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Thesis Abstract

In this thesis, we developed three polymer-based drug delivery platforms to address three
health problems: oral immunotherapy for food allergy, tolerance against protein-based
therapeutics, and tumor target therapy. As a major commensal bacterial metabolite, butyrate
showed protective effect to the gut immunity and suppressed the activation of antigen presenting
cells. However, there is an unmet need of developing an efficient formulation to deliver butyrate
to either gastrointestinal (GI) tract or draining lymph nodes.

In order to delivery butyrate to the GI tract, we developed two polymeric micelle
platforms with butyrate ester in the core, and either neutral or negatively charged shell. We
characterized the size and structure of the micelles. We validated both micelles released butyrate
in the GI tract. Importantly, our formulations showed enhanced performance in the treatment of
peanut allergy when combined with oral immunotherapy. Furthermore, we demonstrated the
butyrate formulation up-regulated the expression of anti-microbial peptides and induced
GATA3+ and RORyt" regulatory T cells.

To investigate the butyrate effect on inducing tolerogenic dendritic cells in the lymph
node, we developed a statistical copolymer containing butyrate ester and mannose that targeted
dendritic cells. We validated the release profile and the biodistribution of the polymer. The
copolymer suppressed the activation of bone marrow-derived dendritic cells in vitro and induced
tolerogenic dendritic cells in vivo.

In a third project, we investigated tumor target delivery of paclitaxel, a famous
chemotherapeutic drug, to address its problems in low solubility and adverse events. Collagen
binding peptide has shown capability of targeting tumor environment. To explore extracellular

matrix affinity-based cancer target therapy, we developed a water-soluble conjugate between

Xvil



collagen binding peptide and paclitaxel. We characterized the protein-drug conjugate and
demonstrated the efficacy of the conjugate on cancer cells in vitro. Furthermore, we studied the

protein-paclitaxel conjugate on mouse tumor model.

Keywords

polymer synthesis, micelles, drug delivery, food allergy, tolerance, dendritic cells, protein-drug

conjugate, cancer, paclitaxel
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Chapter 1

Motivations, Background, and Aims

1.1 Motivations and Background

Our laboratory has focused on developing platforms to regulate the immune system either
in an activation way, which leads to humoral or cellular responses against antigens, or in a
tolerogenic way, which suppresses the activation of the immune system and protects the body
from over-reaction against antigens. The approaches we used include chemical synthesis of
functional polymers, formulation of nanoparticles for delivery of immunomodulatory molecules,
and engineered protein for target immunotherapy. In this thesis, we sought to develop polymeric
materials to solve three health problems: treatment of food allergy, tolerance against protein-

based therapeutics, and cancer target therapy.

1.1.1 Food allergy

Food allergy is a prevalent health problem that affecting over 32 million Americans'.
Currently, most patients manage their food allergy by maintaining strict avoidance of specific
allergens in their diet. Recently, FDA has approved Palforzia as an oral immunotherapy (OIT)
for peanut allergies”. The goal of the therapy is to establish a desensitization state by exposing
patients to gradually increasing doses of peanut protein. However, OIT may cause severe adverse
events like anaphylaxis because it is difficult to maintain the dose of peanut protein below the
allergic level to patients. In addition, OIT cannot achieve long-lasting tolerance against peanut
antigen after peanut antigen exposure is stopped. One possible supportive treatment for OIT is
the supply of butyrate. Recently, researchers have demonstrated the effects of butyrate to gut

immunity®”. Butyrate induced the differentiation of colonic regulatory T cells””’ and protected



the barrier functions of the small intestine®. However, sodium butyrate itself is not suitable for
oral administration because it has foul odor and taste and as a small molecule, butyrate is
absorbed or metabolized very quickly in the upper gastrointestinal tract.

To address the problem of food allergy and the delivery of butyrate, we sought to use the
nano-scale polymeric micelles to deliver butyrate to the gastrointestinal tract. Previously, our
laboratory has developed different nanocarriers for vaccines or cancer immunotherapy. The
nanocarriers were formulated from block copolymer poly(ethylene glycol)-b-poly(propylene
sulfide) (PEG-PPS)’'". Depending on different ratio between hydrophilic PEG and hydrophobic
PPS, the polymer formulated into either micelles that encapsulated hydrophobic drug in the core,
or polymersomes that encapsulated both hydrophilic antigens inside and hydrophobic drug in the
membrane. Based on the similar design, we could synthesize monomer of butyrate ester as the
hydrophobic block of the copolymer that formulated into water-soluble micelles. Additionally,
our collaborator Prof. Nagler’s lab has developed a peanut sensitization model'*. We could use

such model to test the efficacy our formulations.

1.1.2 Immunogenicity of protein-based therapeutics

Protein-based drugs have been growing rapidly in sales. However, the immunogenicity of
protein-based drugs is a major issue affecting both safety and efficacy of the therapy'>'*. The
generation of anti-drug antibodies is prevalent among licensed protein-based therapeutics. Thus,
it would be important to induce the tolerance to protein-based drugs. Recently, butyrate, as an
inhibitor of histone deacetylases and an agonist of G-protein coupled receptor'”, has shown its

capability of modulating the immune system towards a tolerogenic way'®'". It would be



interesting to investigate whether target delivery of butyrate to the draining lymph nodes can
induce tolerogenic dendritic cells in vivo.

Our laboratory has developed a glycopolymer-antigen conjugate platform that targets
antigen presenting cells with polysaccharide'®'®. The statistical copolymer of mannose and an
adjuvant like toll like receptor agonist induced both humoral and cellular response as a vaccine'®.
Moreover, the antigen conjugated to glycopolymer without adjuvants induced antigen-specific
tolerance'”. Given the potential of butyrate in inducing tolerogenic dendritic cells, we could
synthesize glycopolymer containing butyrate ester to target delivery of butyrate to antigen

presenting cells and investigate the potential of inducing tolerogenic effects.

1.1.3 Cancer target therapy

Cancer is a major health problem worldwide. Paclitaxel, as one of the most effective
chemotherapeutic drugs, has been used in the treatment of many cancers™. However, paclitaxel
has limitations of low solubility and strong adverse events®'. To improve the safety and efficacy
of the paclitaxel treatment, one method is to conjugate it with a tumor target protein. With the
help of soluble protein, the conjugate can enhance the solubility of paclitaxel and increase the
circulation time of the drug in the blood. Moreover, the target effect to tumor or tumor
environment can reduce the toxicity of the paclitaxel by reducing the concentration of the drug in
other organs.

To address the tumor-targeting problem, our lab has developed a platform of fused

protein between collagen-binding peptide and mouse serum albumin®*’

. The collagen-binding
domain of A3 can bind actively to the collagens over-expressed in the tumor environment. In

addition, serum albumin can increase the passive uptake of tumor cells by enhanced permeability



and retention effect. The platform has proven successful in cancer immunotherapy when A3
domain is conjugated checkpoint blockade inhibitors**, chemokines®, cytokine527, or
chemotherapeutics like doxorubicin®. Given the capability of targeting tumor, we could
conjugate paclitaxel to A3 domain and investigate the performance of the conjugate in tumor

models.

1.2 Aims

On the basis of previous studies, we started the research by developing novel polymer-
based drug carriers and investigating their efficacy in both cell and animal models. For the first
project, we developed polymeric micelles for delivery of butyrate and characterized the nano-
carrier. Then we validated the efficacy of the butyrate-containing micelles and investigated the
mechanism of how butyrate affects the gut immunity (1). For the second project, we further
explored a statistical copolymer system that delivers butyrate to dendritic cells or macrophages
and investigated the capability of such material in inducing tolerogenic dendritic cells both in
vitro and in vivo (2). For the third project, we conjugated paclitaxel to collagen binding proteins
to obtain a soluble formulation of paclitaxel that targets tumor environment (3). Overall, the
thesis aims at developing polymeric materials to deliver pharmacological active ingredients for

immunoengineering purpose.

1.3 Scope of the thesis

The second chapter focuses on the development of butyrate-containing micelles made
from block copolymers. After synthesizing the polymers with butyrate ester, we successfully

formulated the polymer into nano-scale micelles. Then, we characterized the size, surface charge,

4



and critical micelle concentration of the micelles. In addition, the biodistribution and butyrate
release profile were investigated. Importantly, the formulation showed efficacy in enhancing the
performance of oral immunotherapy in the peanut sensitized mice. Furthermore, we investigated
the mechanism of how butyrate-containing micelles interact with the gut immunity and found
they up-regulated gene expression of anti-microbial peptides and induced regulatory T cells in
the mesenteric lymph nodes.

The third chapter extended the research on butyrate delivery to target dendritic cells in
the lymph node. We developed statistical copolymers with mannose and butyrate ester based on
previous research. Then, we proved the release of butyrate and the efficacy of the polymer in
suppressing the cytokine IL12p70 production in bone marrow-derived dendritic cells. More
importantly, the polymer showed capability of inducing tolerogenic dendritic cells in vivo.

The fourth chapter opened a new study on the tumor target therapy based on the
conjugate between paclitaxel and collagen binding protein. We developed the soluble paclitaxel
conjugate and validated the drug release at acidic pH. The protein drug conjugate showed
efficacy in vitro and a potential for tumor treatment in vivo.

The fifth chapter summarized the key results of the thesis. We also discussed the future

direction and applications of the materials we developed.
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Chapter 2
Butyrate-containing Polymeric Micelles Improve the Efficacy of

Oral Immunotherapy

2.1 Abstract

Butyrate as a HDAC inhibitor plays an important role in regulating gut immunity and
promoting epithelial barrier function. However, current formulations of butyrate have limitations
in high dosage or low efficiency in delivering butyrate. Here, we developed two polymeric
micelle systems to deliver butyrate to the gastrointestinal (GI) tract. The water-soluble micelles
have nano-scale spherical structures with butyrate ester as the core and either neutral hydrophilic
polymer (CLB001) or negatively charged polymer (CLB003) as the shell. In addition, both
polymeric micelles were proven to release butyrate in the GI tract of mouse and enhance the
butyrate level of GI content. Importantly, the treatment of butyrate containing micelles CLB001
and CLB003 enhanced the performance of oral immunotherapy in mice that developed peanut
allergy. Furthermore, we showed CLB001 can up-regulate genes expressing anti-microbial
peptides in the ileum epithelial cells. And CLB003 promoted GATA3" or RORyt" regulatory T
cells in the ileal mesenteric lymph nodes. The butyrate containing polymeric micelles CLB001

and CLB003 may provide a potential approach in the treatment of food allergy.

2.2 Introduction

Food allergy is a prevalent and severe health problem that affects over 32 million
Americans'. Among the adults with food allergy in the US, 38% reported at lease 1 emergency

department visit related to food allergy in their lifetime'. Peanut is the most prevalent allergens



to patients with food allergy”. Most patients manage their food allergy by avoiding specific
allergens in their diet, despite the difficulty of complying with strict avoidance. Recently,
Palforzia was approved by FDA as an oral immunotherapy (OIT) for peanut allergies’. The
goal of the therapy is to establish a desensitization state by exposing patients to gradually
increasing doses of peanut protein. Although OIT shows efficacy in inducing desensitization of
peanut antigen, the OIT treatment often induces adverse events including anaphylaxis. Moreover,
OIT cannot achieve long-lasting tolerance against peanut antigen after peanut antigen exposure is
stopped. Apart from OIT, anti-IgE (Omalizumab) and anti-IL-4 receptor (Dupilumab) are in
clinical trials as solutions for food allergy®™. Due to adverse effects and limited efficacy of OIT,
there is an urgent need to develop new therapies for food allergy, either as an individual therapy
or in combination with oral immunotherapy.

The gut microbiome plays an important role in gut health’"'. Studies show the
dysbiosis caused by antibiotic treatment breaks the gut barrier function, resulting in
increased exposure to food antigens'”. Additionally, gut bacteria affect the gut immunity
via their metabolites: short chain fatty acids, especially butyrate'>'*. Butyrate, produced
by commensal bacteria via metabolizing dietary fiber, is known to be an agonist to G-
protein coupled receptor and an inhibitor to histone deacetylase (HDAC)">. Butyrate is
the preferred substrate for intestinal epithelial cells'°. In addition, butyrate strengthens the
gut barrier function by stabilizing hypoxia-inducible factor and increasing tight
junctions'’. More importantly, butyrate has been demonstrated to induce the colonic
regulatory T cells'®*. Given the important role butyrate plays in gut immunity, it would

be a potential drug to protect the gut immunity and to induce oral tolerance.
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However, butyrate itself is not suitable for oral administration because of the foul
odor and taste. Moreover, as a small molecule, butyrate gets absorbed and metabolized
quickly after oral administration®'. In previous studies, butyrate was delivered either

19,20 . .
“¥, or mixed in mouse chow as

dissolved in drinking water at a very high concentration
butyrylated starch'®. Neither method was a controlled and quantitative way of
administering butyrate. Other routes of administrations of butyrate, including intrarectal
delivery (enema)’ or continuous intravenous infusion®, are complicated and
unacceptable to all patients. There is an unmet need for developing a straightforward and
controllable oral delivery of butyrate.

Polymeric micelles have been well studied as a carrier of hydrophobic drugs>*2°.
Polymeric micelles have a hydrophobic core that can encapsulate hydrophobic drugs via
physical interaction or chemical bonding®’. The hydrophilic shell of the micelle makes it
water soluble, which is essential for oral delivery as the most popular route of drug
administration. Previously in the lab, micelles formulated from block copolymer
poly(ethylene glycol)-b-poly(propylene sulfide), PEG-PPS, were used as a platform to
encapsulate immunomodulatory drugs and showed enhanced efficacy of
immunotherapy”* .

Here, we present a formulation strategy to incorporate butyrate into water soluble
polymeric micelles. We synthesized and formulated two types of butyrate-containing
micelles: neutral CLB0O01 and negatively charged CLB003. The structures of the micelles
were characterized to be sub-hundred nanometer in size. Both micelles released butyrate

in the ileum and cecum of the mice based on the pharmacokinetics study. Importantly, the

combination of CLB001/CLB003 and oral immunotherapy significantly reduced the
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allergic response on peanut sensitized mice compared to OIT only group. In addition,
RNA sequencing showed CLB0O1 up-regulate genes related to antibacterial peptides in
the ileal epithelial cells. Finally, we validated the regulatory T cell induction in

mesenteric lymph nodes after the treatment of CLB001 and CLB003 micelles.

2.3 Results

2.3.1 Block copolymer pHPMA-b-pBMA (CLB001) and pMAA-b-pBMA (CLB003) are
synthesized by RAFT polymerization

To deliver butyrate into the gastrointestinal tract, we designed block copolymers that can
form water-soluble micelles carrying butyrate in their core. Block copolymer pHPMA-b-pBMA
(CLBO001) was synthesized through two steps of reversible addition-fragmentation chain-transfer
(RAFT) polymerization in order to achieve controllable polydispersity and degree of
polymerization (Figure 2.1.A). The hydrophilic block was made of N-(2-hydroxypropyl)
methacrylamide (HPMA), while the hydrophobic block was made of N-(2-butanoyloxyethyl)
methacrylamide (BMA) with an ester bond connecting to butyrate. Given the block copolymer
consisted of both hydrophilic block and hydrophobic block, it could self-assemble into micelles
with hydrophilic block on the outside shell and hydrophobic in the core. The design of ester
bonding in the polymer allowed the release of butyrate at acidic pH or catalyzed by esterase in
the gastrointestinal tract. NMR analysis confirmed the degrees of polymerization of HPMA or
BMA were around 100 and 133, respectively. Thus, the ratio between HPMA and BMA was
around 0.75. Polymers with different HPMA/BMA ratios were also synthesized and tested for
micelle formulation. However, a ratio of 0.75 was picked for further studies because of the

simplicity of synthesis and the acceptable size of formulated micelles.
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In addition to CLB001, pMAA-b-pBMA (CLB003) was also synthesized through RAFT
polymerization, with the first block made of hydrophilic methacrylic acid (MAA) and the second
block made of hydrophobic BMA. NMR analysis confirmed the degrees of polymerization of
MAA or BMA to be 100 and 77, respectively. The ratio between MAA and BMA was around

1.3. The butyrate content by mass was around 28% for both CLB001 and CLB003.

2.3.2 Both CLB001 and CLB003 formulate into micelles with diameters of sub-hundred
nanometer

Given thst the polymers were synthesized through RAFT polymerization, we tested the
abilities of the polymers to form nanoscale micelles. Block copolymer CLB001 was able to
formulate into micelles through the cosolvent evaporation method, using ethanol as good solvent
to dissolve the polymer (Figure 2.1.B). Then 1 x PBS was added and the solution was allowed to
evaporate and polymers self-assembled into micellar structures. The hydrophilic HPMA block
formed the shell and hydrophobic BMA block formed the core of the micelles. On the contrary,
CLBO003 could not formulate into micelles through the cosolvent evaporation method. The
reason was pMAA formed intramolecular hydrogen bonding, making the whole block
hydrophobic®. Such bonding was broken when strong base like sodium hydroxide was titrated
into the mixture of CLB003 polymer to change methacrylic acid into ionized methacrylate®*>°,
After base titration, CLB003 polymer self-assembled into micellar structures (Figure 2.1.B).

Given we formulated CLB001 and CLB003 into micelles, we used dynamic light
scattering (DLS) to characterize the hydrodynamic size of micelles. The hydrodynamic diameter

of CLB001 was around 44.7 + 0.8 nm, which was similar to CLB003 with a diameter of 39.9 +

1.6 nm. Moreover, the polydispersity of CLB001 and CLB003 were 0.07 + 0.02 and 0.09 + 0.02,
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respectively (Figure 2.1.C, G). Small polydispersity suggested the formulations were uniform. In
addition, cryogenic electron microscopy (CryoEM) revealed the detailed structure of micelles,
especially the core structure as the cores were made of pPBMA, which were more condensed with
higher contrast. CryoEM images indicated the diameter of the core of CLB001 micelle was 30
nm, while CLB003 had a smaller core diameter of 15 nm. Both CLB001 and CLB003 micelles
had spherical core structures (Figure 2.1.E, F).

In order to further understand the structures of CLB001 and CLLB003, especially the
aggregation number, we did small angel x-ray scattering (SAXS) analysis on both micelles
(Figure 2.1.D). SAXS data of CLB001 and CLB003 were acquired in PBS at a low concentration
of 2 mg/mL. As indicated from Guinier plots, radii of gyration for CLB0O01 and CLB003 were
14.2 nm and 13.5 nm, respectively (Figure 2.1.G). In addition, the structures of micelles were
confirmed to be spheres from Kratky plots of SAXS data. More importantly, we fitted the SAXS
data with polydispersity core-shell sphere model’’. The model assumes the micelle has a
spherical core with a higher scattering length densities (SLD) and a shell with a lower SLD. The
model gave us volume fraction of micelles, radius of core, and thickness of shell. Those were
used to calculate aggregation number and mean distance between micelles. According to the
fitting results, aggregation numbers for CLB001 and CLB003 were 119 and 92, respectively

(Figure 2.1.G).
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(Figure 2.1, continued) (A) Representative synthetic route of pHPMA-b-pBMA (CLBO001). (B)
(upper) The block copolymer CLB-001 contains a hydrophilic (HPMA) block as corona of the
micelle, while a hydrophobic (BMA) block forms the core of the micelle and is capable of
releasing butyrate. (lower) The block copolymer CLB003 contains a hydrophilic (MAA) block
that forms negatively charged corona of the micelle, while the hydrophobic (BMA) block is the
same as CLB0O1. (C) Dynamic light scattering (DLS) shows the micelles formed by CLB001 or
CLBO003 have similar hydrodynamic diameters at sub-hundred nanometer. (D) SAXS data of
CLBO001 and CLBO003. Data are fitted with polydisperse core-shell model. (E, F) Cryogenic
electron microscopy (CryoEM) images show the spherical structures of micelles formed by
CLBO001 (E) or CLB003 (F). (G) Table summarizing the characterizations of micelle CLB001
and CLBO003, including hydrodynamic diameter and zeta-potential from DLS, critical micelle
concentration, radius of gyration and aggregation number from SAXS. The critical micelle
concentration of CLB003 is significantly higher than CLB0O1.

