cell surface. The
formed spheroids were imaged by confocal. CD4 receptor did not effect the spheroid
formation or the cell growth rate. We demonstrated in Chapter 3 that the conjugate
was successful at selective cell killing towards CD4"9"mT-ALL cells. So, to answer

the question of does anti-CD4/NG-DM1 show selective cell killing towards

79



NG-DM1 anti-CD4/NG-DM1
c)
1.00 = 1.00 =
-~ MC38
Q
o £ 0754 0.75 -=- MC-38 CD4
o ®©
N
g2 o050 0.50]
é‘-’ <
E J
s 0.25 0.25
0.00 +—r—rrrm—rrrrmr—rrrTe—rrr 0.00 4—r—rrr—rr Ty
0.01 0.1 1 10 100 0.01 0.1 1 10 100

Polymer (pug/mL) Polymer (pug/mL)
Figure 4-5 MC38 organotypic tumor spheroids

(a) MC38 spheroids formed after 5000 cells were incubated in 10 pL of hanging-drop
for 24 hours. Images were acquired with light microscopy, 10X.

(b) AO/PI staining of MC38 spheroids in hydrogel. The live cells were stained with
AO and display green fluorescence. The dead cells were stained with AO and PI
simultaneously and display red fluorescence due to the FRET between AO and PI.
Images were acquired by Nikon A1R Confocal Microscopy, 20X.

(c) MC38 and CD4"MC38 cells were incubated with NG-DM1 or with anti-CD4/NG-
DM1 conjugate for 24 hours. After 24 hour of treatment, cells were washed and
incubated for 24 more hours with a fresh media. MTT assay was performed to
measure the cell proliferation and activity. Untreated cells were used as control (not
shown in the graphs) to normalize the absorbance of MTT formazan. Non-linear
regression curve with a variable slope was drawn to calculate 1C50 values.

CD4*MC38 cell line, we conducted the selective cell killing assay using MC38 cell
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lines. As expected the control NG-DML1 did not show any intrinsic selectivity (Figure
4-5c¢, left). Unfortunately, anti-CD4 conjugated NG-DM1 also did not show selectivity
towards CD4 expressing MC38 cell line (Figure 4-5c, right). This might be because
CD4 expression on the transduced MC38 cells are not high as they are on mT-ALL
cells. Another explanation is possible due to the internalization of CD4. Because CD4
is not normally expressed in MC38 cells, half-life of CD4 receptors on the surface
might be long, delaying the entry of NG inside the cell. Therefore, to induce CD4
internalization, MC38 cells were treated with anti-CD4/NG-DML1 in the presence or
absence of 100 ng/mL PMA (phorbol 12-myristate 13-acetate) for 6 hours (Laguette et
al., 2009). Unfortunately, even under thee conditions, the conjugate did not show

selectivity towards CD4 expressing MC38 cell line (data not shown).
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS

Our studies showed that in vitro conditions, anti-CD4/NG conjugates were able
to deliver hydrophobic dye molecules to CD4 receptor displaying primary cells (e.g.
splenocytes) or leukemic cell lines (mT-ALL). Moreover, these conjugates were able
to kill CD4"9" displaying mT-ALL cells more efficiently than CD4'"Y mT-ALL cells,
thus demonstrating selective cell killing ability of them. On the other hand, they failed
to target CD4*MC38 cells as CD4 expression of the MC38 cell surface did not effect
the IC50 value (Figure 4-5c¢). This might be because of lower CD4 receptor density on
transduced MC38 cells comparted to mT-ALL or because of impaired CD4
internalization in MC38 cells. In naive T cells, CD4 receptor is thought to be
stabilized at the plasma membrane by its interaction with Lck tyrosine—a T cell
specific protein tyrosine kinase (Turner et al., 1990). CD4 receptor internalizes after
the phosphorylation of its cytoplasmic domain which reduces its interaction with Lck.
MC38 is not a lymphoid cell and lacks Lck. So, how does it maintains its CD4 is
unknown to us. However, to get around this problem we can utilize a chemical
stimulant PMA. PMA is known to increase CD4 internalization independent of Lck
(Laguette et al., 2009). This approach had been tried as described in Chapter 4-2-3.
But, that experiment unfortunately lacks a positive control, so further study with PMA
treatment might be needed to investigate why anti-CD4/NG-DML1 conjugate failed to

target CD4*"MC38 cells.
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As demonstrated in Chapter 4, in vivo administration of anti-CD4/NG(DiR)
conjugate resulted in accumulation of DiR in spleen and thymus region. This data was
acquired by VIS which is a non-invasive biodistribution imaging technique.
Unfortunately, it is not as quantitative and does not provide the full picture. So, a more
quantitative method needs to be used in order to investigate the pharmacokinetic of
NG. The biodistribution of NG on each organ should be measured after the animal was
sacrificed and dissected.

