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One hundred years after the discovery of antimicrobials and antibiotics, lower respiratory
infections remain one of the leading causes of death worldwide. Infectious agents such as
Francisella tularensis and Burkholderia pseudomallei contribute to this burden as the causative
agents of pulmonary tularemia and melioidosis, respectively. These pathogens cause substantial
morbidity and mortality and due to their aerosolizability are weaponizable pathogens for bio-
warfare. As such, the Centers for Disease Control and Prevention classify them as Tier 1 threat
agents. Current care of these intracellular lung infections relies solely on weeks to months of
intravenous and/or oral antibiotic delivery. Yet, 10-20% of patients die following treatment and
another 5-10% relapse. These clinical failures are due to poor drug biodistribution within the
lungs and low bioavailability, with potential off-target side effects due to systemic delivery.
Inhalable delivery platforms aim to overcome these problems through direct delivery of

antibiotics to the sight of infection. Systems such as inhalable free drug dispersions and



antibiotics encapsulated within liposomal formulations are under investigation, however these
systems fail to control drug pharmacokinetics often delivery a burst release, and often require
complex formulations hampering large scale production and regulatory approval.

Previous work in the Stayton lab, including work presented in this thesis, helped lay the
foundation of a macromolecular inhalable prodrug platform utilizing RAFT polymerization of a
ciprofloxacin (cipro) prodrug monomer towards the treatment of pulmonary tularemia. Initial co-
monomer investigations were performed with polyethylene glycol methacrylate (PEGMA),
carboxybetaine methacrylate, and mannose methacrylate monomers. These co-monomers were
investigated for their ability to aid in drug solubility, loading, stability, biocompatibility, and in
the case of the mannose monomer, for it’s targeting capabilities to surface receptors on alveolar
macrophage. This foundational work lead to PEGMA-cipro polymers capable of prolonging
survival in a lethal murine F. novicida infection model in 70% of mice to the experimental
endpoint at 14 days post infection over untreated mice with 0% survival at just 4 days post
infection following a 3 day treatment dosing schedule. The carboxybetaine co-monomer was
only ever investigated in vitro, but was shown to be nontoxic, produce excellent drug solubility
and loading, and increase cellular internalization over similar PEGMA polymers. However, the
mannose co-monomer unexpectedly outperformed both the PEGMA and carboxybetaine co-
monomers. The Mannose-Cipro polymers were shown to increase animal survival to 90% at 16
days post infection, compared to 0% survival in untreated mice at 8-10 days post infection
following a 3 day treatment dosing schedule. Additionally, the mannose monomer was shown to
increase cellular uptake by alveolar macrophage via receptor-mediated endocytosis, and provide

excellent drug solubility, loading, and biocompatibility.



Following this strong foundation, a second antibiotic prodrug monomer was synthesized
from meropenem. Meropenem is the drug of choice in the treatment of melioidosis and is
currently not available in any format other than injectable. This novel meropenem monomer was
synthesized utilizing the same hydrolysable linker as the ciprofloxacin monomer for it’s optimal
pharmacokinetic profile. The meropenem monomer was copolymerized via RAFT with the
mannose-methacrylate co-monomer, and much of its in vitro characterization has been
completed. This novel polymer is completely nontoxic in culture to the highest concentration
evaluated (10 mg/mL), a dose at which the mannose-cipro polymer causes 50% cell death,
indicating excellent biocompatibility. The polymer is also highly bactericidal in an intracellular
coculture infection assay against the model bacterium B. thailandensis, with similar activity as
the mannose-cipro polymer. Additionally, a terpolymer has been synthesized comprised of
mannose, meropenem, and ciprofloxacin that is equally nontoxic but with enhanced bactericidal
activity in culture. While drug combination analysis between meropenem and ciprofloxacin is so
far inconclusive, the terpolymer activity suggests meropenem and ciprofloxacin have synergistic
mechanisms of action against B. thailandensis and may be highly effective at combating

pulmonary melioidosis in the form of combination therapies.
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Chapter 1. INTRODUCTION

The first antimicrobial compound was developed in 1911 and by the late 1920s and early
1930s antibiotics were in widespread use, leading to cures for numerous infectious diseases
previously considered incurable °. Yet, a century later, infectious diseases are still among the top
causes of death worldwide. According to the World Health Organization, lower respiratory
infections top the list for causes of death in low-income economies and rank 3" worldwide
[Figure 1.1] '. The challenges of treating lower respiratory infections are as varied as the
microbial agents that cause them. Most of the attention in recent years has been on the

emergence of antibiotic resistance. In 2014, President Barack Obama gave an executive order to