2.3.3 CLB003 micelles have negative surface charge and high critical micelle concentration
To study the surface charge of micelles, we used DLS to measure the (-potential of

CLBO001 and CLBO003. As we expected, CLB00O1 micelle had a neutral surface charge (-0.4 + 0.5
mV), while CLB003 had a negative surface charge (-31.5 = 2.3 mV) due to the ionization of
methacrylic acid (Figure 2.1.G). It was reported that negatively charged nanoparticles could stay
in the gastrointestinal tract for longer time and had adherent effect to the gut mucosa®>~">°. The
negative surface charge of CLB003 micelle also extended its usage to a subcutaneous injection
route because negatively charged particles were reported to be drained to the lymph nodes more
efficiently*’. In order to understand the of critical micelle concentration (CMC) of CLB001 and
CLBO003, pyrene was added during the formulation and the fluorescence intensity ratio between

C** Results showed

the first and third vibronic bands of pyrene was plotted to calculate CM
CLBO003 had a higher CMC of 14.0 + 3.5 uM while the CMC of CLB001 was 0.8 + 0.3 uM
(Figure 2.1.G). Higher CMC indicated CLB003 micelle was easier to dissociate in solution,

possibly because the surface charge made the micellar structure unstable compared to neutral

micelle CLB0O1.
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2.3.5 Polymeric micelles release butyrate in complete serum and simulated
gastric/intestinal fluids

Given the second block of polymers have butyrate ester and micelles have a dissociation
equilibrium with polymer in the solution, we wanted to validate the release of butyrate in an ex
vivo environment. The released butyrate from CLB001 or CLB003 was quantified by LC-UV or
LC-MS/MS. In order to detect small molecule butyrate in UV detector or Mass Spectrometry,

butyrate was derivatized with 3-nitrophenylhydrazine***

. We added polymeric micelles to fetal
bovine serum to evaluate the butyrate release from the formulations catalyzed by esterase in
serum™. CLB003 showed a faster release rate and reached 100% after 12 hours, while at the
same time point CLB001 only got 10% of release (Figure 2.2.A). The reason might be that
CLBO003 had a higher critical micelle concentration, resulting in higher concentration of
dissociated polymer in the solution. Then, the dissociated polymer was hydrolyzed by the
esterase in the serum at a rapid rate. A similar release study was done in simulated gastric fluid
and simulated intestinal fluid (Figure 2.16.C, D). In simulated gastric fluid, CLB003 had a
slower release rate than CLB0OO1 probably due to the interaction of CLB003 surface with low pH
resulting in resistance to the hydrolysis of BMA core. However, in simulated intestinal fluid,
both micelles released all butyrate within minutes because of high concentration of pancreatin.

These results validated the formulation CLB001 and CLB003 could release butyrate in serum

and simulated gastric/intestinal fluids.
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Figure 2.2 Biodistribution and pharmacokinetic study of CLB001 and CLB003. (A) ex vivo
release of butyrate in fetal bovine serum. CLB003 releases faster than CLB-001. (B) The
distribution of CLB001 or CLB003 in the gastrointestinal tract (GI) reviewed by in vivo imaging
system (IVIS). Both polymers were chemically modified with azide and labeled with dye IR750.
IVIS showed CLB003 adhered to stomach for more than 6 hours while CLB001 moved to cecum
directly after the gavage. Both polymers got cleared from the body after 24 hours. (C-E)
Butyrate concentrations of ileum, cecum, or colon contents after one single gavage of CLB0O1 or
CLBO003. Butyrate was derivatized with 3-nitrophenylhydrazine and quantified with LC-MS/MS.
Results indicated CLB001 raised the butyrate concentration of ileum for up to 2 hours after
gavage. CLB003 increased the butyrate concentration in cecum after 4 hour and maintained high

concentration for more than 8 hours.
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2.3.4 CLBO003 has longer retention time in stomach and small intestine

Given the structures of micelles were characterized by several instruments, we further
studied the biodistribution of CLB001 and CLB003 via In Vivo Imaging System (IVIS) (Figure
2.2.B). Azide function group was incorporated into the hydrophilic blocks of both polymers
through copolymerization of azide monomer with either HPMA or MAA. The azide containing
polymers were labeled with near infrared dye IR750-DBCO through copper-free azide alkyne
cycloaddition. IVIS results validated the polymeric micelles stayed in the mouse GI tract for
more than 6 hours after gavage. Neutral micelle CLB0O01 passed through stomach and small
intestine within 2 hours and accumulated in the cecum. However, negative charged CLB003
accumulated in the stomach first and then gradually traveled through small intestine to the
cecum. Overall, CLB003 had a longer retention time in the stomach and small intestine due to
the adherence to mucosa caused by surface charge. Both micelles were cleared from the GI tract

24 hours after gavage.

2.3.6 Polymeric micelles increase the butyrate levels in the mouse GI tract

Given both CLB001 and CLB003 release butyrate in ex vivo conditions, we validated the
butyrate levels in the mouse GI tract affected by polymeric micelles. Both LC-UV and LC-
MS/MS methods were used to measure the butyrate concentrations in the fecal contents of ileum,
cecum, or colon of mice gavaged with either CLB001 or CLB003****. LC-MS/MS method was
mainly used to measure the butyrate concentration in ileum because the base concentration in
ileum was too low for UV detector. The results showed CLBO001 raised the butyrate level in
ileum for up to 2 hours after gavage (Figure 2.2.C). But CLB001 did not have any effect on

butyrate levels in cecum or colon (Figure 2.2.D, E). Interestingly, CLB003 raised butyrate
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concentrations in the cecum starting from 4 hours after gavage and lasting for more than 8 hours
(Figure 2.2.D). However, CLB003 did not increase butyrate concentrations in ileum or colon
(Figure 2.2.C, E). The butyrate release of CLB001 in ileum was also validated by gel permeation
chromatography (GPC). GPC monitored the molecular weight change of polymers extracted
from the fecal contents of mouse GI tract. The release of butyrate could be derived from
molecular weight difference and polymer mass. Due to the different butyrate release behavior,
we believed the combine dosage of CLB001 and CLBO003 could cover the most section of GI
tract and last for longer time when we studied the efficacy of polymeric micelles in the animal

model.

2.3.7 Butyrate-containing polymers enhance the performance of oral immunotherapy

To evaluate the efficacy of butyrate-containing polymers, we performed the treatment of
oral immunotherapy to peanut sensitized mice with or without the combination of CLB001 and
CLBO003. To establish peanut sensitization model, starting at weaning, SPF C3H/FeJ mice were
sensitized weekly for four weeks with 6 mg per mouse of peanut extract (PN) plus 10 pg of the
mucosal adjuvant cholera toxin (CT) (Figure 2.3.A) as previously described'?. Following
sensitization, mice were challenged with 5 mg PN per mouse and the change in core body
temperature was measured over 60-120 minutes as a marker of the allergic response. Mice that
exhibited an allergic response were then treated twice daily for two weeks with either low dose
PB2 (peanut butter powder, 200 pg) as OIT alone or PB2 OIT plus the combined polymer
formulations CLB001 and CLB003 at 0.4 mg per g of body weight each.

Upon a secondary i.p. challenge with 5 mg PN, the mice treated with OIT alone exhibited

no improvement and had a drop in core body temperature as severe as that observed in the initial
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Figure 2.3. Core body temperature decrease after enteral PN challenge of C3H/FelJ sensitized
with PN plus CT. Co-administration of polymer (CLB001+CLB003) twice daily enhances
therapeutic efficacy of peanut oral immunotherapy (OIT) and in tolerance restoration during
desensitization. (A) Experiment design and the animal model for OIT and polymer treatment.
C3H/Fel mice were sensitized with peanut antigen and cholera toxin for four weeks after
weaning. Then mice were challenged to confirm their allergic response. Mice were treated with
OIT with or without CLB001 and CLB003 co-treatment for two weeks before final challenge.
(B) OIT treatment only failed to rescue the body temperature after challenge, while
CLB001/CLB003 plus OIT successfully reduced the temperature drop. Pre-treatment (filled
square) and post-treatment (filled circle). Values are presented as means and SEMs. (C, D)
CLBO001 showed no toxic effect to mice. SPF C3H/Hel mice were treated with PBS, sodium
butyrate, or CLB0O01 every day for 6 weeks. Mouse serum samples were measured on chemistry
analyzer for 6 toxicity markers every week. None of the markers showed significant difference

between CLB001 group and PBS group. (Results of alanine aminotransferase level on week 6
were showed as an example (C)
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challenge (Figure 2.3.B, left). However, mice treated with OIT plus the polymer drugs exhibited
a significantly reduced change in core body temperature, evidence that they experienced a less
extreme allergic response (Figure 2.3.B, right). This preliminary data shows that polymer-
encapsulated butyrate can improve the efficacy of OIT and reduce the allergic response to peanut

upon secondary challenge.

2.3.8 CLB001 shows no toxicity

In order to investigate the toxicity of materials, we gavaged C3H/FeJ mice with CLB001
at 0.8 mg/g of body weight everyday for 6 weeks. We bled mice every week to test the toxicity
markers using blood chemistry analyzer. The results indicated that CLB0O01 had no toxic effect
to mice because none of the toxicity markers, including albumin, alanine aminotransferase,
amylase, blood urea nitrogen, calcium, or total protein, changed significantly between CLB001
dosage group and control groups, either PBS or sodium butyrate treated group, through out six

weeks (Figure 2.3.C, D).

2.3.9 CLB001 polymer upregulates the genes encoding anti-microbial peptides in ileum
Given that the combination treatment of CLB001/CLB003 and oral immunotherapy
showed enhanced performance over oral immunotherapy alone, we moved forward to RNA
sequencing to investigate the mechanism of how polymeric micelles affect the GI tract (Figure
2.4.A). Gem-free C3H/FeJ mice were treated with CLB0O1 for two weeks and then ileal
epithelial cells were collected for RNA isolation. The RNA samples were sequenced to reveal
the gene expression levels. The results showed significant differences between CLB001 treated

mice and mice treated with PBS or control polymers that did not contain butyrate. Such
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differences showed no dependence on gender or experiment. Interestingly, the majority of genes
upregulated by CLB001 were related to anti-microbial peptides, including angiogenin 4 (4ng4),
lysozyme C-1 (LyzlI), and several defensins (Defa3, Defa22, Defa24 etc.). Anti-microbial

peptides expressed by Paneth cells in the ileum are essential for maintaining the balance of ileal

microbiome*”*

. Previously in the pharmacokinetics study, we demonstrated CLB0O1 increased
the butyrate level in ileum. Thus, we believe the butyrate released by CLB001 might affect the

gene expression levels of Paneth cells and that such effect could rescue the gut dysbiosis to help

alleviate food allergic response.

2.3.10 Intelectin stain validates one of the anti-microbial peptide identified by RNA-Seq at
the protein level

Given that CLB0O1 up-regulates the expression of anti-microbial peptides (AMPs) in the
epithelial cells of the ileum, we further validated the translation of one of these AMPs. We chose
intelectin as a sample AMP for study (Figure 2.4.B, C). Intelectin can recognize the carbohydrate
chains of bacterial cell wall and is known to be expressed by Paneth cells in the small intestine®.
C3H/FeJ mice were gavaged with CLB0O1 at 0.8 mg/g of body weight everyday for one week.
Then the mice were sacrificed and ileum tissues were fixed on microscope slides. The tissue was
stained with fluorescent labeled anti-intelectin antibody and imaged under microscope. The
images showed that the CLB0O1 treated group expressed large amount of intelectin in the crypts
of ileal tissue, while as a control, PBS group showed limited amount of intelectin signal (Figure
2.4.C). The statistics also showed CLB001 group has significantly high expression of intelectin,
with a P value smaller than 0.0001 compared to PBS control (Figure 2.4.B). Intelectin stain

further supported the pharmacodynamic effects of CLB0O1. The up-regulation of genes induced
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Figure 2.4. CLB0O1 induced an ileal gene expression signature that was almost entirely Anti-
Microbial Peptides (AMP). (A) One week of daily dosing of CLB001 induced a unique gene
expression signature in the ileum of germ-free mice compared to untreated and "inactive"
polymer controls as measured by RNA sequencing of isolated intestinal epithelial cells. (B)
Intelectin staining validated the gene expression can translate to anti-microbial peptide
production. (C) Representative images of Intelectin staining of crypts of ileum imaged by
fluorescence microscopy. Treatment group was dosed with CLB001 everyday for two weeks
before imaging. Control group was dosed with PBS only for two weeks.
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by CLBO001 was not only demonstrated in the transcription level by RNA-Seq, but also validated

in the translational level.

2.3.11 CLB003 induces the proliferation of GATA3" and RORyt" regulatory T cells

After we validated CLB001 could induce the expression of AMPs in the ileum, we also
investigated other possible mechanisms to explain the enhanced effect of butyrate micelles on
oral immunotherapy. It was known that butyrate induced the proliferation of regulatory T cells
(Treg) in the gut lamina propria and mesenteric lymph nodes'**°. In addition, GATA3 was
known to play an important role in maintaining Treg function in immune tolerance™. Moreover,
Treg expressing RORyt represented a stable regulatory T cell effector lineage with enhanced
suppressive capacity’'. Given that both CLB001 and CLB003 released butyrate in the GI tract,
we also studied the regulatory T cell population after the treatment of CLB001 or CLB003. After
weaning, C57BL/6 Foxp3°""" mice were gavaged everyday for three weeks with either CLB001
or CLB003 at a dosage of 0.8 mg/g of body weight (Figure 2.5.A). Cells from spleen, mesenteric
lymph nodes, and gut lamina propria were stained and sorted for cell markers including CD25,
Foxp3, GATA3, and RORyt. Among all the tissues, we did not see differences in the
Foxp3'CD25" cell population between CLB001, CLB003 or control groups, suggesting the
number of Tregs was not increased by the treatment. However, we observed a significant
increase of Foxp3 ' GATA3" cells and Foxp3 "RORyt" cells in the ileal mesenteric lymph nodes of
CLBO003 treated group (Figure 2.5.B, C, D). Since GATA3 and RORyt were both found playing
an important role for regulatory T cell function, we believe butyrate released by CLB003 could
increase of expression of GATA3 and RORyt, providing suppressive immunity to the ileum.

However, such increased expression of GATA3 or RORyt was limited to ileal mesenteric lymph
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nodes and was not observed in colon mesenteric lymph nodes. CLB001 treated groups did not

show such effect either.
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Figure 2.5. CLB003 induced the reproduction of GATA3" and RORyt" regulatory T cells in the
ileum mesentery lymph nodes. (A) Experiment design. C3H/Fel] mice were treated with
antibiotics to induce dysbiosis. After the wean date, mice were gavaged with either CLB0O1 or
CLBO003 twice per day for 3 weeks before sacrifice and tissue process for flow cytometry. (B. C.
D) Flow cytometry results of Foxp3”, GATA3", or RORyt" T cells in mesentery lymph nodes of
ileum. Results indicated in ileum mesentery lymph nodes, CLB003 induced the production of
GATA3" and RORyt" regulatory T cells while didn’t induced more Foxp3" T cells in general.
However, such effect was not seen in colon mesentery lymph nodes.

2.4 Discussion

In this study, we developed a polymeric nano-scale delivery system for butyrate to the
gastrointestinal tract. The system was based on polymeric micelles formed by block copolymers.
The hydrophobic block contained butyrate esters that can release butyrate at acidic pH or be

catalyzed by esterase in the GI tract. For the hydrophilic block, we designed two platforms:
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pHPMA with neutral surface charge as CLB001, or pMAA with negative surface charge due to
ionization as CLB003. The reason for using pMAA as hydrophilic block of CLB003 was to take
advantage of the adhesion effect between negative charge and gut mucosa in order to extend the
retention time of CLBO003 in the GI tract. Unlike CLB001, which could formulate into micelles
through cosolvent evaporation, CLB003 could not formulate into micelles using the same
method. However, if base was added to ionize methacrylic acid, the pMAA block became
hydrophilic again and the polymer CLB003 self-assembled into micelles.

Given the micelles formulated from block copolymer CLB001 or CLB003, we
characterized the size, surface charge, morphology, and critical micelle concentration of both
micelles. DLS revealed the hydrodynamic diameter of the micelles and proved the negative
surface charge of CLB003. In addition, cryo-EM images showed the shape of micelles,
especially the core structure. Furthermore, SAXS analysis revealed not only the radius of
gyrations, but also the aggregation numbers of CLB001 and CLB003. The critical micelle
concentration of CLB003 was higher than CLB0O1 as shown by the measurement of
fluorescence of pyrene.

Given the detailed characterizations of micellar structures, we studied the drug release of
micelles ex vivo in fetal bovine serum or simulated gastric/intestinal fluids. As shown by the
quantification of derivatized butyrate using LC-MS/MS, both CLB001 and CLB003 released
butyrate catalyzed by esterase in all conditions including complete serum, simulated gastric or
intestinal fluid. After proving the release of butyrate in ex vivo condition, we investigated the
biodistribution of micelles in the GI tract using fluorescent dye labeled CLB001 or CLB0O03.
Then, we studied the pharmacokinetics of CLB001 and CLB003 by measuring the butyrate level

of GI content of mice gavaged by polymeric micelles. To our surprise, CLB001 and CLB003
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showed very different profiles of release in the gut. CLB0O1 could elevate butyrate levels in
ileum within 2 hours after gavage, while CLB0O03 raised the butyrate level in cecum between 4
and 8 hours after gavage. The different release profiles were the results of different
biodistribution of two polymeric micelles. After gavage, CLB001 bypassed stomach and moved
to the small intestine quickly. The esterase in the small intestine catalyzed the hydrolysis of
butyrate ester of pPBMA block as demonstrated in the ex vivo hydrolysis study. Thus the butyrate
level of ileum content was raised right after the treatment of CLB00O1 and then dropped within
two hours. However, as shown in the IVIS images, CLB003 stayed in the stomach for much
longer, probably due to the acidic pH in the stomach protonized the pMAA block and caused
aggregation. Another reason was that the adhesive effect between the micelles and mucosa in the
stomach extended the retention time. Then, CLB003 gradually moved into the small intestine or
cecum and released butyrate there. Importantly, the LC-MS/MS method only measured the local
butyrate level of GI content and it could not reveal the total released butyrate because as a short
chain fatty acid, butyrate could be consumed or digested quickly after release. However, the
increase of local butyrate level in ileum or cecum did prove that CLB001 and CLB003 micelle
systems could deliver butyrate to the GI tract.

Given the promising results from biodistribution and pharmacokinetics studies of
CLBO001 and CLB003, we decided to combine CLB001 and CLB003 together and used the
mixture as treatment in the peanut sensitization and oral immunotherapy model. The
combination of CLB001 and CLB003 could cover both ileum and cecum and provide a long
term of increase of butyrate level. After 5 weeks of treatment of antibiotics cocktail peanut
sensitization, C3H/FeJ mice that developed allergic response were divided into two groups. One

group was treated with oral immunotherapy, which was desensitization therapy via daily dosage
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of a small amount of peanut antigens. The other group was treated with both oral immunotherapy
and butyrate containing micelles. After two weeks of treatment, the allergy symptoms of butyrate
treated group were alleviated significantly as shown from the reduced temperature drop after
peanut antigen challenge. On the contrary, the oral immunotherapy only group did not show any
reduction of temperature drop. In addition to the peanut allergy model, we also investigated the
safety of the butyrate micelles. After gavage of CLB001 everyday for six weeks, the blood
samples from mice were tested on several toxicity markers via chemistry analyzer. The results
showed no differences between polymer treated group and control. These results proved the
butyrate treatment enhanced the performance of oral immunotherapy in alleviating the allergy
symptoms. The safety of the materials also provided potential of translating the combination of
butyrate treatment and oral immunotherapy into clinic.