Nanogels (NG) designed by the Thayumanavan group, shows great promise for
the development of nanoparticle based therapies (Gordon et al., 2018a, 2018b; Li and
Thayumanavan, 2014; Munkhbat et al., 2019; Ryu et al., 2010a; Ventura et al., 2015).
Here, we demonstrated that by conjugating an antibody to this chemically cross-
linked, water-soluble polymeric nanoparticle, we can deliver its cargo to target cells.
However, there are still aspects of this approach like pharmacokinetics—the serum

stability, serum half-life and bioavailability— that needs to be investigated.
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CHAPTER 6

MATERIALS AND METHODS
6.1. Materials

6.1.1. Mice

All animals were housed in animal facilities as per the guidelines approved by
the Institutional Animal Care and Use Committee at the University of Massachusetts-
Ambherst. C57BL/6J mice and FVVB/NJ were purchased from the Jackson Laboratory

(Bar Harbor, ME).

6.1.2. Media

DMEM, RPMI-1640, sodium pyruvate, penicillin/streptomycin and L-
glutamine were obtained from HyClone™ (Catalog Numbers: SH30243, SH30255,
SH30239, SV30010 and SH30034, respectively). Fetal bovine serum (FBS) was

bought from Peak Serum (Catalog Number: PS-FB3).

6.2. Methods

6.2.1. mT-ALL cell culture conditions

mT-ALL cells were grown in RPMI 1640 supplemented with 5% FBS, 100
units/mL of penicillin, 100 pg/mL of streptomycin and 2 mM of L-glutamine and
incubated in a humidified 37 °C, 5% CO- incubator. mT-ALL cells were seeded on the
100 mm x 20 mm treated tissue-culture dishes as 5x10° cells in 12 mL of complete

media. The seeding density is important for the proliferation of these cells. The cell
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doubling time for mT-ALLs was calculated as 16-18 hours. Two day incubation of
5x10° cells usually results in 30-35x10° cells per plate. At this density cells need to be
split again. To split the cells, cells were collected into a conical 15 mL tube and
centrifuge them at 213 x g (setting number 3 on IEC centrifuge) for 5 minutes.
Remove the supernatant and resuspend the cells in 1 mL of fresh complete media. To
prepare frozen mT-ALL cell stocks, cells were resuspended in appropriate volume of
cryoprotectant medium (40% RPMI + 50% FBS + 10% DMSO) to achieve cell
concentration of 5x108 cells/mL. 1 mL of prepared cell suspension was aliquoted into
sterile cryogenic tubes and transferred to -80 °C. For long term storage, after one day

in -80 °C, cells were transferred to the liquid nitrogen vapor phase storage.

6.2.2. mT-ALL cell surface staining

mT-ALL cells were counted and cell suspension of 5x10° cells per mL was
prepared. The cells were distributed into V-bottom 96-well plate as 100 pL per well.
The plate was spun down at 300 x g (setting number 3 on IEC centrifuge) at 4 °C for 5
minutes. The pellet of each sample/well were resuspended and incubated with Zombie
Violet dye (BioLegend, Cat. #77477) for 15 minutes in the dark at room temperature
in PBS at a ratio of 0.1 yL dye per 100 pL buffer. 100 pL of FACS buffer (PBS + 2%
FBS) was added to each well to quench the extra dye and the plate was spun down
again at the previously described conditions. Surface marker staining were performed
according to the manufacturer’s protocol in FACS buffer (PBS + 2% FBS). Cells were
washed in FACS buffer prior to analysis on a BD LSRFortessa with FACSDiva

software (BD Biosciences). Data were analyzed using FlowJo (Tree Star) Software.
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6.2.3. Retrovirus transfection of HEK293T

HEK293T cells were seeded on 6-well plate one day prior to transfection at
50% confluence in 1 mL of DMEM/F12 media supplemented with 10% FBS, 100
units/mL of penicillin, 200 pg/mL of streptomycin and 2 mM of L-glutamine and
incubated in a humidified 37°C, 10% CO2 incubator. On the day of the transfection
confluency was around 80%. Each well of the 6-well plate were transfected with 2 g
of plasmid (0.4 ug of mouse envelope + 0.8 pg of mouse gag-pol + 0.8 pg of MIGII
vector). 2 pg of plasmid cocktail was diluted in OPTI-MEM media to 0.1 mL and
mixed with 2 uL of X-treme GENE HP Transfection Reagent. This transfection
mixture was vortexed briefly and incubated at room temperature for 15 minutes then
added to the cells dropwise. One day after the transfection, media was replaced with 1
mL of fresh media. On the second day, now virus-containing media was collected
from the samples. This process continued for the third day as well. Retrovirus
containing media was filtered through 0.45 micron filter and kept at 4 °C for short-

term storage (maximum 3-4 days after collection).