The top 10 causes of death in low-income Top 10 causes of death
economies 2015 globally 2015
® ©
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Figure 1.1. World Health Organization Top 10 Causes of Death ! (a) in low-income economies of the
world and (b) globally. Compiled from 2015 data, these data show the prevalence of lower respiratory
infections and their impact on human mortality worldwide.

address the challenges of antibiotic resistance at a national level, including additional
development of a task force and a call for increased research funding *. The first actionable point
of this order was to develop methods to slow the development of antibiotic-resistance, and from

that action and outreach by the Centers for Disease Control (CDC) many efforts have been made



by researchers and clinicians to limit antibiotic use and dosages wherever possible °. In addition
to the emergence of antibiotic-resistance in bacteria, additional challenges in the treatment of
lower respiratory infections involve unique challenges in combating specific microbial
pathogens. Most challenging are intracellular pathogens with immunomodulatory mechanisms

such as the causative agents of pulmonary tularemia and melioidosis.

1.1 INTRACELLULAR PULMONARY INFECTIONS: TULAREMIA & MELIOIDOSIS

Tularemia and melioidosis are bacterial infections caused by Francisella tularensis and
Burkholderia pseudomallei, respectively. These infections can be acquired via multiple routes
such as through cuts or scrapes on the skin or ingestion, but inhalation causes the highest rates of
morbidity and mortality. F. tularensis is a zoonotic bacteria carried by insects and animals, as
such the majority of naturally occurring tularemia cases are of the ulceroglandular form caused
by insect bites °. Pulmonary tularemia, or pneumonic tularemia, is more rare, but far more
deadly. The inhaled form of tularemia presents as pneumonia with fever, body aches, bronchitis,
and lung ulcers, swelling, and hemorrhage " *. As few as 10 colony forming units (CFU), or
individual bacteria cells, are sufficient to cause pulmonary tularemia leading to a 30-40%
mortality rate when untreated "°.

Unlike F. tularensis, B. pseudomallei is a saprophyte, deriving it’s nutrients from
decaying matter and is found prevalently in soil and waterways ' ''. As such, melioidosis is
most frequent in tropical regions where soil and water become aerosolized during the rainy
season and bacteria are readily inhaled, making the pulmonary variety of melioidosis endemic in
these regions. Pulmonary melioidosis, like pneumonic tularemia, also causes pneumonia-like
symptoms including lung abscesses, empyema, and can lead to chronic lung disease and sepsis.

The ability of B. pseudomallei to disseminate throughout the body makes pulmonary melioidosis



far more dangerous than pulmonary tularemia, as well as difficult to treat. Without treatment,
mortality rates for pulmonary melioidosis are between 40-80%, depending on the presence of
sepsis, and even with treatment mortality is between 10-20% and relapse occurs in 5-10% of
cases 10, 12-15'

Both F. tularensis and B. pseudomallei are gram negative, intracellular pathogens,
infecting multiple cell types within the lungs upon inhalation, particularly alveolar macrophage ®
71015 Both bacteria evade the host immune response by replicating within the very cells
typically responsible for clearing the body of foreign pathogens, although the precise
mechanisms differ. F. tularensis can internalize into macrophage by phagocytosis or by
activation of the mannose receptors. Phagocytosis is the mechanism by which macrophage clear
bacterial or fungal pathogens from the body, however F. tularensis is capable of preventing the

16-18 . . s
, thus survive degradation. The mechanisms of

normal acidification of the phagosome
phagosomal and endosomal escape have yet to be fully elucidated '®. Alternatively, F. tularensis
are also capable of evading opsonization and macrophage phagocytosis altogether by activation
of mannose receptors on the macrophage cell surface and subsequent receptor-mediated
internalization ' '". An additional feature of F. tularensis immune evasion lies in its atypical
lipopolysaccharide (LPS), which prevents typical recognition by host toll-like receptors ' *°.
Once internalized, F. tularensis replicates within the cytosol very rapidly, increasing in number
by 1.5-2.5 log in just 24 hours *'.

B. pseudomallei is also capable of preventing opsonization and subsequent degradation
within the macrophage phagosomal pathway, but by synthesizing an extracellular polysaccharide

22, 23

capsule that limits the bacterial interaction with the host compliment system . Upon

endocytosis, B. pseudomallei are capable of lysing the endosomal membrane to enter the cytosol

10



** While F. tularensis must lyse its host cell in order to infect adjacent cells, B. pseudomallei
have adapted a unique infection mechanism that allows the pathogen to continue evasion of the
host immune system. These clever bacteria can polymerize actin, which fuses with the host
membrane and protrudes an actin filament between macrophage providing B. pseudomallei a
channel to infect a neighboring cell without lysing it’s initial host cell or ever reentering the
extracellular space *>2°.