To investigate the mechanism of how butyrate-containing polymers affect the GI tract,
we did RNA sequencing of ileum epithelial cells after treatment with CLB001 micelles. The
RNA-seq results indicated significant differences between CLB001 group and the control group.
Genes related with anti-microbial peptides were expressed in a higher level in the CLB001
group. To validate the up-regulated genes, we made tissue sections and stained one of the anti-
microbial peptide: interlectin-1. The stained tissue sections indicated that CLB0OO1 treatment
enhanced the expression of interlectin-1 in the crypt of the ileum. The interlectin-1 stain
demonstrated the pharmacodynamic effect of CLB0OO1 in up-regulating the expression of genes
related to anti-microbial peptides. In addition to RNA-Seq, we also investigated the regulatory T
cells induction by butyrate treatment. After treating mice with CLB001 or CLB003 for 3 weeks,
we prepared cells from the mice mesenteric lymph nodes, spleen, and lamina propria for flow

cytometry. Although the flow data did not show an increase of Treg population in the butyrate
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polymer treated group, the Foxp3 GATA3" or Foxp3 ' RORyt" cell populations were increased in
the CLB003 treated group in the ileum mesenteric lymph nodes. GATA3 and RORyt expressions
in regulatory T cells contributed to suppressive effect in the GI tract immune response. Thus, the
role of genes regulating the induction of Foxp3"GATA3" or Foxp3 RORyt" cells in the gut could

contribute to the enhanced performance of oral immunotherapy in peanut allergy model.

2.5 Materials and Methods:

2.5.1 Mice

C3H/FeJ mice were used for peanut sensitization study, biodistribution study, and
pharmacokinetics study. C57BL/6 Foxp3“""" were used for regulatory T cell study. Mice were
breed in the lab and treatment started at weaning. All experiments were littermate controlled. For
RNAseq or intelectin stain, gem-free C3H/FeJ or C57BL/6 mice were used. All animal
experiments performed in this study were approved by the Institutional Animal Care and Use

Committee of the University of Chicago.

2.5.2 Synthesis of polymers

N-(2-hydroxyethyl) methacrylamide (HPMA) monomer was obtained from
Sigma-Aldrich or Polysciences Inc. Solvents like dichloromethane, methanol, hexanes,
and ethanol were ACS reagent grade and were obtained from Fisher Scientific. All other
chemicals were obtained from Sigma-Aldrich. Chemicals were used in the synthesis

without further purifications.
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2.5.2.1 Synthesis of N-(2-hydroxyethyl) methacrylamide (2)

i ~_0OH EtoN i 0
R — H
1 2

Scheme 2.1 Synthesis of N-(2-hydroxyethyl) methacrylamide (HEMA, 2)

To synthesize N-(2-hydroxyethyl) methacrylamide (HEMA, 2), ethanolamine
(3.70 mL, 61.4 mmol, 2.0 eq), triethylamine (4.72 mL, 33.8 mmol, 1.1 eq) and 50 mL
DCM were added into a 250 mL flask. After the system was cooled down by an ice bath,
methacryloyl chloride (1, 3.00 mL, 30.7 mmol, 1.0 eq) was added dropwise under the
protection of nitrogen. The reaction was allowed to warm up to room temperature and
reacted overnight. Then the reaction mixture was concentrated by rotary evaporation and
purified on a silica column using DCM/MeOH (MeOH fraction v/v from 0% to 5%). The
product was obtained as colorless oil (3.42 g, 86.3%). MS (ESI). C¢H;1NO,, m/z
calculated for [M+H]": 129.08, found: 129.0. '"H-NMR (500 MHz, CDCl3) § 1.93 (s, 3H),

3.43 (m, 2H), 3.71 (m, 2H), 5.32 (s, 1H), 5.70 (s, 1H), 6.4 (br s, 1H)

2.5.2.2 Synthesis of N-(2-butanoyloxyethyl) methacrylamide (3)
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Scheme 2.2 Synthesis of N-(2-butanoyloxyethyl) methacrylamide (BMA, 3)
To synthesize N-(2-butanoyloxyethyl) methacrylamide (BMA, 3), N-(2-

hydroxyethyl) methacrylamide (3.30 mL, 25.6 mmol, 1.0 eq), triethylamine (7.15 mL,
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51.2 mmol, 2.0 eq) and 50 mL DCM were added into a 250 mL flask. After the reaction
system was cooled down by an ice bath, butyric anhydride (5.00 mL, 30.7 mmol, 1.2 eq)
was added dropwise under the protection of nitrogen. The system was allowed to react
overnight. The reaction mixture was filtered and washed by NH4ClI solution, NaHCO;
solution, and water. After dried by anhydrous MgSOQ,, the organic layer was concentrated
by rotary evaporation and purified on a silica column using DCM/MeOH (MeOH fraction
v/v from 0% to 5%). The product was obtained as pale yellow oil (4.56 g, 89.6%). MS
(ESI). C1oH7NOs, m/z calculated for [M+H]": 199.12, found: 199.1. "H-NMR (500
MHz, CDCl3) 6 0.95 (t, 3H), 1.66 (m, 2H), 1.97 (s, 3H), 2.32 (t, 2H), 3.59 (dt, 2H), 4.23

(t, 2H), 5.35 (s, 1H), 5.71 (s, 1H), 6.19 (br s, 1H)
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Figure 2.6 'H-NMR (500 MHz, CDCl;) of HEMA (2)
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Figure 2.7 '"H-NMR (500 MHz, CDCls) of BMA (3)
2.5.2.3 Synthesis of poly(2-hydroxypropyl methacrylamide) (pHPMA, 5)
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Scheme 2.3 Synthesis of poly(2-hydroxypropyl methacrylamide) (pHPMA, 5)
pHPMA was prepared using 2-cyano-2-propyl benzodithioate as the RAFT chain
transfer agent and 2,2'-Azobis(2-methylpropionitrile) (AIBN) as the initiator. Briefly,
HPMA (4, 3.0 g, 20.9 mmol, 1.0 eq), 2-cyano-2-propyl benzodithioate (28.3 mg, 0.128

mmol, 1/164 eq), and AIBN (5.25 mg, 0.032 mmol, 1/656 eq) were dissolved in 10 mL
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MeOH in a 25 mL Schlenk tube. The reaction mixture was subjected to four freeze-
pump-thaw cycles. The polymerization was conducted at 70 °C for 30 h. The polymer
was precipitated in a large volume of petroleum ether and dried in the vacuum chamber
overnight. The product was obtained as light pink solid (1.8 g, 60 %). 'H-NMR (500
MHz, DMSO-d6) 6 0.8-1.2 (m, 6H, CH(OH)-CHj; and backbone CHj3), 1.5-1.8 (m, 2H,
backbone CHy), 2.91 (m, 2H, NH-CH,), 3.68 (m, 1H, C(OH)-H), 4.70 (m, 1H, CH-OH),

7.18 (m, 1H, NH)

2.5.2.4 Synthesis of pHPMA-b-pBMA (CLB001, 6)

S haas o O
w AIBN, MeOH W
§7OH §70H 5
5 (pHPMA) gzo
6 (PHPMA-b-pBMA)
Scheme 2.4 Synthesis of pHPMA-b-pBMA, or CLB001 polymer (6)
The block copolymer CLB001 was prepared using pHPMA (5) as the macro-
RAFT chain transfer agent and N-(2-butanoyloxyethyl) methacrylamide (3) as the
monomer of the second RAFT polymerization. Briefly, pHPMA (1.50 g, 0.105 mmol, 1.0
eq), N-(2-butanoyloxyethyl) methacrylamide (4.18 g, 21.0 mmol, 200 eq), and AIBN (8.3
mg, 0.050 mmol, 0.50 eq) were dissolved in 10 mL MeOH in a 50 mL Schlenk tube. The
reaction mixture was subjected to four freeze-pump-thaw cycles. The polymerization was

conducted at 70 °C for 20 h. The polymer was precipitated in petroleum ether and dried
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Figure 2.8 '"H-NMR (500 MHz, DMSO-d6) of pHPMA (5)
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Figure 2.9 'H-NMR (500 MHz, DMSO-d6) of pHPMA-b-pBMA (6)
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in the vacuum chamber overnight. The product was obtained as light pink solid (4.22 g,
74%). "H-NMR (500 MHz, DMS0-d6) & 0.80-1.1 (m, 9H, CH(OH)-CH; (HPMA), CH,-
CH; (BMA), and backbone CHj3), 1.55 (m, 4H, CH,-CH, (BMA) and backbone CH,),
2.28 (m, 2H, CO-CH, (BMA)), 2.91 (m, 2H, NH-CH, (HPMA)), 3.16 (m, 2H, NH-CH,
(BMA)), 3.67 (m, 1H, CH(OH)-H), 3.98 (m, 2H, O-CH, (BMA)), 4.71 (m, 1H, CH-OH

(HPMA)), 7.19 (m, 1H, NH), 7.44 (m, 1H, NH)

2.5.2.5 Synthesis of pMAA (7) and pMAA-b-pBMA (8)
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8 (PMAA-b-pBMA)
Scheme 2.5 Synthetic route of pMAA-b-pBMA, or CLB003 polymer (8)

pMAA (7) was prepared using 2-cyano-2-propyl benzodithioate as the RAFT chain
transfer agent and 2,2'-Azobis(2-methylpropionitrile) (AIBN) as the initiator. Briefly,
methacrylic acid (MAA) (4.0 mL, 47.2 mmol, 1.0 eq), 2-cyano-2-propyl benzodithioate (104.4
mg, 0.472 mmol, 1/100 eq), and AIBN (19.4 mg, 0.118 mmol, 1/400 eq) were dissolved in 20
mL MeOH in a 50 mL Schlenk tube. The reaction mixture was subjected to four freeze-pump-
thaw cycles. The polymerization was conducted at 70 °C for 24 h. The polymer was precipitated
in hexanes and dried in the vacuum oven overnight. The product was obtained as light pink solid
(4.0 g, 100 %). '"H-NMR (500 MHz, DMSO-d6) & 0.8-1.2 (m, 3H, backbone CH3), 1.5-1.8 (m,

2H, backbone CH,), 7.4-7.8 (three peaks, SH, aromatic H), 12.3 (m, 1H, CO-OH)
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The block copolymer pMAA-b-pBMA (CLB003, 8) was prepared using (7)
pPMAA as the macro-RAFT chain transfer agent and (3) N-(2-butanoyloxyethyl)
methacrylamide (BMA) as the monomer of the second RAFT polymerization. Briefly,
pMAA (0.50 g, 0.058 mmol, 1.0 eq), N-(2-butanoyloxyethyl) methacrylamide (1.47 g,
7.38 mmol, 127 eq), and AIBN (2.4 mg, 0.015 mmol, 0.25 eq) were dissolved in 10 mL
MeOH in a 25 mL Schlenk tube. The reaction mixture was subjected to four freeze-
pump-thaw cycles. The polymerization was conducted at 70 °C for 24 h. The polymer
was precipitated in hexanes and dried in the vacuum oven overnight. The product was
obtained as light pink solid (1.5 g, 70%). '"H-NMR (500 MHz, DMSO-d6) & 0.8-1.1 (m,
6H, CH»-CH3; (BMA), and backbone CHj), 1.5-1.7 (m, 4H, CH,-CH, (BMA) and
backbone CH,), 2.3 (m, 2H, CO-CH; (BMA)), 3.2 (m, 2H, NH-CH, (BMA)), 4.0 (m, 2H,

0-CH, (BMA)), 7.4 (m, 1H, NH), 12.3 (m, 1H, CO-OH)
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Figure 2.10 'H-NMR (500 MHz, DMSO-d6) of pMAA (7)

37



8 9 s de dd  kid| s
T N 97 17 F1] 18000
I
|
’ 17000
[/ |
- | f |
_J e /A e e 16000
15000
14000
13000
j 12000
' J u 11000
S J*\‘ - 2 oY g Ao
12 10 8 6 4 2 0
1 (ppm)
Figure 2.11 "H-NMR (500 MHz, DMSO-d6) of pMAA-b-pBMA (8)
2.5.2.6 Synthesis of N3-PEG4-MA (9) and azide-PEG polymer
0 o o TEA 0
chl + HZN/\/ \/\O/\/ \/\N3 —_— N/\/O\/\O/\/O\/\N
DCM H 8
9 N3-PEG,-MA

Scheme 2.6 Synthesis of hydrophilic azide monomer N3;-PEG4-MA (9)

In order to include an azide group into CLB001 or CLB003 polymers, monomer N-(2-(2-
(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl) methacrylamide (9) was synthesized and used in the
copolymerization with HPMA or MAA to obtain the hydrophilic block with azide function.

Briefly, N3-PEG4-NH, (0.5 g, 2.14 mmol, 1.0 eq) and triethylamine (0.60 mL, 4.3 mmol,
2.0 eq) was dissolved in dry DCM. After the reaction system was cooled down by an ice bath,

methacrylic chloride (0.42 mL, 2.6 mmol, 1.2 eq) was added dropwise under the protection of
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nitrogen. The system was allowed to react overnight. The reaction mixture was filtered and
washed by NH4Cl solution, NaHCOj solution, and water. After dried by anhydrous MgSOy, the
organic layer was concentrated by rotary evaporation and purified on a silica column using
DCM/MeOH (MeOH fraction v/v from 0% to 5%). The product was obtained as pale yellow oil
(0.47 g, 73 %). MS (ESI). C12H2N404, m/z calculated for [M+H]": 287.16, found: 287.2. 'H-
NMR (500 MHz, CDCls) & 6.35 (br, 1H), 5.70 (s, 1H), 5.32 (s, 1H), 3.55-3.67 (m, 12H), 3.52
(m, 2H), 3.38 (t, 2H), 1.97 (s, 3H)

Monomer N3-PEG4-MA was mixed with HPMA or MAA in a 2:98 wt:wt ratio during the
RAFT polymerization to obtain N3-pHPMA or N3-pMAA. Then, the second block of BMA was
added to the macro initiator to obtain N3-pHPMA-b-pBMA or N3-pMAA-b-pBMA, respectively.

The synthesis procedures were the same as previous description.
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Figure 2.12 'H-NMR (500 MHz, CDCls) of N3-PEG4-MA (9)
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2.5.2.7 Synthesis of N-hexyl methacrylamide (10) and control polymer

o)
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Scheme 2.7 Synthesis of hydrophobic control monomer N-hexyl methacrylamide (10)

In order to synthesize control polymer that does not contain butyrate ether, monomer N-
hexyl methacrylamide (11) was synthesized and used in the polymerization of hydrophobic
block. Briefly, hexanamine (5.8 mL, 46.0 mmol, 1.5 eq), triethylamine (4.7 mL, 33.8 mmol, 1.1
eq) and 50 mL DCM were added into a 250 mL flask. After the system was cooled down by an
ice bath, methacryloyl chloride (3.0 mL, 30.7 mmol, 1.0 eq) was added dropwise under the
protection of nitrogen. The reaction was allowed to warm up to room temperature and reacted
overnight. Then the reaction mixture was concentrated by rotary evaporation and purified on a
silica column using DCM/MeOH (MeOH fraction v/v from 0% to 5%). The product was
obtained as colorless oil (4.6 g, 88%). MS (ESI). C;;H,;NO, m/z calculated for [M+H]": 184.16,
found: 184.2. "H-NMR (500 MHz, CDCl;) & 5.75 (br, 1H), 5.66 (s, 1H), 5.30 (s, 1H), 3.31 (t,
2H), 1.96 (s, 3H), 1.54 (m, 2H), 1.28-1.32 (m, 8H), 0.88 (t, 3H)

After the synthesis of pHPMA or pMAA, monomer N-hexyl methacrylamide (11) was
used in the polymerization of second block instead of N-(2-butanoyloxyethyl) methacrylamide to
obtain control polymers as pHPMA-b-pHMA or pMAA-b-pHMA, respectively. The synthesis

procedures were the same as previous description.
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Figure 2.13 "H-NMR (500 MHz, CDCls) of N-hexyl methacrylamide (10)
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Figure 2.14 'H-NMR (500 MHz, DMS0-d6) of control polymer pHPMA-b-pHMA
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2.5.3 Gel permeation chromatography

GPC analyses of pHPMA, CLB001, or CLB003 were performed on Tosoh EcoSEC size
exclusion chromatography System using Tosoh SuperAW3000 column. Samples were dissolved
in eluent DMF with 0.01 M LiBr at 1 mg/mL. Refreactive index (RI) detector was used to detect
polymers. Polymethyl methacrylate (PMMA) was used as calibration standards to determine the
molecular weight. GPC analysis of pMAA was performed on Wyatt/Waters size exclusion
chromatography System using Agilent PL aquagel-OH columns. Samples were dissolved in
aqueous eluent at 1 mg/mL. Refreactive index (RI) detector was used to detect polymers and

PEO was used as calibration standards.

A GPC of pHPMA and CLB001 B GPC of pHPMA and CLB003
1.2 1.2
— pHPMA — pMAA
— CLBO001 — CLB003
0.8 0.8
4 4
0.4 0.4+
0.0 T /\| 0.0 T T 1
10 15 20 5 10 15 20
Retention time (min) Retention time (min)
c Mn (kDa) Mn (kDa) Mw (kDa) PDI
by NMR by GPC by GPC
pHPMA 14.87 17.38 18.97 1.09
CLBO001 40.94 36.77 42.69 1.16
pMAA 8.53 34.30 37.56 1.10
CLB003 23.45 136.3 181.3 1.33

Figure 2.15 Gel permeation chromatography analysis of polymers. (A) GPC chromatography of
pHPMA and CLBO001. Samples were run in DMF eluent. (B) GPC chromatography of pMAA
and CLB003. pMAA was analyzed by aqueous eluent. CLB003 was analyzed by DMF eluent.
(C) Table of number averaged molecular weight, weight averaged molecular weight, and
polydisperse index. Polymethyl methacrylate (PMMA) was used as calibration standards for
samples run in DMF. PEO was used as calibration standards for samples run in aqueous eluent.
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2.5.4 Formulation of polymeric micelles

CLBO001 micelle was formulated by cosolvent evaporation method. 80 mg of CLB001
polymer was dissolved in 10 mL of ethanol under stirring. After polymer was completely
dissolved, same volume of 1 x PBS was added slowly to the solution. The solution was allowed
evaporating at room temperature for 6 h. After the evaporation, the CLB0O1 solution was filtered
through 0.22 pm filter and stored at 4 °C. The size of the micelle was measured by DLS.

CLB003 micelle was prepared by base titration®*". 60 mg of CLB003 polymer was
added to 8 mL of 1 x PBS under vigorous stirring. Sodium hydroxide solution in equivalent to
methacrylic acid was added to the polymer solution in three portions during 2 h. After adding
base solution, the polymer solution was allowed stirring at room temperature overnight. After
that time, 1 X PBS was added to reach the target volume and the solution was filtered through
0.22 pm filter and the pH of the solution was checked to make sure it was neutral. The size of the

micelle was measured by DLS.