6.2.4. Infection of mT-ALL cell lines

In 12-well plate, 1x10° of mT-All cells were mixed with 8 pg of polybrene (0.8
pL of 10 mg/mL of stock) in 1 mL of diluted retrovirus supernatant at 1100 x g for 90
minutes at 30 °C. After centrifugation, plate was incubated at 37 °C incubator for 2
hours. Cells were removed from the well plate and transferred into 1.5 mL
microcentrifuge tube. Samples were centrifuged and cell pellet was resuspended in
fresh RPMI+5%FBS media. Infected cells were seeded on a new plate and incubated

in 37 °C incubator at 5% CO..
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6.2.5. Synthesis of PEG:PDS random copolymer

Random copolymer p(PEGMA-co-PDSMA) was synthesized by a reversible
addition fragmentation chain transfer (RAFT) polymerization of monomers
poly(ethylene glycol) methyl ether methacrylate (PEGMA) and pyridyl disulfide ethyl
methacrylate (PDSMA). After purification of the polymer, monomer ratio of

PEG:PDS were calculated to be 3:7 according to the NMR results.

6.2.6. Preparation of nanogels

Polymer micelles were prepared by dissolving the amphiphilic random
copolymer of PEG:PDS in distilled water at 10 mg/mL concentration. If the size of the
micelle was small (< 10 d.nm), sodium sulfate was added to the polymer solution with
a final concentration ranging from 5 — 50 mM until desired size formed. To prepare
nanogels, polymer micelles were chemically crosslinked with DTT (dithiothreitol),
thus locking the size of nanogel as well as entrapping the encapsulated guest
molecules. Crosslink percentage of the nanogel was controlled by adding 0.1 mole
equivalent of DTT. According to prior published data 20% crosslinking of PDS units
achieves a stable nanogel. Crosslinking reaction was monitored with the UV
absorption spectrometer by following the release of the byproduct, pyridine-2-thione,
at 343 nm. Crosslink density was calculated by using the molar extinction coefficient
of byproduct (8.08*103 M-1cm-1 at 343 nm). Size distribution of polymer
nanoparticles were measured with Malvern Nanozetasizer-ZS. All samples were
diluted to 0.1-0.5 mg/mL with distilled water and filtered through 0.22 micron syringe
filter prior to measurement. Hydrodynamic diameters provided are volume averages of

three measurements.
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To track the nanogel in cell assays, Dil or DiO encapsulated nanogels were
used. For encapsulation, 1% wt feed of lipophilic indocarbocyanine dyes were
dissolved in acetone and added into the polymer solution with 2% (v/v). The solution
was stirred at room temperature for 6 hours to allow evaporation of acetone and
crosslinked with DTT at the desired crosslinking density. Non-encapsulated dye was

removed from the solution though 0.45 micron sized syringe filter.

6.2.7. Preparation of DM1 conjugated polymers

DM1 conjugated nanogel was synthesized by post-modification of PEG:PDS
polymer. DM1 was dissolved in DMSO to a final concentration of 100 mM and mixed
with polymer that was dissolved in distilled water at 10 mg/mL concentration. Feed
ratio of DM1 was equivalent to 10% of PDS units on the polymer. The solution was
stirred at room temperature for two day under inert conditions. DM1 conjugation was

assessed by the release of pyridine-2-thione and calculated to be 7-9%.

6.2.8. Modification of anti-mCD4 with PEG linkers

Antibody stock (BioXCell, rat anti-mouseCD4, clone GK1.5) was diluted in
the reaction buffer composed of 0.2 M Na:PO4 and 0.1 M NaCl at pH 8.5. Solution
was spinned down at 7500xg for 15 mins at 4 °C using Amicon-10 kDa cutoff
centrifugal filter unit to exchange the buffer as well as to concentrate the antibody in
the sodium phosphate buffer. This step is also essential to remove the preservatives
such as sodium azide in the stock solution, although according to the manufacturer the

antibody stock we used did not contain sodium azide.
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After filter centrifugation, concentrate was collected from the filter and
antibody concentration was calculated by measuring the absorbance at 280 nm. € of
IgG was taken as 199500 cm™ M1, When measurement was taken using Nanodrop,
path of light was taken as 0.05 cm. Molarity of IgG is calculated by taking molecular
weight of antibody as 150 kDa which was later shown to close since SEC-MALDI
measurements calculated the molecular weight as 145 kDa.