The extreme pathogenicity, morbidity, and mortality associated with pulmonary
tularemia and melioidosis combined with the ability of both pathogens to be aerosolized make F.

8, 27, 28
2128 Dye to

tularensis and B. pseudomallei attractive agents of bio-terrorism and bio-warfare
the high casualties predicted upon release of these pathogens in the event of a bioterrorist attack,
the DHHS, CDC, and USDA consider both pathogens tier 1 threat agents ** *°. This threat is
particularly high for US soldiers deployed in the field, who are prime targets of bioterrorism but
have limited access to rapid treatment. Preparedness strategies must include the ability to deploy
treatment rapidly, strategies for pre and post-exposure prophylaxis, therapeutics that are easily
scaled for mass production, and a high degree of drug stability for both stock-piling and
deployment in the field *" **. Current care for both tularemia and melioidosis are severely

lacking, in their ability to effectively treat the natural occurrences of infection as well as in the

event of a bioterrorist attack.

1.2 CURRENT STANDARD OF CARE

The current standard of care for tularemia and melioidosis involve weeks to months of
intravenous and/or oral antibiotic delivery. For pulmonary tularemia, oral antibiotics taken for 1-
4 weeks are standard, with IV administration reserved for the most advanced cases. Antibiotics

of choice include aminoglycosides (streptomycin and gentamicin), and fluoroquinolones

11



(ciprofloxacin) 7 ** %,

For pulmonary melioidosis, due to the potential for bacterial
dissemination throughout the body and it’s high mortality, IV antibiotic administration is the first
line of defense lasting from 2-6 weeks followed by oral antibiotic administration for up to three
months. The antibiotics of choice are the carbapenems (meropenem and imipenem) for IV
delivery followed by the cephalosporin, ceftazidime for oral administration ' 2.

One of the primary challenges in the treatment of pulmonary tularemia lies in the
difficulty of diagnosis. Because the disease presents as pneumonia, it’s often mistake for a
Streptococcus pneumonia infection, which is the most common bacterial pneumonia *°. This
combined with the rapid replication of F. tularensis and its high pathogenicity (requiring just 10
CFUs to cause infection) cause much of its associated mortality. Pulmonary melioidosis is
similarly difficult to diagnose. The disease can mimic other infections like typhoid fever,
tuberculosis, or glanders '" ' *°. Additional challenges lie in the ability of B. pseudomallei to
disseminate from the lungs causing sepsis and its resistance to most antibiotics, including
penicillin, ampicillin, and most cephalosporins and aminoglycosides '**’.

Better culture techniques to more rapidly and safely, diagnose pulmonary tularemia and
melioidosis are under investigation > *°, but improving treatment outcomes and preparing for a

potential bioterrorist threat also require dramatic improvements in the delivery of the antibiotics

themselves.
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1.3 PULMONARY DELIVERY STRATEGIES TO IMPROVE TREATMENT OUTCOMES

1.3.1 Free antibiotic delivery

There are multiple problems with systemic delivery of free antibiotics, such as poor
biodistribution within the lungs, poor drug bioavailability, and rapid clearance necessitating high

dosages that often cause off-target side effects ***.

One approach to improve drug
biodistribution and reduce the necessary drug dose is to deliver antibiotics directly to the lungs.
This can be facilitated by techniques such as intranasal instillation, intratracheal injection, or

aerosolization with the later providing deeper, more distributed delivery [Figure 1.2]

(unpublished figure) and ease of administration via nebulizer or inhaler. A few FDA approved

Untreated Installation Aerosolization

Figure 1.2: Deposition of delivered dye via installation vs. aerosolization: A solution of 0.2%
[w/v] of Brilliant blue R250 in 1x PBS was delivered to black 6 mice via intratracheal installation and
microsprayer aerosolization and mice were immediately sacked and lungs harvested for comparison.

formulations are currently on the market for the treatment of cystic fibrosis related infections.
Novartis has a formulation of tobramycin (TOBI) and Gilead has a formulation of azteonam
monobactum (Cayston™), both delivered by nebulizer. These formulations report a 10%
improvement in lung function over placebo controls, their efficacy hindered by poor
pharmacokinetics in the lungs . Adequate aerosol deposition in diseased lungs is often

obstructed by excess mucus in the bronchi and bronchioles, and the issues of rapid drug

13



clearance and poor drug bioavailability associated with systemic delivery remain unaddressed **.
An additional limitation of free drug delivery is the poor solubility of hydrophilic drugs like

ciprofloxacin, which is the current drug of choice in the treatment of tularemia ***.