2.5.5 Dynamic light scattering (DLS) characterizations of micelles

DLS data were obtained from Malvern Nano Zetasizer instrument. Zetasizer software
was used to process the data. Samples were diluted 400 times in 1xPBS and 300 pL was
transferred to DLS cuvette for data acquisition. Samples were scanned for 16 times at 20 °C and
pure water was selected as solvent. The intensity distributions of DLS were used to determine the
hydrodynamic diameter of micelles. For zeta-potential data, micelles were diluted in DI water

and transferred to disposable folded capillary zeta cells for data acquisition.
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Figure 2.16 SAXS characterizations of CLB001 and CLB003 micelles. (A) Gunier plot (In(g)
vs. ¢°) of CLB001 revealed the radius of gyration of the micelle. (B) Kratky plot (I ¢° vs. ) of
CLBO001 revealed the spherical structure if the micelle. (C) Gunier plot of CLB003 micelle. (D)
Kratky plot of CLB003 micelle. (E) Table of fitting parameters of CLB001 and CLB003 using
polydispersed core-shell sphere model. (F) Table of the mean distance between micelles d,
number of micelles per unit volume N, molecular weight of the micelle Mw, and the aggregation
number N,g,, calculated from the fitting parameters of polydispersed core-shell sphere model.
2.5.6 Cryogenic electron microscope imaging of micelles

CryoEM image was acquired on a FEI Talos 200kV FEG electron microscope. Polymeric
nanoparticle samples were prepared in 1XPBS and diluted to 2 mg/mL with MilliQ water. 2 uL.

sample solution was applied to electron microscopy grid (Agar Scientific) with holey carbon

film. Sample grids were blotted and flash vitrified in liquid ethane using an automatic plunge
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freezing apparatus (Vitrbot) to control humidity (100%) and temperature (20 °C). Analysis was
performed at -170 °C on a FEI Talos 200kV FEG electron microscope, using the Gatan 626 cry-
specimen holder (120,000 X magnification; -5 pm defocus). Digital images were recorded on in-

line Eagle CCD camera, and processed by Image].

2.5.7 Small angle x-ray scattering analysis of micelles

SAXS samples were made in 1 x PBS and filtered through 0.2 pum filters. All samples
were acquired at Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator
Laboratory. SAXS data were analyzed by Igor Pro 8 software (Figure 2.15). To acquire radius of
gyration (R,), data were plotted as In(intensity) vs. q” at low q range. Then R, were calculated
from the slope of the linear fitting as shown in the equation:

ZRZ
§ (1)

q
In(I(g)) = In(1(0)) —

Kratky plot of the data were plotted from I q* vs. q to show the structure of the particles.
Moreover, the data were fitted using polydispersed core-shell sphere model (Figure 2.15.E.F)*".
From the fitting, radius of core, thickness of shell, and volume fraction of micelle were derived
and used to calculate the molecular weight of micelle and the mean distance between micelles

using flowing equations:

Dicell

N = micelle 2
Viicelle

eN, 3)
=N

d= N—1/3 X 107 4)

where N is the number of micelles per unit volume. @icere is the volume fraction of
micelles derived from fitting. Vyicene is the volume of a single micelle, which is calculated from

4/3 zR?, where R is the sum of radius of core and thickness of shell. M,, is the molecular weight
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of micelle. ¢ is the polymer concentration. N4 is Avogadro constant. d is the mean distance
between the micelles in the unit of nm. The aggregation number of micelles were calculated from

dividing the molecular weight of micelle by the molecular weight of polymer.

2.5.8 Measurement of critical micelle concentration

The critical micelle concentrations of CLB001 and CLB003 were determined by a
fluorescence spectroscopic method using pyrene as a hydrophobic fluorescent probe*'**. A series
of polymer solutions with concentration ranging from 1.0 x 10 to 2.0 mg mL™' were mixed with
pyrene solution with a concentration of 1.2 x 10~ mg mL™". The emission spectra of samples
were recorded on a fluorescence spectrophotometer (HORIBA Fluorolog-3) at 20 °C using 335
nm as excitation wavelength. The ratio between the first (372 nm) and the third (383 nm)
vibronic band of pyrene was used to plot against the concentration of polymer. The data were

processed on Prism software and fitted using Sigmoidal model (Figure 2.16).

CMC of CLB-001 CMC of CLB-003
2.2 1.7-
2.0 1.6 [
(2] ™
3 3
= 1.8 ) = 1.5
5 5
1.6+ T 14-
1.4 T T T T 1.3 T T T T T
3 2 1 0 3 2 1 0 1
logc logc

Figure 2.17 Critical micelle concentrations (CMC) of CLB001 (left) and CLB003 (right)
measured by pyrene fluorescent intensity of peak 1 over peak 3. The CMC was determined by
the IC50 fitted by Sigmoidal curve.
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2.5.9 Biodistribution study using in vivo imaging system (IVIS)

C3H/Fel mice were used for biodistribution study. CLB001 or CLB003 polymer with
azide function was labeled with IR 750-DBCO (Thermo Fisher) and purified by hexane
precipitation. After formulation into micelles, the solution was injected to the mice GI tract by
gavage. After 1 h, 3 h, 6 h, or 24 h, major organs were collected from the mice and whole-organ
fluorescence were measured via an IVIS Spectrum in vivo imaging system (Perkin Elmer).

Images were processed and analyzed by Living Imaging 4.5.5 (Perkin Elmer).

2.5.10 Butyrate derivatization and quantification using LC-UV or LC-MS/MS

Sample preparation: Simulated gastric fluid and simulated intestinal fluid were as
described before’>. For ex vivo hydrolysis study, CLB001 or CLB003 was added to fetal
bovine serum, simulated gastric fluid, or simulated intestinal fluid at a final concentration of 2
mg/mL at 37 °C. At pre-determined time points, 20 pL of the solution was transferred into 500
uL of water:acetonitrile 1:1 v/v. The sample was centrifuged using Amicon Ultra (Merck, 3 kDa
molecular mass cutoff) at 13,000 x g for 15 min, to remove polymers. The filtrate was stored at -
80 °C before derivatization. For in vivo pharmacokinetics study, CLB001 or CLB003 micelle
solution was gavaged to C3H/HeJ mice at 0.8 mg per g of body weight. Mice were euthanized at
1 h,2h,4h, 8 h, and 24 h after the gavage. GI tract content from different small intestinal
portions, cecum, or colon were collected in EP tube. After adding 500 uL of 1 x PBS, the
mixture was vortex and sonicated for 10 min and then centrifuged at 13,000 x g for 10 min. The
supernatant was transferred and filtered through 0.45 m filter. The filtered solution was stored at

-80 °C before derivatization.
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Sample derivatization (Figure 2.17 A): Samples were prepared and derivatized as
describe in the literature™**°. 3-nitrophenylhydrazine (NPH) stock solution was prepared at 0.02
M in water:acetonitrile 1:1 v/v. EDC stock solution was prepared at 0.25 M in water:acetonitrile
1:1 v/v. 4-methylvaleric acid was added as internal standard. Samples were mixed with NPH
stock and EDC stock at 1:1:1 ratio by volume. The mixture was heated by heating block at 60 °C
for 30 min. Samples were transferred into HPLC vials and stored at 4 °C before analysis.

LC conditions: The instrument used for quantification of butyrate was Agilent 1290
UHPLC. Column: ThermoScientific C18 4.6 x 50 mm, 1.8 m particle size, at room temperature.
Mobile phase A: water with 0.1% v/v formic acid. Mobile phase B: acetonitrile with 0.1% v/v
formic acid. Injection volume: 5.0 pL. Flow rate: 0.5 mL/min. Gradient of solvent: 15% mobile
phase B at 0.0 min; 100% mobile phase B at 3.5 min; 100% mobile phase B at 6.0 min; 15%
mobile phase B at 6.5 min.

ESI-MS/MS method (Figure 2.17 B): The instrument used to detect butyrate was Agilent
6460 Triple Quad MS-MS. Both derivatized butyrate-NPH and 4-methylvaleric-NPH were
detected in negative mode. The MS conditions were optimized on pure butyrate-NPH or 4-
methylvaleric-NPH at 1 mM. The fragment voltage was 135 V and collision energy was set to 18
V. Multiple reaction monitoring (MRM) of 222 — 137 was assigned to butyrate, and MRM of
250 — 137 was assigned to 4-methylvaleric acid as internal standard. The ratio between MRM

of butyrate and 4-methylvaleric acid was used to quantify the concentration of butyrate.
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Figure 2.18 Derivatization of butyrate for LC-MS/MS analysis and the release of butyrate from
CLBO001/003 in simulated gastric/intestinal fluids. (A) Derivatization reaction of butyrate with 3-
nitrophenylhydrazine (NPH) to generate UV active butyrate-NPH. (B) The multiple reaction
monitoring (MRM) of 222 — 137 was used to quantify butyrate-NPH in LC-MS/MS. (C)
CLBO0O01 released butyrate at a faster rate in the simulated gastric fluid compared to CLB003. (D)
Both CLB001 and CLB003 released complete butyrate load within minutes in simulated
intestinal fluid. Neither polymer released butyrate in PBS only.

2.5.11 Butyrate release determined by GPC

In addition to LC-MS/MS measurement of butyrate concentration, butyrate release from
CLBO001 was also confirmed by determining the molecular weight change of polymer using
GPC. First, the method was validated ex vivo by adding 50 mM NaOH to CLB0O01 formulation.
The aliquot of polymer solution was obtained and dried in vaccum oven. Then polymer was
dissolved in DMF with 0.01 M LiBr. The samples were analyzed by GPC to determine the
molecular weight using PMMA as calibration standards. However, the GPC method was not
applicable for CLB003 because the dn/dc of CLB003 polymer was too low, resulting in low RI

signal for CLB003. To investigate the release of butyrate in mouse GI tract, C3H/Fel] mice were

49



gavaged with CLB0O1 and the GI content was obtained at different time points. The GI content
was extracted with PBS by vortexing and sonication. The mixture was centrifuged and
supernatant was transferred to an Amicon ultracentrifuge tube to concentrate the polymer. Then
the concentrated polymer solution was dried in vacuum chamber and then resuspended in DMF
with 0.01 M LiBr. After filtration through 0.22 pum filter, samples were analyzed by GPC to
determine the molecular weight using PMMA as calibration standards. The number averaged
molecular weight of the polymer was used to calculate the percentage release of butyrate by
assuming the molecular weight decrease resulted from the release of butyrate. The mass of

polymer was also obtained from the RI signal from GPC.
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Figure 2.19 Determine the butyrate release via GPC analysis of the molecular weight change of
CLBO0O01. (A, B) Validation of GPC method of CLB001 treated with NaOH. The GPC
chromatograph showed the peak of CLB001 moved towards low molecular weight range (A) and
the molecular weight loss was related to butyrate release (B). (C, D) The butyrate of CLB001
was released in mouse GI tract. GPC showed the molecular weight of CLB001 decreased (C)
and the butyrate release ratio was calculated based on the decrease of Mn (D).

50



2.5.12 Peanut sensitization model and oral immunotherapy

C3H/Fel mice were used in the peanut sensitization model and oral immunotherapy as
previously described'?. Specific pathogen free C3H/FeJ mice were treated with antibiotics
cocktail to induce dysbiosis for the model starting at wean day. Then, mice were sensitized
weekly with 6 mg of peanut antigen and 10 pg of cholera toxin (CT) for 5 weeks to induce
peanut allergy. After that time, mice were challenged with i. p. administration of 5 mg peanut
antigen in 500 pL of PBS. The change in core body temperature of each mouse after challenge
was measured over 60 - 120 min as a marker of allergic response. Allergic mice were randomly
assigned into two groups. One group of mice was treated twice daily for two weeks with low
dose of peanut butter powder (PB2, 200 pg) as oral immunotherapy only group. The other group
of mice was co-administrated twice daily with oral immunotherapy (PB2, 200 ng) and
CLB001/CLB003 at 0.4 mg of polymer each per gram of mouse body weight every day for two
weeks. After the treatments, mice were challenged again with i.p. administration of 5 mg peanut
antigen. The temperature drop was measured after the challenge. The blood samples of mice

were collected and the peanut specific IgG or IgE, and mMCP-1 were measured by ELISA.

2.5.13 ELISA of peanut specific antibodies

The ELISA assays of peanut specific antibodies or mMCP-1 were performed according
to the protocol provided by manufacturer (Thermo Fisher). The standard peanut antigen was
purified from peanut extract in the lab. A 96 well plate was coated with capture antibodies
overnight at 4 °C, followed by blocking with 2% BSA in PBS with 0.05% Tween 20 (PBS-T) for
1 hour at room temperature. After washing with PBS-T, the plate was incubated with samples for

2 hours at room temperature. After three washes with PBS-T, the plate was incubated with
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biotinylated detection antibodies. After washes, streptavidin-horse radish peroxidase was added
and the level of cytokine was detected with tetramethylbenzidine substrate by measuring the
absorbance at 450 nm subtracting the absorbance at 570 nm. The data were plotted and analyzed

by Prism software.

2.5.14 Toxicity study

The toxicity effect of CLB001 on C3H/FeJ mice was measured by hematological analysis
on Vet Axcel Chemistry Analyzer. Mice were treated with CLB001 at 0.8 mg/g of body weight
daily by gavage for 6 weeks. Every week, blood sample of each mouse was obtained and

analyzed by the chemistry analyzer according to manufacturer’s instruction.

2.5.15 RNA sequencing and data process

Starting at the wean time, gem-free C3H/FeJ mice were treated with PBS, CLB001, or
control polymer at 0.8 mg/g of body weight for two weeks. After that time, mice were
euthanized and the ileum tissue were collected and washed thoroughly. The RNA samples were
extracted from the ileal epithelial cells using RNA isolation kit (Thermo Fisher Scientific)
according to manufacturer’s instruction. RNA samples were submitted to Argonne National Lab

for sequencing and the data were analyzed by Illumina software.

2.5.16 Intelectin stain and microscope imaging
Gem-free C57BL/6 mice were treated with CLB001 at 0.8 mg/g of body weight everyday
for 2 weeks. After that time, the mice were euthanized and small intestine tissue was obtained

and prepared into tissue section slides. The tissue section slides were fixed and stained with
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fluorescent anti-intelectin antibody. The slides were imaged using Leica fluorescence
microscope. Images were processed by ImagelJ software and data were plotted and analyzed by

Prism software.

2.5.17 Regulatory T cell induction study and flow cytometry

Antibiotics treated C57BL/6 Foxp3“*"* mice were gavaged with CLB001 or CLB003 at
0.8 mg/g of body weight for 3 weeks starting from the wean date. After the treatment, mice were
euthanized and spleen, mesenteric lymph nodes, and lamina propria of small intestine and colon
were obtained and processed for flow cytometry analysis.

Flow cytometry analysis were performed as described in previous paper’*. Briefly, the
measurements were performed using a LSRII flow cytometer (BD) and the data were analyzed
by FlowJo software. For staining, cells were washed with PBS and stained for 15 min on ice with
eFluor 780 fixable live/dead dye (eBioscience). Then, cells were washed with PBS three times,
and stained with an antibody cocktail and PBS + 2% FBS for 30 min. The antibody cocktail
included antibodies against CD3, CD4, CD45, and CD25. Free antibodies were washed from the
cells three times with PBS + 2% FBS. Cells were then fixed for 15 min in PBS + 2%
paraformaldehyde. Then intracellular markers were stained with antibodies against Foxp3,
GATA3, and RORyt. Samples were washed three times and resuspended in PBS + 2% FBS

before analysis by flow cytometry instrument.

2.6 Conclusions

In this study, we developed a polymeric micelle platform to deliver butyrate to the GI

tract to enhance the performance of oral immunotherapy in peanut allergy mice. The polymeric
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micelles consisted of butyrate ester as hydrophobic core and either neutral or negatively charged
hydrophilic shell, namely CLB001 and CLB003, respectively. After structural characterizations
of micelles, we validated the butyrate release profiles of polymeric micelles both ex vivo and in
vivo. More importantly, the treatment of CLB001 and CLB003 combined with oral
immunotherapy significantly lower the temperature drop of peanut allergic mice after challenge,
while mice in the oral immunotherapy only group did not show reduced temperature drop.
Furthermore, the effect of butyrate polymers to mice GI tract may result from up-regulated anti-
microbial peptide expression in the ileum as indicated from RNA-Seq data. The stain of
interlectin-1 further proved the pharmacodynamic effect of CLB0O1. In addition, CLB003
showed the increase of GATA3" or RORyt" regulatory T cells in the ileal mesenteric lymph
nodes. Thus, the polymeric micelles CLB001 and CLB003 had the potential to alleviate food

allergy symptoms if combined with oral immunotherapy.
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Chapter 3
Mannosylated and Butyrate Statistical Copolymer Induces

Tolerogenic Dendritic Cells

3.1 Abstract

Butyrate suppresses the activation of dendritic cells (DCs) and can be used to induce
tolerance against antigens. Dendritic cells express a high level of C-type lectin mannose receptor
CD206. Here, we present a statistical copolymer platform of butyrate and mannose with the
capabilities of inducing tolerogenic dendritic cells. The copolymer is composed of mannose
monomer, which targets DCs via mannose-binding receptor CD206, and butyrate monomer in
the form of aliphatic butyrate ester (pMan-But) or phenol butyrate ester (pMan-PhBut), which
release butyrate in cell culture media via ester hydrolysis. Both pMan-But and pMan-PhBut
suppress the production of cytokine IL12p70 from bone marrow-derived dendritic cells activated
by LPS. Moreover, pMan-PhBut induces tolerogenic DCs in the draining lymph nodes in vivo by
suppressing the production of inflammatory cytokines activated by LPS. The pMan-But or
pMan-PhBut platforms offer a strategy to induce tolerogenic dendritic cells or T cell tolerance in

potential.

3.2 Introduction

Protein-based therapeutics has been growing rapidly in sales. Among the best selling
pharmaceuticals of 2017-2018, seven out of ten are protein-based drugs, including the largest
selling drug named Humira developed by AbbVie'. However, the immunogenicity of protein-

based drugs is a major issue affecting both safety and efficacy of the therapy*”. According to a
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study of anti-TNFa antibodies, patients treated with human mAb adalimumab developed
antibodies against the therapeutic with a range from <1% to up to 87%". The generation of anti-
drug antibodies is also prevalence among other licensed protein-based therapeutics®. Thus, it is
very essential to induce the tolerance to proteins when applying protein therapies.

Short chain fatty acids, especially butyrate, have shown anti-inflammatory effects®™®.
Butyrate is known as inhibitor of histone deacetylase (HDAC) and ligand for G protein-coupled
receptor 109A”. It is reported that butyrate can promote regulatory T cells via the induction of

>61% Tn addition, butyrate also regulates

tolerogenic dendritic cells (DCs) in murine studies
macrophage functions via HDAC inhibition''. Since both dendritic cells and macrophages have
important roles in antigen presenting, it would be interesting to deliver butyrate targeting
dendritic cells or macrophages to induce tolerogenic functions against protein-based
therapeutics.

Mannose receptor (CD206) is a C-type lectin expressed on immature dendritic cells and

1213 The receptor recognizes terminal mannose and promotes the uptake of

macrophages
glycoproteins. Previously in the lab, Dr. Scott Wilson developed a polymeric glyco-adjuvant
named p(Man-TLR7) composed of mannose and TLR7 adjuvant'*. The copolymer targeted DCs
via mannose-binding receptors and activated DCs via Toll-like receptor 7 (TLR7). The
copolymer conjugated to antigens induced protective humoral and cellular immunity. Antigens
conjugated to glycopolymers without adjuvant were also developed in the lab and showed
efficacy in inducing T-cell tolerance'”.