The linkers Traut’s reagent (Thermo Scientific, Catalog Number 26101),
SAT(PEG)4 (Thermo Scientific, 26099), NHS-PEG(1 kDA)-PDS (from Creative
PEGWorks, Catalog Number: PHB-994) were dissolved in DMSO to 20 mM
concentration and stored at -20 °C in small volumes to avoid multiple freeze and thaw
cycles. For antibody modification, 5-10 mg/mL of antibody solution was treated with
5 — 50 molar equivalent of linker in the sodium phosphate buffer (0.2 M Na,PO4 and
0.1 M NaCl at pH 8.5) and stirred at room temperature for 2 to 3 hour. Maximum 5%
(v/v) of DMSO was allowed in the final solution. To stop the reaction and quench the
unreacted NHS ester on the linker, 1% (v/v) of 1 M Tris-HCI (pH 7) was added into
the solution. Unreacted linker was removed from the antibody solution through
dialysis with 100 kDa membrane against PBS buffer (pH 6.5) overnight at 4 °C.

Average MW of the linker NHS-PEG(1 kDA)-PDS is calculated to be 1397
g/mol, sum of NHS ester, PEG and PDS MW’s which are ~140, ~1000 and ~257
g/mol, respectively. However, actual linker concentration was calculated by reducing
PDS groups on the linker and releasing pyridine-2-thione which absorbs at 343 nm
with & of 8080 M*cm™ (Kavimandan et al., 2006; Ryu et al., 2010a). Reduction of 80

pg/mL linker in PBS buffer with excess TCEP yielded 12.3 uM of pyridine-2-thione
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in oppose to 57.3 UM (80 pg/mL * 1397 g/mol). This showed that purity of the NHS-
PEG(1 kDa)-PDS linker was around 20% (12.3 uM / 57.3 uM). So, when preparing

the linker this purity ratio was taken into account.

6.2.9. Splenocyte isolation from mouse

Dissection stage was cleaned with 70% ethanol. Scissors and forceps were
dipped into 100% ethanol to sterilize. An incision was opened on the left side of
mouse’s abdomen and spleen was removed from the body cavity using forceps.
Removed spleen was placed in RDGs media composed of 45% RPMI, 45% DMEM,
10% FBS supplied with 2 mM sodium pyruvate, 2 mM L-glutamine, 100 units/mL of
penicillin and 100 pg/mL of streptomycin.

Inside the sterile hood, isolated spleen was placed on a cell strainer (40 pum)
and mashed gently using the plunger end of the syringe into 50 mL sterile conical
tube. Suspended cells were spun down at 800 x g for 5 minutes. Pellet was
resuspended in 2 mL of ACK (Ammonium-Chloride-Potassium) lysing buffer (155
mM of NH4Cl, 10 mM of KHCOz and 0.1 mM EDTA) for the lysis of red blood cells
and centrifuged immediately. Pellet was resuspended in 5 mL RDGS media and kept

in ice.
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APPENDIX A
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ABSTRACT: Using fluorinated probes for 'F MRI imaging is an Therapeutic Diagnostic
emerging field with potential utility in cellular imaging and cell tracking in e I9F nanogel
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vivo, which complements conventional 'H MRI. An attractive feature of _'®|
'F-based imaging is that this is a bio-orthogonal nucleus and the naturally g ”J

abundant isotope is NMR active. A significant hurdle however in the ’F 3 * L B

MRI arises from the tendency of organic macromolecules, with multiple 2 -

fluorocarbon substitutions, to aggregate in the aqueous phase. This 8

aggregation results in significant loss of sensitivity, because the T, 12 50 200 High seg.r.nemal
relaxation times of these aggregated ’F species tend to be significantly (ng/mL) mobility
lower. In this report, we have developed a strategy to covalently trap

nanoscopic states with an optimal degree of '°F substitutions, followed by significant enhancement in T, relaxation times
through increased segmental mobility of the side chain substituents facilitated by the stimulus-responsive elements in the
polymeric nanogel. In addition to NMR relaxation time based evaluations, the ability to obtain such signals are also evaluated in
mouse models. The propensity of these nanoscale assemblies to encapsulate hydrophobic drug molecules and the availability of

surfaces for convenient introduction of fluorescent labels suggest the potential of these nanoscale architectures for use in
multimodal imaging and therapeutic applications.
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APPENDIX B
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ABSTRACT: Safe delivery systems that can not only encapsulate hydrophobic drug molecules, but also release them in response
to specific triggers are important in several therapeutic and biomedical applications. In this paper, we have designed a nanogel
based on molecules that are generally recognized as safe (GRAS). We have shown that the resultant polymeric nanogels exhibit
responsive molecular release and also show high in vitro cellular viability on HEK 293T, HeLa, MCF 7, and A549 cell lines. The
toxicity of these nanogels was further evaluated with a highly sensitive assay using mouse preimplantation embryo development,
where blastocysts were formed after 4 days of in vitro culture, and live pups were born when morulae/early blastocysts were
transferred to the uteri of surrogate recipients. Our results indicate that these nanogels are nontoxic during mammalian
development and do not alter normal growth or early embryo success rate.
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