1.3.2 Drug encapsulation: Liposomes & Polymersomes

To address more of these limitations, various drug encapsulations strategies have been
employed or are under investigation, most notably liposomes and polymersomes. These
constructs are formulated from amphiphilic lipids or block copolymers that spontaneously form
spherical bilayers or micelles under aqueous conditions due to the hydrophobic effect °'. Both
hydrophilic and hydrophobic drugs can easily be loaded into these structures, either within the
aqueous core or entrapped in the hydrophobic bilayer [Figure 1.3, modified from *]. Liposomes
have been used with varying degrees of success for the aerosolized delivery of ciprofloxacin.

Aradigm is currently evaluating two liposomal formulations of ciprofloxacin against various

Water soluble,
O «— hydrophilic region

S~ Lipophilic,
hydrophobic region

An Amphiphilic Lipid
(could also be a block co-polymer)

Hydrophobic Drug @ /)E (\%

Entraped hydrophobic drug within a micelle

4

@

Spherical bilayer encapsulating hydrophilic drug
within the aqueous core and entraping

hydrophobic drug within the bilayer

Figure 1.3: Formulation of drug encapsulating liposomes (or polymersomes) from amphiphilic
molecules in aqueous solution .
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types of pulmonary infection including F. tularensis. Their Lipoquin formulation, that have been
shown to extend the half-life of ciprofloxacin from 2 hrs. following pulmonary delivery of free
drug to 24 hours within the liposomal formulation. Additionally, the Lipoquin was able to
improve animal survival in a lethal F. tularensis LV-Schu4 model over both oral ciprofloxacin

>33 While Lipoquin successfully increases

delivery and aerosolized free ciprofloxacin delivery
drug bioavailability within the lungs, reduces the required ciprofloxacin dose, and increases
animal survival the system remains flawed. Lipoquin fails to control drug release kinetics and
has a classic burst release common to liposomal delivery >*. Additionally, liposomal systems are
often difficult to precisely reproduce thanks to complex formulations, making large-scale
manufacturing and regulatory approval challenging >*°.

Polymersome encapsulation provides better control over drug release kinetics compared
to liposomal systems, as well as the ability to more easily modify the surface chemistry to add in

> 38 The most widely used polymer in drug delivery is poly(lactic-co-

additional functionality
glycolic) acid (PLGA) due to it’s inherent biocompatibility, degradability under physiological
conditions, and chemically modifiable carboxyl groups . PLGA has been formulated with
ciprofloxacin as an inhalable dry power for aerosolized lung delivery. These polymersomes
contained <1 wt.% ciprofloxacin, but exhibited extended drug release with sustained release for
20 days in vitro ®. While polymersomes offer control of drug loading/release over liposomes,
they still suffer from formulation complexity and poor reproducibility, complicating large-scale
manufacturing and regulatory approval > °'.

While encapsulation strategies address many of the issues with systemic drug delivery or

pulmonary delivery of free antibiotics, formulation complexity and poor reproducibility, along

with poor drug loading hamper the ability of these systems to adequately address all of the issues

15



with the treatment of pulmonary tularemia and melioidosis. Drug release can be further
optimized by covalently linking the drug to the polymer via labile linkages to precisely release
under desired stimuli. Covalent drug linkage also offers the added benefit of more precisely

4162 The most

controlled drug loading and reduces batch variability and formulation complexity
common approach to link drugs to a polymer is a by post-polymerization conjugation strategies.
While these strategies work well, they add additional and unnecessary steps to the synthesis
process, which ultimately adds cost to the final therapeutic. An alternative, and more recent
approach is the synthesis of prodrug monomers; chemically inactive drugs, modified with a
labile linkage that connects the drug to a polymerizable functional group. Prodrug monomers can
be polymerized directly into the system, require no additional post-conjugation steps, and
become active upon cleavage of the labile linkage under the desired stimuli. This approach also

improves drug loading and drug stability prior to release .