Given the ability of butyrate in inducing tolerogenic DCs, it is important to develop a

butyrate delivery system to the draining lymph nodes. Small molecule sodium butyrate is used

directly in previous in vitro studies. However, it is difficult to administer free butyrate to mouse
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because it will only have local effect at the injection site but not in the draining lymph nodes. To
solve this, one straightforward way is to form butyrate ester as ester formation is widely used in
the formulation of drug with carboxylic acid structure'®'’. Additionally, compared to aliphatic
ester, phenol ester has a faster hydrolysis rate and can provide fast release kinetics for the
study'®".

Here, we present a platform that targets DCs through mannose-binding receptors and
releases butyrate to DCs to induce tolerogenic effects. The statistical copolymers composed of
either aliphatic butyrate ester (pMan-But) or phenol butyrate ester (pMan-PhBut) show different
hydrolysis kinetics. Both polymers suppress the production of IL12p70 in bone marrow-derived

dendritic cells (BMDCs) activated by LPS. Furthermore, pMan-PhBut suppresses the activation

of DCs in vivo, providing potentials to induce immune tolerance.

3.3 Results

3.3.1 Mannosylated and butyrate polymers pMan-But and pMan-PhBut are synthesized by
RAFT polymerization

Statistical copolymer pMan-But and pMan-PhBut were synthesized through reversible
addition-fragmentation chain-transfer (RAFT) polymerization using an azide modified chain
transfer agent (Figure 3.1.A, B). Mannose monomer N-[2-(a-D-mannose)ethyl] methacrylamide
was incorporated into the polymer to provide targeting effect. A biologically inert monomer
hydroxyethyl methacrylamide (HEMA) was added to increase the solubility and to act as a
spacer for mannose. Butyrate containing monomer for pMan-But was the same as previously
described N-(2-butanoyloxyethyl) methacrylamide (BMA). However, as an aliphatic butyrate

ester, BMA had a relatively slow hydrolysis rate in solution catalyzed by either acid or esterase.
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Figure 3.1 Chemical structures of statistical copolymer pMan-But (A) with aliphatic butyrate
and pMan-PhBut (B) with phenol butyrate.

To improve the release rate of butyrate, we also developed a butyrate-containing monomer with
a structure of phenol ester, N-[2-(4-butanoyloxybenzoyloxy)ethyl] methacrylamide
(PhBMA)'®". Thus, we synthesized two forms of polymers, pMan-But and pMan-PhBut, with
different butyrate release rates. The number average molecular weight of both polymers were 11
kDa determined by gel permeation chromatography (GPC) with DMF as eluent and PMMA as
calibration standards (Figure 3.13). The mass ratio for Mannose monomer, HEMA, and BMA (or
PhBMA) were 30:50:20 in order to balance good water-solubility and high butyrate payload. The

actual butyrate content of the polymer was determined by LC-MS/MS.
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Figure 3.2 Butyrate was released from pMan-But or pMan-PhBut in complete cell culture
media, pH 7.3 buffer or pH 5.3 buffer. (A) pMan-But reached 100% release of butyrate at day 5
in the complete cell culture media. (B) pMan-PhBut reached 100% release of butyrate at day 2 in
the complete cell culture media. (C) The butyrate release of pMan-But or pMan-PhBut in
complete cell culture media was fitted assuming first order reaction of ester hydrolysis. Data
were presented as mean + s.e.m.

3.3.2 Phenol ester has a higher release rate of butyrate than aliphatic ester in the complete
cell culture media

Given we synthesized the polymer containing butyrate as pharmacological active
ingredient, we would like to determine the butyrate content in the polymer. In order to quantify
the concentration of butyrate, we derivatized butyrate with 3-nitrophenylhydrazine to generate a
yellow butyrate hydrazide that could be analyzed by LC-MS/MS?’. The analysis of complete

released samples showed pMan-But and pMan-PhBut had a butyrate mass ratio of around 5%.

64



Given we established the LC-MS/MS method to quantify butyrate concentration, we
studied the butyrate release of both polymers in pH = 7.4 PBS buffer, pH = 5.3 acetic acid
buffer, or complete cell culture media (Figure 3.2.A, B). Both polymers show butyrate release in
the cell culture media. As we expected, pMan-PhBut had a faster release rate than pMan-But. If
we fitted the curve using the first order reaction kinetics, the k; for pMan-But was 0.012 h™" and
k; for pMan-PhBut was 0.086 h™'. Furthermore, the half lives for pMan-But and pMan-PhBut
were 56.9 h and 8.0 h, respectively (Figure 3.2.C). However, such release of butyrate was not
observed in pH = 5.3 buffer or pH = 7.4 buffer (Figure 3.2.A, B). So we concluded the
hydrolysis of butyrate ester was catalyzed by esterase enzyme in the serum of the media and was
not caused by pH. The butyrate release measured by LC-MS/MS not only validated our polymer
could release butyrate in the cell culture media, but also demonstrated the design of phenol ester

performed better than aliphatic ester in terms of hydrolysis rate.

3.3.3 Both pMan-But and pMan-PhBut suppress the expression of IL12p70 from BMDCs
After validating the release of butyrate in cell culture media, we further investigated if
pMan-But or pMan-PhBut could suppress the activation of mouse bone marrow-derived
dendritic cells (BMDC) cause by a common adjuvant, lipopolysaccharide (LPS). The activation
marker of BMDCs was IL12p70, an interleukin produced by dendritic cells in response to

2122 First, we treated BMDCs with different concentrations of LPS and found

antigen stimulation
100 ng/mL was a good concentration to use (Figure 3.3.A). Then, we treated cells with both
sodium butyrate and LPS together for 48 h. ELISA of IL12p70 levels revealed sodium butyrate
successfully suppressed the activation of BMDCs at both 0.5 mM and 2.0 mM (Figure 3.3.B).

Furthermore, we treated BMDCs with pMan-But and LPS together for 24 h. However, this time
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Figure 3.3 pMan-But or pMan-PhBut suppressed IL12p70 production in mouse bone marrow-
derived dendritic cells (BMDCs) activated by LPS. (A) Test of IL12p70 production from
BMDC:s at different LPS concentration. (B) Sodium butyrate (NaBut) suppressed the activation
of BMDC:s if it was co-treated with LPS at the same time. (C) BMDCs were treated with NaBut
or pMan-But and LPS together for 24 h. Only NaBut and pMan-PhBut showed suppression
effect of IL12p70 production. pMan-But did not show suppression effect at 0.5 mM. (D)
BMDCs were treated with butyrate polymer or NaBut for 24 h before the addition of LPS. After
another 24 h both pMan-But and pMan-PhBut showed suppression effect of IL12p70 production.
(E, F) 3-hydroxybutyrate or 4-hydroxybutyrate did not suppress the IL12p70 (E) or TNFa (F)
production in BMDC:s activated by LPS. All data were presented as mean + s.e.m. Statistical
differences were determined by two-way ANOVA using Turkey’s multiple comparisons test. (D,
E, F) Significances were compared with no treatment or no group. (* p < 0.05, ** p <0.01, ***
p <0.001, **** p <0.0001)

66



the IL12p70 levels of pMan-But group did not decrease compared to control group (Figure
3.3.C). The reason could be the hydrolysis of pMan-But was slow and it needed more time to
release butyrate in the cell culture media. One solution was to add pMan-But polymer one day
before LPS activation, followed by ELISA on supernatant 24 h after adding LPS, so that
polymers had a 48 h period for releasing butyrate. The other solution was to use pMan-PhBut
with a faster butyrate release rate. As we expected, through pretreatment of polymers, both
pMan-But and pMan-PhBut successfully suppressed the expression of IL12p70 caused by LPS
(Figure 3.3.D). For pMan-But, although there was no significant decrease of IL12p70 production
at 0.25 mM equivalent of butyrate, the effect of suppression was obvious starting from 0.50 mM,
and IL12p70 level was reduced to almost zero at 2.0 mM. Furthermore, pMan-PhBut showed a
better suppression effect by starting to reduce IL12p70 production at 0.25 mM, due to the fast
release of butyrate. At the meantime, sodium butyrate almost shut down the production of
IL12p70 completely from 0.25 mM to 2.0 mM. This study validated that butyrate could induce
tolerogenic dendritic cells by suppressing the production of IL12p70 activated by LPS. More
importantly, we proved our design of pMan-But and pMan-PhBut polymers could release
butyrate and had the same effect in suppressing the activation of dendritic cells.

Given we validated butyrate as a HDAC inhibitor could suppress the activation of
dendritic cells, we wondered if hydroxyl analogue of butyrate, including 3-hydroxybutyrate (3-
HOBut) and 4-hydroxybutyrate (4-HOBut), could have similar effects. The reason we considered
3-hydroxybutyrate and 4-hydroxybutyrate was they could be synthesized into homopolymers due
to the coexistence of hydroxyl group and carboxylic acid group. In fact, poly(4-hydroxybutyrate)

23,24

had already been used as mesh material for surgery™~". However, in our BMDC activation
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assay, neither 3-HOBut nor 4-HOBut showed any significant reduction of IL12p70 production

(Figure 3.3.E, F). Thus, we had to proceed with butyrate polymer pMan-But or pMan-PhBut.
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Figure 3.4 Representative IVIS images of biodistribution study of pMan-PhBut. pMan-PhBut
was labeled with fluorescent dye IR750 and administered to mouse hock or left flank
subcutaneously. Positive control was CLB003 micelle described before. Negative control was
PBS. (A) pMan-PhBut was drained to both popliteal and inguinal lymph nodes and stayed in
popliteal lymph node for up to 7 days if injected subcutaneously to the hock. Such effect was not
observed if injected to the flank. The lymph nodes layout illustrated the position of different
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(Figure 3.4, continued) lymph nodes: d: draining, nd: non-draining, iLN: inguinal lymph node,
pLN: popliteal lymph node, ¢ mLN: colon mesenteric lymoh node, si mLN: small intestine
mesenteric lymph node. (B) Fluorescent signal of pMan-PhBut was also observed in liver but not
in other organs.

3.3.4 pMan-PhBut stays in the draining lymph nodes after hock s. c. injection

In order to understand which injection method worked the best for in vivo study, we
performed biodistribution study to investigate how the polymer drained into the lymph nodes and
how long it could stay there. Previously, similar studies focused on polymer-protein conjugate
and the fluorescent dye was labeled on the protein'®. Thus, we would like to see the
biodistribution of pMan polymers. Thanks to the azide group on the chain transfer agent, the
pMan-PhBut polymer was labeled with IR750-DBCO via azide-octyne cycloaddition. We
injected dye labeled polymers subcutaneously to either hock or flank of C57BL/6 mice. Then we
obtained lymph nodes and other major organs at different time points to image the fluorescence
signal on In Vivo Imaging System (IVIS).

As a positive control, we also had one group of CLB003 micelle labeled with IR750
because previously we demonstrated through flank subcutaneous (s.c.) injection, CLB003
micelles were drained to draining inguinal lymph nodes and stayed there for more than 21 days.
This time we repeated the similar results and showed that CLB003 signal showed up in the
draining inguinal lymph nodes starting at 6 h and stayed for at least 7 days (Figure 3.4.A).
Compared to CLB003, pMan-PhBut also showed fluorescent signal at draining inguinal lymph
nodes 6 h after flank s.c. injection (Figure 3.4.A). However, the signal disappeared 24 h after the
injection. No fluorescent signal was observed in major organs for this flank s.c. group of pMan-
PhBut (Figure 3.4.B). On the contrary, when we did hock s.c. injection, the signal of the polymer

showed up in both draining popliteal lymph node and draining inguinal lymph node. The signal
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in draining popliteal lymph node stayed for at least 7 days, while the signal in draining inguinal
lymph node diminished at day 7 (Figure 3.4.A). We also observed signal of the polymer in the
liver at 6 h and 24 h time points when doing hock s.c. injections (Figure 3.4.B). However, no
signals were observed in non-draining lymph nodes or mesenteric lymph nodes. Such results met
our expectations as when polymer was injection to the hock, popliteal lymph node was the first
major draining lymph node and inguinal lymph node was the second. The results also provided
strong support to our future animal experiment in that we should use hock s.c. injection instead
of flank s.c. injection as administration route. When we sacrifice the mice, we should take
popliteal lymph nodes for cell analysis. More importantly, the long dwelling time of pMan-
PhBut polymer in the popliteal lymph nodes also provided opportunity for dosing pMan-But.
Although pMan-But had slower release rate, the polymer could stay in the lymph node for much
longer than the half time of butyrate release. Such long time slow release could be of more

interests when studying the induction of regulatory T cells.

3.3.5 Treatments of pMan-PhBut suppress the expression of IL-6 and TNFa from lymph
node cells

Given we validated the efficacy of pMan-But and pMan-PhBut on BMDCs and the
biodistribution of polymers in draining lymph nodes, we moved forward to investigated if pMan-
PhBut could induce tolerogenic DCs in vivo on C57BL/6 mice. We choose pMan-PhBut because
it had faster release rate and it performed better than pMan-But in in vitro BMDCs experiments.
We administered mice subcutaneously with sodium butyrate or pMan-PhBut one day or four
days before the injection of LPS. The mice were euthanized 24 h after LPS activation and

popliteal lymph nodes were collected (Figure 3.5.A). Then, we re-activated cells from popliteal
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Figure 3.5 pMan-PhBut suppressed the activation of dendritic cells from draining lymph nodes
activated by LPS in C57BL/6 mice. (A) C57BL/6 mice were treated with NaBut or pMan-PhBut
through hock s.c. injection either on day 0 or day 3. On day 4, all mice except PBS group were
activated with LPS at 25 ug per hock. On day 5, mice were euthanized and popliteal lymph
nodes were examined for activation of DCs. (B-D) Cells from the popliteal lymph nodes were re-
activated with LPS in vitro and TNFa (B), IL-6 (C), and IFN-y (D) were measured by multiplex
ELISA. (E-H) Mean fluorescent intensity of CD80 (E) or CD40 (F) of dendritic cells and
percentage of CD80+ (G) or CD40+ (H) cells were measured by flow cytometry. All data were
presented as mean =+ s.e.m. and statistical differences were determined by one-way ANOVA
using Turkey’s multiple comparisons test. (* p < 0.05)
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lymph nodes in the cell culture media and measured the cytokines using multiplex ELISA
(Figure 3.5.B-D).

From the re-activation assay of lymphatic cells, pMan-PhBut Day 4 group expressed
significantly lower concentration of pro-inflammatory cytokines like TNFa (Figure 3.5.B) and
IL-6 (Figure 3.5.C). IFN-y (Figure 3.5.D) of pMan-PhBut Day 4 group also showed a trend of
decreasing compared to LPS group although no significant difference was observed. Such results
suggested pMan-PhBut had suppression effect on dendritic cells in the draining lymph nodes
when activated by LPS in vitro. However, NaBut Day 4 group did not show the similar effect,
probably due to the small molecule of sodium butyrate could not reach draining lymph node or
did not stay there for 4 days. In addition, neither NaBut Day 1 nor pMan-PhBut Day 1 group
showed any suppression of cytokine production, suggesting pMan-PhBut needed time to release
butyrate and butyrate also needed time to show effects on DCs. Our negative control, PBS group
also showed very low expression of IL-6 and TNFa. This suggested the injections of LPS to
mice were important to activate dendritic cells in the in vitro re-activation assay.

We also stained a portion of cells derived from popliteal lymph nodes for DC makers like
CD40 and CD80 for flow cytometry analysis (Figure 3.5.E-H). According to flow cytometry
data, no significant difference of CD40 levels or CD80 levels was observed between negative
control (PBS) and positive control (LPS). Thus, although pMan-PhBut Day 4 group showed a
higher mean fluorescent intensity (MFI) or percentage of CD80 and CD40 compared to LPS
group, the results did not mean more activation level of DCs in the pMan-PhBut group. We
believed to include an antigen like OVA in the study may raise the positive control level so that

we could see the tolerance-inducing effects of pMan-PhBut. Given the promising suppression
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effect on dendritic cells in in vitro LPS activation study, we also would like to see the

downstream effect of pMan-But or pMan-PhBut on T cells in OTI/OTII model.

3.4 Discussion

The design of this projects was based on the effect of short chain fatty acid, especially
butyrate, on dendritic cells as an HDAC inhibitor. Such effect could suppress the activation of
dendritic cells, thus inducing the tolerogenic effect to immune system. However, either sodium
butyrate or butyric acid was so small that could not be applied to animal study through common
injection method. In order to formulate butyrate to target dendritic cells in the lymph node, we
applied the mannose copolymer system previously developed by Dr. Scott Wilson in the lab'*".
The idea was to take advantage of mannose that can target CD206, a mannose receptor,
expressed by dendritic cells or macrophages. After the uptake of the polymer, the butyrate ester
got hydrolyzed and released butyrate regulated dendritic cells as an HDAC inhibitor.

As a statistical copolymer pMan-But, the ratio of mannose monomer, spacer HEMA, and
butyrate monomer should have a balance between butyrate payload and solubility. According to
previous results, we believed a ratio of mannose:HEMA:BMA = 30:50:20 was a good trial. Such
ratio was also applied to the synthesis of pMan-PhBut, where butyrate monomer was replaced by
phenol butyrate. Phenol butyrate had a faster hydrolysis rate than aliphatic butyrate because
aromatic hydroxyl group was a better leaving group than aliphatic hydroxyl group. Though
phenol group was bulky and more hydrophobic, the product pMan-PhBut could be dissolved in
PBS at up to 200 mg/mL when monomer ratio of mannose:HEMA:PhBMA = 30:50:20 was used
for polymerization. From ex vivo hydrolysis assay in complete cell culture media, we observed

typical release curve of butyrate based on first order reaction kinetics. As we expected, pMan-
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PhBut had a faster release rate with a seven times higher first order reaction constant than pMan-
But. However, polymers did not show butyrate release in pH = 7.4 buffer or pH = 5.3 buffer. The
release study analyzed by LC-MS/MS demonstrated the polymer could release pharmacological
active butyrate in biological environment. More importantly, we validated two types of
mannosylated polymers we synthesized had different release rates of butyrate.

In order to validate the efficacy of pMan-But and pMan-PhBut on dendritic cells, we
treated BMDCs with sodium butyrate or butyrate polymers and used ELISA to quantify IL12p70
production. We successfully repeated the suppression of IL12p70 caused by butyrate as reported
in the literature’. In addition, both pMan-But and pMan-PhBut were able to suppress the
cytokine IL.12p70 production too. pMan-PhBut showed efficacy at lower concentration than
pMan-But, but still higher than free sodium butyrate. The reason was BMDC activation study
took only two days and polymers did not have enough time to release all butyrate.

After validating the performance of pMan polymers on BMDCs, we developed
biodistribution study to investigate the draining effect of polymers and to choose the best
injection method. As we expected, if injected subcutaneously to the hock, polymer was drained
to both popliteal and inguinal lymph nodes. To our surprise, the polymer signal stayed in the
draining popliteal lymph node for as long as seven days. However, if injected subcutaneously to
the flank, the polymer signal did not stay in the draining inguinal lymph node for more than one
day. Thus, we chose hock s.c. injection for later animal experiment.

In order to investigate the efficacy of pMan-PhBut in mouse experiment, we studied the
DC activation by LPS with the pre-treatment of sodium butyrate or pMan-PhBut for one day or
four days. Although there was no difference between LPS and PBS groups in flow data, the in

vitro re-activation assay showed the group of mice pre-treated with pMan-PhBut for four days
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produced significantly lower amount of IL-6 and TNFa. The results suggested the activation of
dendritic cells were suppressed by pMan-PhBut. Since the polymer can be conjugated to antigens
like OVA through azide-alkyne cycloaddition, we decided to more forward to tolerance T cell
experiment. We could do adoptive transfer of OTI/OTII study with the treatment of pMan-PhBut
conjugated to OVA to further investigate the tolerance-inducing effect of butyrate polymer. Also,
we could use butyrate polymers to investigate the induction of regulatory T cells on C57BL/6

FOXP3GFP+

mice. The advantage of slow release of pMan-But could of good use when doing T
cell related experiment because the time period was much longer than only four days when

inducing tolerogenic dendritic cells.

3.5 Materials and Methods

3.5.1 Animals and cells

Female C57BL/6 mice at age of 8 weeks were obtained from Jackson Laboratory. All
animal experiments performed in this study were approved by the Institutional Animal Care and
Use Committee of the University of Chicago. Bone marrow derived dendritic cells were prepared
according to protocols published before®. BMDCs were used on day 9 after obtained from bone

marrow of C57BL/6 mice.

3.5.2 Synthesis of pMan-But and pMan-PhBut
3.5.2.1 Materials

All chemicals and solvents were purchased from Sigma Aldrich and used directly without
any purification. The mannose monomer, N-[2-(a-D-mannose)ethyl] methacrylamide, was

synthesized as described in previous literature'* by Michal Raczy. The spacer monomer HEMA,
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hydroxyethyl methacrylamide, and aliphatic butyrate monomer BMA, N-(2-butanoyloxyethyl)

methacrylamide, were synthesized as described in Chapter 2.

3.5.2.2 Synthesis of azide chain transfer agent

NaNj;

HOJ(\/O)E/\ OH o Hoj(\/C)};AOTs OME HOJ(VO%A Na
1 O-1eq 2 3
DCC, DMAP i CN o o N
s s OIS
o}

TBE
OH
s s ,
o 5 azide-CTA
4

Scheme 3.1 Synthesis route of azide chain transfer agent (5 azide-CTA)
The synthesis of chain transfer agent, 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl 4-
cyano-4(((dodecylthio)carbonthioyl)thio)pentanoate (5 azide-CTA), was described in the
previous literature'®. Briefly, tetraethylene glycol (1, 10 g, 51.5 mmol, 1 eq) and triethylamine

(TEA, 1.1 mL, 7.9 mmol, 0.15 eq) was dissolved in 30 mL of anhydrous DCM at 0 °C. To that

solution, p-toluenesulfonyl chloride (TsCl, 1 g, 5.2 mmol, 0.1 eq) in dry DCM was added slowly.
The reaction mixture was stirred at 0 °C for 1 hour and allowed to reach room temperature
overnight. After that time, the solvent was evaporated by rotary evaporator and the product was
purified via silica column eluted by ethyl acetate:hexanes 60:40 v/v. The product 2-(2-(2-(2-
hydroxyethoxy)ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (2) was pale yellow oil (1.1 g,
yield 60%, calculated based on TsCl). MS (ESI). C;5H2407S, m/z calculated for [M+H]": 349.13,
found: 349.1. "THNMR (400 MHz, CDCI3) § 7.80 (d, 2H), 7.34 (d, 2H), 4.17 (m, 2H), 3.60-3.71

(m, 14H), 2.47 (s, 3H)
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To synthesize azide substituted compound 3, compound 2 (1.0 g, 2.87 mmol, 1 eq) was
dissolved in dry DMF. NaN3 (0.60 g, 9.23 mmol, 3.2 eq) was added to the solution. The reaction
mixture was raised to 90 °C and allowed for reaction overnight. The reaction was filtered and
DMF was removed by rotary evaporator. The product was purified via silica column eluted by
ethyl acetate:hexanes 60:40 v/v. The product was yellow oil (0.60 g, yield 95%). MS (ESI).
CgH, /N304, m/z calculated for [M+H]™: 242.11, found: 242.1. "H NMR (400 MHz, CDCl3) &
3.61-3.73 (m, 14H), 3.41 (t, 2H), 2.53 (br, 1H)

To synthesize compound 5 azide-CTA, 4-Cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl|pentanoic acid (4, 739 mg, 1.83 mmol, 1.0 eq),
compound 3 (600 mg, 2.74 mmol, 1.5 eq), and DCC (377 mg, 1.83 mmol, 1.0 eq) were dissolved
in dry DCM. The reaction mixture was stirred at 0 °C for 30 min. After that time, 4-
dimethylaminopyridine (11 mg, 0.09 mmol, 0.05 eq) dissolved in dry DCM was added to the
reaction mixture dropwise. The reaction was allowed to rise to room temperature overnight. The
reaction mixture was filtered and DCM was removed by rotary evaporator. The crude product
was purified via silica column eluented by methanol:DCM 2:98 v/v. The product was yellow oil
(800 mg, yield 72%). MS (ESI). C,7H4sN405S3, m/z calculated for [M+H]": 604.29, found:
604.2. "H NMR (400 MHz, CDCls) § 4.27 (t, 2H), 3.62-3.72 (m, 12H), 3.40 (t, 2H), 3.33 (t, 2H),
2.66 (dd, 2H), 2.51 (m, 1H), 2.40 (m, 1H), 1.88 (s, 3H), 1.69 (dt, 2H), 1.39 (m, 2H), 1.26 (s,

16H), 0.88 (t, 3H)
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Figure 3.6 '"H NMR (400 MHz, CDCI3) of 2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl 4-

methylbenzenesulfonate (2)
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Figure 3.7 'H NMR (400 MHz, CDCl3) of PEG4-Azide (3)
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3.5.2.3 Synthesis of PhBMA monomer
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Scheme 3.2 Synthesis route of N-[2-(4-butanoyloxybenzoyloxy)ethyl] methacrylamide
(7 PhABMA monomer)

To synthesize 4-butanoyloxybenzoic acid (6), 4-hydroxybenzoic acid (1 g, 7.2 mmol, 1

eq) and triethylamine (4.04 mL, 28.8 mmol, 4 eq) were dissolved in dry DCM. To that solution,
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butanoic anhydride (1.42 mL, 8.6 mmol, 1.2 eq) was added. After 8 h, the solvent was removed
by rotary evaporator and the crude product was purified by silica column eluted by
methanol:DCM 2:98 v/v. The product was white solid (0.92 g, yield 61%). MS (ESI). C;;H 204,
m/z calculated for [M+H]": 208.07, found: 208.0. "H NMR (400 MHz, CDCls) & 8.12 (d, 2H),
7.16 (d, 2H), 2.56 (t, 2H), 1.82 (m, 2H), 1.05 (t, 3H)

To synthesize N-[2-(4-butanoyloxybenzoyloxy)ethyl] methacrylamide (7, PhBMA),
compound (6, 0.67 g, 3.2 mmol, 1.0 eq), N-(2-hydroxyethyl) methacrylamide (HEMA, 0.62 g,
4.8 mmol, 1.5 eq), and DCC (0.99 g, 4.8 mmol, 1.5 eq) were dissolved in dry DCM. The reaction
mixture was stirred at 0 °C for 30 min. After that time, 4-dimethylaminopyridine (19 mg, 0.15
mmol, 0.05 eq) dissolved in dry DCM was added to the reaction mixture dropwise. The reaction
was allowed to rise to room temperature overnight. The reaction mixture was filtered and solvent
DCM was removed by rotary evaporator. The crude product was purified via silica column
eluented by ethyl acetate:hexanes 50:50 v/v. The product was white solid (0.98 g, yield 96%).
MS (ESI). C7H,NOs, m/z calculated for [M+H]": 319.14, found: 319.1. '"H NMR (400 MHz,
CDCl3) 6 8.07 (d, 2H), 7.18 (d, 2H), 6.24 (br, 1H), 5.71 (s, 1H), 5.35 (s, 1H), 4.48 (m, 2H), 3.72

(m, 2H), 2.57 (t, 2H), 1.97 (s, 3H), 1.79 (m, 2H), 1.05 (t, 3H)
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Figure 3.9 'H NMR (400 MHz, CDCl;) of 4-butanoyloxybenzoic acid (6)
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Figure 3.10 'H NMR (400 MHz, CDCls) of PABMA (7)
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3.5.2.4 Synthesis of pMan-But or pMan-PhBut polymer
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Scheme 3.3 Synthesis route of pMan-But (8)
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Scheme 3.4 Synthesis route of pMan-PhBut (9)
The polymerizations of pMan-But (8) or pMan-PhBut (9) were similar as described in the
previous paper'’. Briefly, mannose monomer (300 mg, 1.03 mmol), HEMA (500 mg, 3.50

mmol), and butyrate monomer (for pMan-But: BMA, 200 mg, 1.00 mmol; for pMan-PhBut:
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compound 7, PhABMA, 200 mg, 0.63 mmol) were dissolved in dry DMF in a Schlenk tube. To
that solution, compound 5 azide chain transfer agent (30 mg, 0.05 mmol) and free radical
initiator AIBN (2 mg, 0.01 mmol) were added. The reaction vessel was degassed via four freeze-
pump-thaw cycles and then heated to 70 °C to initiate polymerization. The reaction was allowed
for 14 h. After that time, the reaction vessel was immersed in liquid nitrogen to stop the reaction.
Then the polymer was precipitated in cold acetone. After centrifugation, the supernatant was
decanted. The precipitation was repeated for three times. The final product was dried in vacuum
oven. The product was white powder (360 mg, yield 72%). The polymer was characterized by 'H
NMR and GPC with DMF as eluent. The pMan-But used in the biological studies had a number
average molecular weight of 11 kDa, as determined by GPC, using PEO as standard. The pMan-
PhBut used in the biological studies also had a number average molecular weight of 11 kDa. The
butyrate content of pMan-But or pMan-PhBut was determined by LC-MS/MS after the complete

hydrolysis catalyzed by NaOH.

3.5.3 GPC characterization of polymers

GPC characterizations of pMan-But or pMan-PhBut were performed on Tosoh EcoSEC size
exclusion chromatography System using Tosoh SuperAW3000 column. Samples were dissolved
in eluent DMF with 0.01 M LiBr at 1 mg/mL. The temperature of the column was set to 50 °C.
Refreactive index (RI) detector was used to detect polymers. Number averaged molecular
weight, weight averaged molecular weight, and polydispersity index were determined via the

column calibration using PMMA as standards.
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A GPC of pMan-But and pMan-PhBut

304
— pMan-PhBut — pMan-But

20+

4
10+ /\
0 1 I 1 1
5 10 15 20 25
Retention time (min)
B
Mn (kDa) Mw (kDa) PDI
by GPC by GPC

pMan-But 11.77 21.60 1.84
pMan-PhBut 11.25 26.85 2.38

Figure 3.13 GPC characterization of pMan-But and pMan-PhBut polymers. (A) Refractive index
signal of pMan-But and pMan-PhBut. Samples were run in DMF eluent. (B) Number averaged
molecular weight, weight averaged molecular weight, and polydispersity index were determined
via the column calibration using PMMA as standards.
3.5.4 LC-MS/MS analysis of butyrate release

Sample preparation: Samples were prepared and derivatized as describe in the literature®.
Briefly, pMan-But or pMan-PhBut was dissolved in RPMI complete cell culture media, pH 7.4
PBS buffer, or pH 5.3 acetate buffer at 10 mg/mL. 20 pL of the solution was transferred into 500
uL of water:acetonitrile 1:1 v/v at 0, 4, 8, 24, 52, 72, 96, 144 h. The sample was centrifuged
using Amicon Ultra (Merck, 3 kDa molecular mass cutoff) at 13,000 x g for 15 min, to remove
polymers. The filtrate was stored at -80 °C before derivatization.

Sample derivatization: 3-nitrophenylhydrazine (NPH) stock solution was prepared at 0.02

M in water:acetonitrile 1:1 v/v. EDC stock solution was prepared at 0.25 M in water:acetonitrile

1:1 v/v. 4-methylvaleric acid was added as internal standard. Samples were mixed with NPH
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stock and EDC stock at 1:1:1 ratio by volume. The mixture was heated by heating block at 60 °C
for 30 min. Samples were transferred into HPLC vials and stored at 4 °C before analysis.

LC conditions: The instrument used for quantification of butyrate was Agilent 1290
UHPLC. Column: Thermo Scientific C18 4.6 X 50 mm, 1.8 m particle size, at room temperature.
Mobile phase A: water with 0.1% v/v formic acid. Mobile phase B: acetonitrile with 0.1% v/v
formic acid. Injection volume: 5.0 pL. Flow rate: 0.5 mL/min. Gradient of solvent: 15% mobile
phase B at 0.0 min; 100% mobile phase B at 3.5 min; 100% mobile phase B at 6.0 min; 15%
mobile phase B at 6.5 min.

ESI-MS/MS method: The instrument used to detect butyrate was Agilent 6460 Triple
Quad MS-MS. Both derivatized butyrate-NPH and 4-methylvaleric-NPH were detected in
negative mode. The MS conditions were optimized on pure butyrate-NPH or 4-methylvaleric-
NPH at 1 mM. The fragment voltage was 135 V and collision energy was set to 18 V. Multiple
reaction monitoring (MRM) of 222 — 137 was assigned to butyrate, and MRM of 250 — 137
was assigned to 4-methylvaleric acid as internal standard. The ratio between MRM of butyrate
and 4-methylvaleric acid was used to quantify the concentration of butyrate. For butyrate
releasing study, the results were plotted by Prism software and fitted by exponential plateau

model to calculate first order reaction constant.

3.5.5 BMDC experiment and ELISA of IL12p70

Mature BMDCs were seated in 96 well plate at 50,000 cells per well in DMEM cell
culture media. To each well, sodium butyrate, pMan-But, or pMan-PhBut dissolved in PBS were
added at different concentrations. After 24 h of incubation at 37 °C, LPS was added to each well

to a final concentration of 100 ng/mL to activate cells. After another 24 h, cells were centrifuged
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at 1,500 x g for 2 min and the supernatant was transferred to a new 96 well plate for enzyme-
linked immunosorbent assay (ELISA). The ELISA assays of IL12p70, IL-6, or TNFa were
performed according to the protocol provided by manufacturer (Thermo Fisher). Briefly, a 96
well plate was coated with capture antibodies overnight at 4 °C, followed by blocking with 2%
BSA in PBS with 0.05% Tween 20 (PBS-T) for 1 hour at room temperature. After washing with
PBS-T, the plate was incubated with samples for 2 hours at room temperature. After three
washes with PBS-T, the plate was incubated with biotinylated detection antibodies. After
washes, streptavidin-horse radish peroxidase was added and the level of cytokine was detected
with tetramethylbenzidine substrate by measuring the absorbance at 450 nm subtracting the

absorbance at 570 nm. The data were plotted and analyzed by Prism software.

3.5.6 IVIS imaging and biodistribution

C57BL/6 mice were used for biodistribution study. pMan-PhBut polymer was labeled
with IR 750-DBCO (Thermo Fisher) and purified by Zeta spin desalt column. The polymer was
suspended in PBS solution and injected to the mice subcutaneously from hock or flank. After 6
h, 24 h, 48 h, or 7 d, organs and lymph nodes were collected from the mice and whole-organ
fluorescence were measured via an IVIS Spectrum in vivo imaging system (Perkin Elmer).

Images were processed and analyzed by Living Imaging 4.5.5 (Perkin Elmer).

3.5.7 Animal experiment and flow cytometry
C57BL/6 mice at age 8-10 weeks were used for animal experiment of the induction of
tolerogenic dendritic cells. On day 0, mice were injected with sodium butyrate, pMan-PhBut (0.5

mg of butyrate equivalent), or PBS subcutaneously from the back hock. On day 1, mice were
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injected with LPS (25 ng per hock). Mice were sacrificed on day 2 and inguinal and popliteal
lymph nodes were collected. Lymph nodes were mechanically disrupted and digested at 37 °C
for 45 min in collagenase D (Roche) before passing through a 70 um cell strainer. The lymph
node single-cell suspension was washed with PBS and resuspended in DMEM media. The cells
were used for LPS re-activation assay and flow cytometry analysis.

For LPS re-activation assay, cells were culture with 100 ng/mL of LPS for three days.
The supernatant was collected and analyzed using the inflammation panel of multiplex ELISA
(BioLegend’s LEGENDplex) according to the manufacture’s instruction. The data were obtained
via flow cytometer (BD) and analyzed by LEGENDplex data analysis software.

Flow cytometry measurements were performed using a LSRII flow cytometer (BD) and
the data were analyzed by FlowJo software. For staining, cells were washed with PBS and
stained for 15 min on ice with eFluor 780 fixable live/dead dye (eBioscience). Then, cells were
washed with PBS three times, and stained with an antibody cocktail and PBS + 2% FBS for 30
min. The antibody cocktail included antibodies against CD11b, CD11c, F4/80, CD45, CD206,
CD40, CD80, and MHCII. Free antibodies were washed from the cells three times with PBS +
2% FBS. Cells were then fixed for 15 min in PBS + 2% paraformaldehyde and washed three

times and resuspended in PBS + 2% FBS before analysis via flow cytometry instrument.

3.6 Conclusion

In this study, we used copolymer of mannose and butyrate to target dendritic cells and
suppress the activation of DCs. We developed two types of butyrate polymers: pMan-But with
aliphatic hydroxyl butyrate ester, and pMan-PhBut with phenol butyrate ester. Both polymers

released butyrate in the cell culture media and suppressed the BMDC activation by lowering the
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production of cytokine IL12p70. Furthermore, biodistribution study showed the polymer stayed
in the draining popliteal and inguinal lymph nodes after hock s.c. injection. More importantly, in
the animal study, pMan-PhBut induced tolerogenic DCs in the draining lymph nodes as shown
from LPS re-activation assay. Such results motivated us to further investigated T cell response
against butyrate polymer as well as conjugate pMan-But or pMan-PhBut with antigen for

tolerance study.
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Chapter 4
Collagen Binding Protein and Paclitaxel Conjugate Targets Tumor

Environment

4.1 Abstract

Serum albumin fused with the A3 collagen-binding domain of von Willebrand factor
(A3-MSA) has been developed in our lab for tumor targeting immunotherapy or chemotherapy.
To extend the application of A3-MSA in tumor targeting chemotherapy, we developed a protein
drug conjugate between paclitaxel (PTX) and A3-MSA to target collagens over-expressed in
tumor environment. The conjugates were soluble in water without any aggregation due to the
hydrophilic PEG linker. In addition, paclitaxel was chemically conjugated to A3-MSA protein
via a pH-sensitive hydrazone linker, which allowed the release of paclitaxel in acidic tumor
environment or endosomal pH. Moreover, A3-MSA-PTX conjugate efficiently suppressed the
viability of human cancer cell line MDA-MB-231 and human prostate cancer cell line PC3.
Finally, although the pilot study of A3-MSA-PTX did not show significant difference from free
paclitaxel in PC3 tumor model on nude mice, we believed high dosage could lead to better

performance of A3-MSA-PTX conjugates.

4.2 Introduction

Paclitaxel (PTX) is one of the most useful and effective chemotherapeutic drugs'.
Paclitaxel stabilizes the microtubules and blocks the replication of cancer cells*”. Due to its
ability of limiting rapid cell proliferation, paclitaxel has been used in the treatment of many

malignant tumors, including ovarian cancer, prostate cancer, breast cancer, and pancreatic
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cancer. However, paclitaxel has two major challenges limiting its applications: low solubility and
strong adverse effects”®. The low solubility of paclitaxel makes it difficult to formulate.
Moreover, the anticancer mechanism of paclitaxel on microtubule assembly causes severe
hematological, neuromuscular, and gastrointestinal adverse events.

To solve the solubility issue of paclitaxel, one method is to synthesize a prodrug

9,10

conjugate of paclitaxel and hydrophilic polymer like poly(ethylene glycol) (PEG)™ . However,
the molecular weight of PEG polymer has to reach 40 kDa in order to generate a soluble prodrug.
Many nanoparticle delivery strategies have been used to formulate paclitaxel including the
formulation of micelles, liposomes, or polymersomes'' . One successful formulation is
paclitaxel albumin-bound nanoparticles with the trade name of Abraxane'>"’. Abraxane is
composed of paclitaxel absorbed on human serum albumin with a size of 130 nm. The soluble
formulation of Abraxane allows intravenous administration at a high paclitaxel dosage.
Additionally, researchers have developed peptide-paclitaxel conjugates that formulate into

18-21

nanoparticles " . For instance, Chilkoti lab conjugated paclitaxle to recombinant chimeric

polypeptides that self-assemble into 60 nm nanoparticles™*

. The novel nanoparticles showed
better performance than Abraxane or free paclitaxel. Although nanoparticle formulation can
increase the payload of paclitaxel, the formulation only accumulate to tumor environment by
enhanced permeability and retention (EPR) effect. It would be interesting to design a water-
soluble antibody-paclitaxel conjugate that can target tumor cells or tumor environment and
release paclitaxel locally***.

To target tumor environment, collagen-binding peptide has been proven to be a

competent candidate because of the high expression of collagen in tumor environment and the

increased permeability of tumor vasculature®. Previously in the lab, Dr. Jun Ishihara and
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colleagues have developed a platform of fused protein between extracellular matrix binding

peptide and therapeutic proteins to enhance the cancer immunotherapy®’ >

. The combination
treatment of immune checkpoint inhibitors and Interleukin-2 conjugated to collagen binding
domain (CBD) showed improved efficacy and better safety*’. In addition, the chemokine CCL4
conjugated to CBD also enhanced the performance of checkpoint blockade therapy by recruiting
CD103" dendritic cells to the tumor’’. Furthermore, the conjugate between cytokine Interleukin-
12 and CBD showed remarkable performance on immunologically cold tumor when combined
with checkpoint blockade therapy™>. More importantly, the conjugate of chemotherapeutic drug
doxorubicin and CBD and serum albumin enhanced tumor efficacy and reduced adverse effects
compared to free doxorubicin®'. The conjugate targets tumor through not only active binding to
tumor extracellular matrix and also passive accumulation in tumor by enhanced permeability and
retention effect.

Here, we present a protein paclitaxel conjugate A3-MSA-PTX that target the tumor
environment. The fused protein of collage binding domain A3 and mouse serum albumin (MSA)
is linked with paclitaxel through a poly(ethylene glycol) and a pH sensitive hydrazone. The
conjugate releases paclitaxel at acidic tumor environment pH and shows efficacy in the cell

viability assay. The treatment of A3-MSA-PTX conjugate still needs improvements on human

PC3 cancer model on nude mice.

4.3 Results

4.3.1 PTX is conjugated to collagen binding protein A3-MSA through hydrazine linker

The hydrazone formed between ketone and hydrazine is a widely used chemistry for

22,31,34,35

conjugating drug to polymers or proteins . Hydrazone group hydrolyzes at slightly acidic
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pH?>. Thus, drug conjugated through hydrazone will release in either tumor environment or
endosome of cells, with acidic pH of 6.5 or 5.3, respectively. In order to conjugate paclitaxel
(PTX) to collagen binding protein A3-MSA, we modified the 2’-OH of paclitaxel with levulinic
acid to generate PTX-LEV. Then the ketone group of PTX-LEV was used for the next step of
reaction with the linker (N-(e-maleimidocaproic acid) hydrazide (EMCH), which has hydrazide
on one end and maleimide on the other end***'. The product PTX-LEV-EMCH was then
conjugated to A3-MSA protein via maleimide cysteine coupling. However, from dynamic light
scattering (DLS), the conjugate had a hydrodynamic diameter of 100 nm from volume
distribution, while A3-MSA itself only had a diameter of 10 nm. On the contrary, previously in
the lab, doxorubicin was also conjugated to A3-MSA and only had a diameter of 10 nm in
DLS’'. Thus, we believed A3-MSA-PTX conjugate aggregated in the solution into larger

particles due to the hydrophobicity of paclitaxel molecule.

4.3.2 PEG linker increases the solubility of the conjugate and reduces aggregation

Given the aggregation of A3-MSA-PTX caused by the hydrophobicity of paclitaxel, we
hypothesized that a hydrophilic PEG-5,000 linker would help increase the solubility of the
protein-drug conjugate and prevent the aggregation”'® (Figure 4.1.A). To synthesize the linker,
we started with the bifunctional PEG linker with maleimide or carboxylate acid on each end and
modified the acid end to hydrazide through reaction with BOC-hydrazine®®. After the
deprotection, the linker was reacted with PTX-LEV (Figure 4.1.B). The product PEG-PTX was
purified with prep-TLC before conjugating to A3-MSA protein. The conjugate was centrifuged

to remove aggregates and then purified through Zeba column to remove unreacted PEG-PTX.
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Figure 4.1 Design and characterization of A3-MSA-PTX conjugate. (A) Schematic illustration
of A3-MSA-PTX design. Collagen binding domain A3 was fused with serum albumin. The
protein was linked with paclitaxel through a PEG linker with a pH sensitive hydrazone bond. (B)
Chemical structure of PTX-LEV-PEG. (C) MALDI-TOF showed an increase of molecular
weight from A3-MSA at 88 kDa to A3-MSA-PTX at 93 kDa. (D) SDS-PAGE image indicated
the increase of molecular weight after the conjugation. (E) Dynamic light scattering showed the

A3-MSA-PTX conjugate did not change size compared to A3-MSA protein by volume
distribution.

The conjugation between A3-MSA protein and PEG-PTX was proven successful via
MALDI-TOF analysis (Figure 4.1.C). The molecular weight of the conjugate increased from 88
kDa for A3-MSA protein to 93 kDa for A3-MSA-PTX. The increase of molecular weight
matched with the molecular weight of PEG-5,000. Then, we did SDS-PAGE on conjugates to
figure out the conversion of protein and how many PEG-PTX chains were conjugated to one

protein (Figure 4.1.D). From the gel, it was clear that conjugation reaction caused an increase of
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molecular weight from 70 kDa to 80 kDa or more. There was a very pale band of unreacted A3-
MSA protein. We proceeded to use those A3-MSA-PTX conjugates because the unreacted A3-
MSA amount was low and it was difficult to remove from reacted ones through size exclusion
column since their molecular weight difference was not significant. Multiple bands were
observed on SDS-PAGE, suggesting the protein was linked to multiple copies of PEG-PTX.
However, we decided to use LC-MS/MS method to quantify the average copies of PEG-PTX per
A3-MSA, or the drug/protein ratio, as LC-MS/MS detection of released paclitaxel was more
quantitative than SDS-PAGE>",

Importantly, the A3-MSA-PTX conjugate with PEG-5,000 linker did not have any
aggregation from DLS analysis (Figure 4.1.E). In fact, the conjugates had a similar
hydrodynamic diameter with A3-MSA protein, with a 10 nm in size from volume distribution.
To interpret DLS data, we used volume distribution instead of intensity distribution because the
volume distribution is a more applicable method to illustrate DLS data for proteins or protein
conjugates.

The starting material equivalence of PEG-PTX was essential to determine not only the
drug/protein ratio, but also the amount of aggregations. We observed that there were more
aggregates after spinning when we used 10:1 ratio of PEG-PTX/A3-MSA compared to 4:1 ratio.
These results suggesting a higher PTX/protein ratio might cause the aggregation of protein-drug
conjugate and the decrease of yield. As a result, we decided to use 4:1 ratio of PEG-PTX/A3-
MSA for further batches of synthesis to achieve reasonable amount of paclitaxel loading without

wasting too much protein-drug conjugate in the aggregates.
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4.3.3 A3-MSA-PTX conjugate release PTX at tumor pH and endosomal pH

Given we successfully conjugated paclitaxel to A3-MSA protein through a PEG linker,
we further characterized the drug/protein ratio and the drug release at different pH using LC-
MS/MS (Figure 4.2.A, B). Previously in the doxorubicin study, we used UV absorbance to
quantify the concentration of drug because doxorubicin had characteristic absorbance at 480
nm’'. However, paclitaxel did not have unique absorbance in high wavelength range that could
be used for UV quantification. Thus, we had to use a different detection method to quantify
paclitaxel. In the literature, tandem mass spectrometry, or MS/MS, was often used to quantify
paclitaxel**>"*®, The structure of paclitaxel contained an ester between the hydroxyl group at
C13 of the fourteen-member ring and the carboxylic acid of the tail. In the positive mode of
tandem MS, this ester bond broke and generated a secondary ion. Such transition was used to
quantify the amount of paclitaxel or PTX-LEV released from the conjugate. From LC-MS/MS
results, we found the average paclitaxel/protein ratio to be 3.87 + 0.18 for the batches when we
used 4:1 PEG-PTX/A3-MSA molar ratio during conjugation. A higher amount of aggregation
was observed when we used higher PEG-PTX/A3-MSA ratio. Thus, we proceeded with the 4:1
ratio because of less aggregation after spinning down the solution after reaction. According to
previous study of collagen-binding domain-SA-doxorubicin, the drug/protein ratio of the
conjugate was typically close to four’'.

In order to understand the drug release in ex vivo environment, we performed drug
release study at three different pH: neutral pH = 7.4, tumor environment pH = 6.5, and
endosomal pH = 5.3 (Figure 4.2.B). We would like to validate that hydrazone bond could be
hydrolyzed at slightly acidic pH while remaining unchanged at neutral physical pH in the blood

circulation. The results from LC-MS/MS proved our hypothesis that A3-MSA-PTX did not
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release paclitaxel drug at pH = 7.4 for up to 24 hours. At both tumor environment pH and end-
somalis pH, we observed almost completed release of paclitaxel drug. However, the release rates
were different and the time periods to reach 100% drug release were 2 hours at pH = 5.3, and 8
hours at pH = 6.5, respectively. This confirmed that hydrazone bond had a higher hydrolysis rate
at more acidic pH. After reaching the maximum release, the paclitaxel concentrations slightly
decreased at 24 hours time point for both tumor pH and endosomal pH groups. The reason might
be paclitaxel molecule decomposed at acidic pH for a long time period as reported in the
literature™. Thus, when we determined the drug/protein ratio, we treated samples at pH of 5.3 for
2 hours to achieve 100% paclitaxel release. Through LC-MS/MS analysis, we not only
calculated the drug/protein ratio for our A3-MSA-PTX conjugate, but also confirmed the

conjugate could release paclitaxel completely at both tumor environment pH and endosomal pH.
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Figure 4.2 Release of PTX-LEV at different pH measured by LC-MS/MS. (A) Chemical
structure of PTX-LEV and the multiple reaction monitoring of 952.2 — 384.2 used to quantify
PTX-LEV in LC-MS/MS analysis. (B) The percentage release of PTX-LEV of A3-MSA-PTX at
different buffers at pH of 7.4, 5.3, or 6.5 as measured by LC-MS/MS. A3-MSA-PTX showed

complete release at tumor environment pH of 6.5 and endosomal pH of 5.3. Data were presented
as mean =+ s.e.m.
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4.3.4 Cell viability assay demonstrates the in vitro anticancer efficacy of A3-MSA-PTX
Given the release profile of A3-MSA-PTX ex vivo was confirmed by LC-MS/MS, we
moved to cell viability assay to study the in vitro anticancer efficacy of our conjugates. We chose
two cancer cell lines in which paclitaxel were proven to be effective: human breast cancer cell
line MDA-MB-231, and human prostate cancer cell line PC3***. Both cells were used for MTT
assay to study the cell viability when treated with either free paclitaxel or A3-MSA-PTX (Figure
4.3.A, B). As shown from the MTT results of both cell lines, we observed a decrease of cell
viability as the concentration of drug in equivalent of paclitaxel increased. The data were fitted
with inhibitor vs. response - variable slope (four parameters) and half maximal inhibitory
concentration (IC50) was reported in the table (Figure 4.3.C). For MDA-MB-231 cells, the IC50
of free paclitaxel and A3-MSA-PTX were 3.6 £ 0.5 nM and 13.5 £+ 2.0 nM, respectively. For
PC3 cells, the IC50 of free paclitaxel and A3-MSA-PTX were 4.1 = 0.8 nM and 18.1 £4.5 nM,
respectively. The IC50s of paclitaxel for both MDA-MB-231 and PC3 cell lines were similar,
while the IC50s of A3-MSA-PTX were approximately five times of the value of free paclitaxel.
The reason could be A3-MSA-PTX needed more time to release paclitaxel drug compared to free
paclitaxel. Additionally, the initial released drug was actually PTX-LEV, which was a less
cytotoxic drug than PTX. It was also observed in other research that paclitaxel and protein
conjugate had a lower IC50 than free paclitaxel®>. However, a lower cytotoxicity should not limit
the study of A3-MSA-PTX because the current I[C50 of A3-MSA-PTX in both cell lines were
still in a reasonable range. Moreover, as a protein-drug conjugate, A3-MSA-PTX had more
advantages such as long circulation time in blood, accumulation and enrichment in tumor

environment due to A3 domain, and high up-taken by tumor cells due to enhanced permeability
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and retention (EPR) effect. Thus, we proceeded to study the efficacy of A3-MSA-PTX in in vivo

mouse tumor model.

A B
Cell viability assay on MDA-MB-231 cells Cell viability assay on PC3 cells
120 120+
z 100 -+ PTX 2 1009 -+ PTX
S e A3MSAPTX & -e- A3-MSA-PTX
S 80 S 80+
8 8
o 60— [
g 40— g 40
-4 e
20 1 ) 1 Ll 1 1 20 1 ] 1 1 1 1
0.00001 0.0001 0.001 0.01 0.1 1 10 0.00001 0.0001 0.001 0.01 0.1 1 10
Concentration (uM) Concentration (uM)
c IC50 PTX (nM) CBD-PTX (nM)
MDA-MB-231 cells 3.6+0.5 13.56+£2.0
PC3 cells 41+0.8 18.11+45

Figure 4.3 Cell viability assay showed the efficacy of A3-MSA-PTX on MDA-MB-231 cells
and PC3 cells. (A) MTT assay showed the efficacy of free PTX and A3-MSA-PTX conjugate on
human breast cancer cell line MDA-MB-231. (B) MTT assay showed the efficacy of free PTX
and A3-MSA-PTX conjugate on human prostate cancer cell line PC3. (C) Table of IC50 of free
PTX and A3-MSA-PTX for MDA-MB-231 cells or PC3 cells. (A, B) Data were shown as mean
+ s.e.m. and fitted with [inhibitor] vs. response - variable slope (four parameters) model.

4.3.5 Efficacy assay of A3-MSA-PTX on PC3 tumor model

After confirming the in vitro efficacy of A3-MSA-PTX in MDA-MB-231 cells and PC3
cells, we further studied the in vivo efficacy of A3-MSA-PTX. We used PC3 cells to inoculate
tumor on NU/J nude mice. Nude mice were used because the cancer cells were human cancer
cell line. At the age of week 8, we inoculated 1.5 x 10° PC3 cells subcutaneously to the left flank

of each mouse and monitored the tumor growth (Figure 4.4.A). However, the growth of PC3

101



2241 1t took four weeks until

tumor on nude mice was slower than what reported in the literature
the tumor grew to about 50 mm®. Then, we did i.v. injection of either free paclitaxel or A3-MSA-
PTX solution twice on day 0 and day 3, with a dose of PTX at 10 mg/kg in total. However, the
average tumor volumes of both groups kept growing after the treatment and there was no
significant difference between PTX group and A3-MSA-PTX group (Figure 4.4.B-D). All mice
were euthanized 13 days after the treatment when the average tumor volumes reached 1,000
mm’. However, no mouse died or looked very ill on day 13. The body weights of mice in each
group did not change much through out the experiment (Figure 4.4.E, F). This was a pilot study

and it could be improved by increasing the dosage of paclitaxel to the maximum tolerated dosage

or even higher because protein-drug conjugate was less toxic than free paclitaxel.

4.4 Discussion

The hypothesis of this study was that A3-MSA protein could bind to collagens, which
were enriched in tumor environment. As paclitaxel was a remarkable chemotherapeutic drug™”’,
the conjugation between A3-MSA and paclitaxel would be a potential tumor-targeting
therapeutic drug. Moreover, such idea had been proven successful on the conjugate between A3-
MSA and another chemotherapeutic drug doxorubicin®'. However, paclitaxel had unique
hydrophobic structure, making the direct conjugation of A3-MSA and PTX form aggregates in
the solution.

Such aggregation was prevented by adding a hydrophilic PEG-5,000 linker. The
conjugation between A3-MSA and PEG-PTX appeared to be 10 nm in size by volume
distribution in DLS, which was similar to free A3-MSA protein. It was important to review DLS

results by volume, instead of by intensity because volume distribution was more appropriate to
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Figure 4.4 Efficacy study of A3-MSA-PTX on PC3 tumor model on nude mice. (A) NU/J mice
were inoculated with PC3 cancer cells. After 28 days, mice were treated with free PTX or A3-
MSA-PTX twice to reach a total dose of 10 mg/kg. Tumor volume and body weight were
observed for 13 days. (B) The average tumor volume of both PTX and A3-MSA-PTX groups
kept increasing after the treatment. (C, D) Individual tumor plot of each mouse for A3-MSA-
PTX group (C) or free PTX group (D). (E, F) Individual body weight of each mouse was flat
after the treatment and no weight loss was observed for A3-MSA-PTX group (E) or free PTX
group (F).
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reveal the size of free protein. In DLS analysis, the intensity of scattered light is in proportion to
the sixth power of particle diameter. This means a few large particles in the solution may scatter
more light than thousands of small ones. In protein analysis, volume distribution of DLS data is
believed to be more representative than intensity distribution*’. However, when analyzing
micelles, liposomes, or polymersomes, intensity distribution is more favorable because
nanoparticles are often of more interests than small molecules that are in equilibrium of
association and dissociation with larger particles™.

A3-MSA-PTX conjugated was centrifuged down to remove aggregates and we observed
the starting PEG-PTX/A3-MSA ratio was corresponded to the amount of aggregates generated
after the conjugation. After several trials, we decided to use 4:1 ratio of PEG-PTX/A3-MSA to
achieve products with minimum aggregations. Furthermore, We characterized the conjugate
using MALDI-TOF and SDS-PAGE. From the protein gel, we observed multiple copies of PEG-
PTX linked to protein. However, the accurate average drug/protein ratio was determined by LC-
MS/MS to be around four. The LC-MS/MS analysis was used to quantify paclitaxel released
from conjugates at different pH buffers. Due to the hydrazone linkage between PEG linker and
PTX-LEV, the conjugates showed complete release of paclitaxel at either tumor environment pH
of 6.5 or endosomal pH of 5.3, while no release was observed at neutral pH of 7.4.

After the structural characterization and release study of A3-MSA-PTX conjugate, we
investigated the efficacy of conjugates on cancer cell lines. Human cancer cell line MDA-MB-
231 and PC3 were used in the study as those two cancer cell lines showed good response to
paclitaxel in previous studies**. According to MTT assay, A3-MSA-PTX showed cytotoxicity on
both cell lines. Although the IC50 of A3-MSA-PTX was higher than free PTX, we hypothesized

the conjugate would perform better than free drug due to accumulation of conjugates in tumor
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environment caused by A3-MSA. However, in a pilot study of PC3 tumor model on nude mice,
the A3-MSA-PTX conjugate did not show better efficacy than free paclitaxel. The tumor kept
growing after the injection of PTX or A3-MSA-PTX for 13 days and we had to euthanize the
mice. However, the development of tumor took 28 days after the inoculation. Such slow growth
might result in no response to not only A3-MSA-PTX but also free PTX. Another possible
reason might be the dosage of PTX equivalence at 10 mg/kg of body weight was too low because
the maximum tolerated dose of PTX was 25-50 mg/kg. However, the production of materials
became difficult when high dosage was required. The PTX/protein ratio could not be too high
because the aggregation would increase significantly. Thus, a large amount of A3-MSA protein
was still needed even though the conjugation with PEG-PTX gave a relatively high overall yield.
Furthermore, although the study on human cancer cell lines could be more relevant to human
health, the lack of T-cell immunity in nude mice may also limited the combination treatment of
A3-MSA-PTX conjugate and immunotherapy like checkpoint blockade therapy.

Given a better understanding of PC3 tumor model or MDA-MB-231 tumor model, we
would like to set up the injection within one week after tumor inoculation as reported in the
literature®>*'. Since we only tested PC3 cell line, MDA-MB-231 tumor model may also be
interested to investigate. And a higher dosage of paclitaxel would increase the anti-cancer
performance. If enough material production was guaranteed, we can use A3-MSA-PTX at
paclitaxel equivalence even higher than the maximum tolerated dosage because the conjugate is
less toxic than free paclitaxel. In terms of mice model, if we choose other mouse tumor model
instead of human tumor model, we may be able to combine A3-MSA-PTX with immunotherapy
like checkpoint blockade, to see if there is synergy effect. Finally, it would also be interesting to

compare A3-MSA-PTX with clinic formulation Abraxane.
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4.5 Materials and Methods

4.5.1 Mice

NU/J nude mice were obtained from Charles River at age 8 to 10 weeks. The tumor
inoculation started after one week of receiving the mice. All the animal experiments performed
in this study were approved by the Institutional Animal Care and Use Committee of the

University of Chicago.

4.5.2 Cells and proteins

MDA-MB-231 human breast cancer cell line and PC3 human prostate cancer cell line
were obtained from American Type Culture Collection (ATCC). MDA-MB-231 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat
inactivated fetal bovine serum and 1% penicillin-streptomycin. PC3 cells were cultured in RPMI
1640 medium supplemented with 10% heat inactivated fetal bovine serum and 1% penicillin-
streptomycin. A3-MSA protein was designed, produced, and purified by Dr. Jun Ishihara as

described previously**>".

4.5.3 Synthesis of PTX-LEV and PEG-PTX

Paclitaxel was purchased from Fisher Scientific (Catalog No. AAJ62734MC) with a
purity of 99.5%. Polymer linker maleimide-PEGS5,000-NHS was purchased from JenKem
Technology (SKU: A5003-1 / MAL-PEG5000-SCM, 1g) with a purity of 90%. All other
chemicals or solvents were purchased from Sigma Aldrich and were used without further

purifications.
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4.5.3.1 Synthesis of PTX-LEV (2)
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Scheme 4.1 Synthesis of PTX-LEV from PTX

Synthesis of PTX-LEV (2) was described previously™. Briefly, levulinic acid (LEV, 58.1 mg,
0.50 mmol, 1.4 eq) and N,N’-dicyclohecylcarbodiimide (DCC, 112.5 mg, 0.54 mmol, 1.56 eq)
were dissolved in dry DMF and stirred for 20 min at -20 °C. Paclitaxel (PTX 1, 300 mg, 0.35
mmol, 1.0 eq) and 4-dimethylaminopyridine (DMAP, 42 mg, 0.34 mmol, 0.97 eq) were
dissolved in dry DMF and added to the reaction. The reaction was allowed to reach room
temperature overnight. Then the reaction mixture was filtered and evaporated on a rotary
evaporator. The product was purified by silica column with ethyl acetate and petroleum ether.
The final product was obtained as a white solid (200 mg, yield 55%, Rf = 0.48 in EA/PE = 2:1).

MS (ESI). Cs;Hs7NO,¢, m/z calculated for [M+Na]": 974.37, found: 974.0.
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Figure 4.5 "H NMR (500 MHz, DMSO-6d) of PTX-LEV (2)

4.5.3.2 Synthesis of PTX-LEV-EMCH (3)

2 PTX-LEV (o] o

O

N 3 PTX-LEV-EMCH
o Z

Scheme 4.2 Synthesis of PTX-LEV-EMCH from PTX-LEV
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Synthesis of PTX-LEV-EMCH (3) was described in the previous paper**. Briefly, PTX-
LEV (2) (200 mg, 0.21 mmol, 1.0 eq) and EMCH (100 mg, 0.29 mmol, 1.4 eq) was dissolved in
dry methanol and stirred in dark for 36 h at 45 °C. After the reaction was completed, methanol
was removed by rotary evaporator. The product was purified by silica column with 2% methanol
in DCM. PTX-LEV-EMCH was immediately used for the conjugation. MS (ESI). CsoH70N4O3,

m/z calculated for [M+Na]": 1181.47, found: 1181.2.
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Figure 4.6 'H NMR (500 MHz, DMSO-6d) of PTX-LEV-EMCH (3)
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4.5.3.3 Synthesis of Maleimide-PEG-hydrazide (6)
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Scheme 4.3 Synthesis of Maleimide-PEG-hydrazide linker from Maleimide-PEG-NHS
Synthesis of maleimide-PEG-hydrazide (6) was conducted in two steps. First, maleimide-
PEG-NHS (4, 100 mg, 0.024 mmol, 1.0 eq) and BOC-hydrazine (24 mg, 0.192 mmol, 8.0 eq)
were dissolved in anhydrous DCM and stirred overnight. Then trifluoroacetic acid (TFA) was
added to the reaction to de-protect BOC. After 24 h, the reaction was evaporated on rotary

evaporator the product was precipitated in hexanes. The product was a white solid (57 mg, 57%).

4.5.3.4 Synthesis of PEG-PTX (7)

7 PEG-PTX

Scheme 4.4 Synthesis of PEG-PTX
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The PEG-PTX (7) was synthesized through the conjugation between PTX-LEV (2) and
maleimide-PEG-hydrazine (6). Similar to the synthesis of PEG-LEV-EMCH (3), PTX-LEV (2,
30 mg, 0.031 mmol, 1.5 eq) and maleimide-PEG-hydrazine (6, 100 mg, 0.02 mmol, 1.0 eq) were
dissolved in anhydrous DMF. One drop of TFA was added to catalyze the reaction. The mixture
was allowed reacting for 2 days in dark. After the reaction was complete, DMF was removed by
rotary evaporator. The product was purified by prep-TLC using methanol and DCM as eluent.
The product PEG-PTX was white solid (45 mg, yield 38%). The increase of molecular weight
was observed in MALDI-TOF. The product was stored at -20 °C as solid and was resuspended

right before conjugation. Maleimide was observed to hydrolyze if stored as a stock solution in
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Figure 4.9 'H NMR (500 MHz, DMSO-6d) of PEG-PTX (7)
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4.5.4 Conjugation of PTX or PEG-PTX to A3-MSA protein

The conjugation between PTX-LEV-EMCH (3) or PEG-PTX (7) and A3-MSA was
similar as described in previous paper’'. Briefly, A3-MSA protein was dissolved in PBS
containing 2 mM EDTA. Traut’s reagents in PBS containing 2 mM EDTA were added to the
reaction vial at 4 equivalents. The mixture was incubated for 1 hour at room temperature in the
dark. The reaction mixture was passed through a Zeba spin desalting column to remove
unreacted Traut’s reagent. Then, 4 molar equivalent of PEG-PTX dissolved in PBS was added
and incubated for 1 hour at room temperature and overnight at 4 °C in the dark. The reaction was
quenched by 20 equivalents of L-cysteine for 5 min. Aggregations were removed by
centrifugation (10,000 g, 5 min) and the supernatant was purified by a Zeba spin desalting
column. In order to concentrate the product, A3-MSA-PTX was ultracentrifuged using Amicon
Ultra (Merck, 10 kDa molecular mass cutoff). The concentration of protein was determined by
Nanodrop. The concentration of PTX was quantified by LC-MS/MS. The purity of the product

A3-MSA-PTX was determined by SDS-PAGE.

4.5.5 Dynamic light scattering (DLS)

DLS data were obtained from Malvern Nano Zetasizer instrument. Zetasizer software
was used to process the data. Samples were diluted 1,000 times in 1XPBS and 300 puL was
transferred to DLS cuvette for data acquisition. Samples were scanned for 16 times at 20 °C and
pure water was selected as solvent. Results were acquired in intensity, volume, or number
distribution. But only volume distribution data were analyzed to show the size distribution of

protein or conjugates.
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4.5.6 Matrix-assisted laser desorption/ionization-time of fly (MALDI-TOF) mass
spectrometry

Purified CBD-SA was analyzed by MALDI-TOF MS (Bruker Ultraflextreme MALDI
TOF/TOF) as described previously®'. Bruker flexControl was used for data acquisition, and
Bruker flexAnalysis was used for data processing. Matrix was prepared with a saturated solution
of a-cyano-4-hydroxycinnamic acid (Sigma-Aldrich) in 50:50 v/v of acetonitrile and water with
1% trifluoroacetic acid. A3-MSA-PTX in PBS buffer (5 pL, 0.1 mg/mL) and the matrix solution
(25 pL) were mixed. 1 pL of that mixture was dropped on the MTP 384 ground steel target plate
and was dried by nitrogen gas flow. All samples were analyzed using high mass linear positive

mode method with 5,000 laser shots at a laser intensity of 75%.

4.5.7 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was performed as described in previous literature®'. Briefly, a 4 to 20%
gradient gel (Bio-Rad) was used and 0.5 pg of each A3-MSA-PTX conjugate was loaded without
reduction. Free A3-MSA was used as control. After electrophoresis, SimplyBlue SafeStain
(Thermo Fisher Scientific) was used for gel staining according to the manufacturer’s instruction.

ChemiDoc XRS+ system (Bio-Rad) was used for image acquisition.

4.5.8 Liquid chromatography with Triple Quad MS-MS (LC-MS/MS)

To investigate the release of paclitaxel, 20 puL of of A3-MSA-PTX were resuspended in
220 pL of pH 5.3 NaOAc buffer, pH 6.5 Na,HPO, buffer, or pH 7.4 PBS buffer, respectively. 80
uL of acetonitrile was added to each solution to reach a volume fraction of 0.25 in order to

dissolve the released PTX-LEV. Samples were incubated at 37 °C for 0, 1, 2, 4, 8, or 24 h and
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quenched by diluting in PBS to return to neutral pH. Samples were stored at -80 °C before

analysis. An aliquot of 20 pL of each sample was transferred to 80 pL of PBS. 20 pL of
docetaxel (DTX) at 100 pg/mL was added as internal standard. Samples were extracted with 500
uL of TBME. 450 puL of upper layer was retrieved and dried by nitrogen flow, before
resuspended in 100 pL acetonitrile with 0.1% v/v formic acid before LC-MS analysis. In order to
determine the drug/protein ratio, samples were prepared in pH 5.3 NaOAc buffer for 2 hours to
reach the maximum PTX release without damage the PTX structure. Such hydrolysis condition
was better than HCI hydrolysis that caused low PTX detection due to the break of PTX structure.

LC conditions: The instrument used for quantification of PTX or PTX-LEV was Agilent
1290 UHPLC. Column: Thermo Scientific C18, 4.6 x 50 mm, 1.8 m particle size, at room
temperature. Mobile phase A: water with 0.1% v/v formic acid. Mobile phase B: acetonitrile
with 0.1% v/v formic acid. Injection volume: 5.0 pL. Flow rate: 0.4 mL/min. Gradient of
solvent: 20% mobile phase B at 0.0 min; 95% mobile phase B at 2.0 min; 95% mobile phase B at
5.0 min; 20% mobile phase B at 6.0 min; 20% mobile phase B at 6.5 min.

ESI-MS/MS method”**’*®: The instrument used to detect PTX or PTX-LEV was Agilent
6460 Triple Quad MS-MS. Conditions for quantifying each compound were optimized using
pure compound at 1 mM. All compounds were analyzed in positive model. For PTX-LEV,
multiple reaction monitoring (MRM) 952 — 384 was measured with a fragmentor voltage of 125
V and collision energy of 15 V. For PTX, the MRM 854 — 286 was measured with a fragmentor
voltage of 125 V and collision energy of 15 V. For internal standard DTX, MRM 808 — 527
was measured with fragmentor voltage of 100 V and collision energy of 10 V. The peak area

ratio of PTX-LEV over DTX was used to quantifying the concentration of PTX-LEV.
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4.5.9 MTT assay

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) kit was purchased
from Fisher Scientific. The cell proliferation assay was performed according to the
manufacturer’s instructions. Briefly, MDA-MB-231 cells or PC3 cells were seeded in a 96-well
tissue culture plate at 5 x 10* cells/well. Serial dilutions of A3-MSA-PTX or PTX were added to
wells. Cells were incubated at 37 °C for 24 h. After the incubation, 10 pL of the MTT labeling
reagent was added to each well and the plate was incubated for 4 h. 100 pL of solubilization
solution was added. After the complete solubilization of the purple formazan crystals, the
absorbance was measured at 550 nm subtracting the reference wavelength at 690 nm. Half
maximal inhibitory concentration (IC50) was obtained by nonlinear regression analysis in Prism

software using inhibitor vs. response - variable slope (four parameters) model.

4.5.10 PC3 tumor inoculation and treatments

The PC3 human tumor model was prepared as described in the literature™. A total of 5 x
10° PC3 cells were resuspended in 50 pL of PBS and then injected subcutaneously into the mice
right flank. Tumor volume were measured with a digital caliper on indicated days and the
volumes were calculated where V = 4/3 x 3.14 x depth/2 x width/2 x height/2. When average
tumor volume reached 100 mm?, mice were treated with either PTX or A3-MSA-PTX (two
injections, 5 mg/kg each) with a total dosage of PTX equivalent at 10 mg/kg. Mice were
euthanized when tumor volume reached 1,000 mm’. Body weight of each mouse was also

monitored during the experiment.
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4.6 Conclusion

In this study, we designed and synthesized a protein drug conjugate for cancer target
therapy. The active chemotherapeutic drug was paclitaxel and the protein was collagen-binding
protein A3-MSA. To increase the solubility and to prevent aggregation, we included a PEG-
5,000 linker between PTX and A3-MSA protein. We characterized the A3-MSA-PTX conjugate
with SDS-PAGE, MALDI-TOF, and DLS. In addition, the release of PTX at acidic pH was
validated by LC-MS/MS. Furthermore, cell viability assay demonstrated the cytotoxicity of A3-
MSA-PTX conjugate on both MDA-MB-231 cell line and PC3 cell line. However, the treatment
of A3-MSA-PTX on PC3 tumor model on nude mice did not show better efficacy than free
paclitaxel. To improve the performance, we could increase the dosage in paclitaxel equivalent,

especially A3-MSA-PTX.
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Chapter 5

Summary and Perspectives

5.1 Summary of the thesis

In Chapter 2, we developed novel polymeric micelles that delivered butyrate to the GI
tract and enhanced the performance of oral immunotherapy. The micelles were formulated by
synthetic block copolymers. The hydrophilic block was made of either HPMA (CLB001) or
MAA (CLBO003), while the hydrophobic block was made of monomers containing butyrate ester.
After testing the block size and ratio between hydrophilic block and hydrophobic block, we
achieved CLB001 and CLB003 micelles both with hydrodynamic diameter of 40 nm. The major
difference between CLB001 and CLB003 was their surface charge and critical micelle
concentration. Interestingly, two micelles had different butyrate release profile in the GI tract.
CLBO0O01 raised the butyrate level in the ileum at early time point, while CLB003 raised the
butyrate level in the cecum four hours after the gavage. Importantly, the combination of
CLBO001/003 and oral immunotherapy showed an improved performance compared to oral
immunotherapy only. We also investigated the possible interactions between butyrate-containing
micelles and the GI tract. RNA-Seq results and intelectin stain showed CLB001 regulated the
gene expression of ileal epithelial cells. Flow cytometry showed CLB003 induced GATA3" and
RORyt" regulatory T cells in the ileal mesenteric lymph nodes. Thus, CLB001 and CLB003
provided a potential to be a supplementary treatment to oral immunotherapy.

In Chapter 3, we synthesized a statistical copolymer of mannose and butyrate on the basis
of p(Man-TLR?7) previously developed in the lab. To increase the hydrolysis rate, we
incorporated monomer with phenol butyrate to the polymer (pMan-PhBut) in addition to

aliphatic butyrate monomer (pMan-But). As we expected, pMan-PhBut showed a faster butyrate
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release ex vivo and a better performance in vitro by suppressing the IL12p70 production. Thus,
we obtained two polymers with “slow” or “fast” butyrate release that were suitable for different
situations. Furthermore, in the animal study, pMan-PhBut induced tolerogenic DCs as shown by
the re-activation assay. Thus, manosylated butyrate containing polymer could deliver butyrate to
dendritic cells and macrophages and induce tolerance response in the draining lymph nodes.

In Chapter 4, we conjugated paclitaxel to collagen binding peptide through a PEG linker
and a hydrazone bonding. The conjugate A3-MSA-PTX was soluble in water without forming
aggregations. The paclitaxel was released at acidic tumor environment pH or endosomal pH. In
cell viability assay, the conjugate showed efficacy in both human breast cancer and human
prostate cancer cell lines. However, we still needed more practice on tumor inoculation and dose

study to showed the efficacy of A3-MSA-PTX on animal cancer model.

5.2 Future directions

Given the promising results we achieved from CLB001 and CLB003 micelles, I think we
can investigate more into the mechanisms on how butyrate-containing micelles interact with the
mouse GI tract. We can further validate the Treg induction or the roles GATA3" or RORyt" Treg
played. In addition to Treg induction, butyrate is also a G-protein coupled receptor 109 agonist.
Thus it would be interesting to investigate if the CLB001 and CLB003 have effect on GPCR109
knock out mice. Given the effect CLB0O1 can induce the expression of anti-microbial peptides in
the ileum, it would be interesting if such effect is related to the protection of the gut or alleviate
the allergy response against food allergen. Such effect also provides a potential to treat gut
microbiome related disease like Clostridioides difficile colitis. In addition to oral administration,

subcutaneous injection of CLB001 or CLB003 micelles also showed promising results in Treg
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induction in the draining lymph nodes by Dr. Shijie Cao in the lab. It would be interesting to
investigate the materials in inducing systematic tolerance. Finally, back to the structure design,
since we have proven the phenol butyrate has faster release rate, we can also incorporate the
phenol butyrate (PhBMA) into the core of the micelle if we need to achieve a faster release of
butyrate.

As a different formulation of butyrate, the glycopolymer pMan-But or pMan-PhBut also
shows promising results in our study. Since we have demonstrated the polymer induced
tolerogenic dendritic cells, we can move forward into T cell study including OTI/OTII models
and the Treg induction. We can investigate the antigen-specific tolerance by conjugating an
antigen to the polymer through azide-alkyne coupling. The readout of T cells will be more
standard and informative than dendritic cells. In addition, since mannose receptor CD206 is also
expressed on macrophage, we can also investigate macrophage related research like chronic
wound healing in db/db mice. Our preliminary results have showed promising trend of pMan-But
accelerating wound healing. Moreover, we can also study the liver related tolerance model
because the polymer can accumulate in the liver if we use i.v. injection.

Apart from butyrate delivery systems, the collagen binding peptide and paclitaxel
conjugate also has potentials to have better performance in cancer therapy. We can evaluate a
better tumor model of either MDA-MB-231 or PC3 cells by shortening the tumor developing
time. Also, a high dose of paclitaxel equivalent can help to show the advantage of A3-MSA-PTX

conjugate.
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