1.3.3 An Inhalable Macromolecular Prodrug Platform: A Brief History

In order to address all of the challenges towards combating intracellular pulmonary
infections, a purely synthetic platform was developed. Ciprofloxacin prodrugs were synthesized
using a similar approach to the synthesis of norfloxacin prodrugs already characterized in the
literature > ©’. Reversible addition-fragmentation chain transfer (RAFT) polymerization was
used as the synthesis method for it’s ease, functionality with a wide range of monomers and
different reaction conditions, and high degree of control over polymer size and dispersities ** .
RAFT had also already been utilized to synthesize antibiotic prodrug delivery systems
incorporating Ribavirin and poly(N-(2-hydroxypropyl) methacrylate) for the treatment of HIV

and hepatitis C co-infections "°. However, multiple factors required investigation including: 1)

the optimal drug linkage to provide sustained drug release over a clinically relevant time period,

16



2) the optimal polymer architecture to provide biocompatibility, high drug loading, induce
cellular internalization, and increase retention within the lungs, and 3) the optimal co-

monomer(s) to confer high drug loading, stability, solubility, and biocompatibility.

Towards this end, Dr. Das was able to determine that a phenolic ester linkage hydrolyzed
more rapidly than an aliphatic ester drug linkage '' while providing near first order release
kinetics sufficient to prolong mice survival in a lethal F. novicida infection model *. Those
polymer systems utilized a poly(ethylene glycol) methacrylate (PEGMA) co-monomer to
solubilize the hydrophobic ciprofloxacin prodrug monomer, and while the PEGMA performed
well in vivo, Dr. Chen showed improved function with an alternative co-monomer.

While investigating the effects of glycan monomers as targeting moieties for alveolar
macrophage attachment and internalization to improve intracellular delivery of the
copolymerized ciprofloxacin, Dr. Chen observed the ability of the mannose monomer to
efficiently solubilize ciprofloxacin and enhance drug loading every bit as efficiently as PEGMA,
but while also inducing receptor mediated endocytosis and improved mice survival in the same

lethal F. novicida model 7.

Concurrently with the PEGMA and mannose co-monomer research, investigation was
also underway on the use of carboxybetaine as a zwiteronic co-monomer for ciprofloxacin
delivery in the treatment of pulmonary tularemia [Scheme 1.1]. It was hypothesized that the
positive and negative charge of carboxybetaine would reduce the slight toxicity of the
ciprofloxacin that we suspected was due to its protonated secondary amine at physiological pH.
Additionally, carboxybetaine has been shown to improve polymer retention time and does not

seem to cause antibody production the way PEGMA does, implying it is less immunogenic "* .
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Scheme 1.1: Synthesis scheme for carboxybetaine-ciprofloxacin polymers.
(top) synthesis of the linear copolymer, poly(CBM-co-CTM), and (bottom)
synthesis of the block copolymer, poly(CBM-co-CTM)-b-CTM

Results for the carboxybetaine-ciprofloxacin polymers were promising. The systems showed
tailored release kinetics based on polymer architecture, exhibited excellent biocompatibility in

vitro and in vivo, good efficacy in vitro in a mammalian cell infection coculture model, and the



block copolymer showed increased cellular uptake by murine macrophage cells over the linear

polymers [Figure 1.4, unpublished work]. However, due to the exceptional activity of the
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Figure 1.4: Summary of Carboxybetaine data. (top left) in vitro efficacy data collected using a mammalian
infection coculture assay with B. thailandensis. The linear and block copolymers show good efficacy against
intracellular infection, whereas the block polymer has no bactericidal activity. Free drug will always outperform
polymeric cipro, as it freely diffuses across the cell membrane, (bottom left) drug release kinetic data from
HPLC analysis shows the block polymer is releasing cipro too slowly to be efficacious in vitro, whereas the
block copolymer shows faster release and the linear copolymer shows the fastest release with 80% of the total
polymerized ciprofloxacin release in 264 hrs, (top right) in vivo toxicity markers following 3 repeated doses
over 3 consecutive days of aerosolized delivery of 20 mg/kg polymerized ciprofloxacin within the linear
copolymer in 50 pL of PBS, delivered to black 6 mice compared to PBS only control shows no statistical
differences between polymer and control across all four markers of inflammation/toxicity, and (bottom right)
cellular internalization of fluorescently labeled polymers after incubation with murine macrophage collected via
flow cytometry shows the block copolymer is readily internalized by cells whereas the two linear polymers are
not.
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mannose co-monomer to induce receptor mediated endocytosis while maintaining excellent drug

loading, stability, and biocompatibility, additional research was shifted to mannose copolymers.

1.4  PROJECT GOALS

The Ciprofloxacin prodrug monomer was originally created in part due to its ease of
synthesis and the documented synthesis method for fluoroquinolone prodrug monomers, as well
as its clinical use in the treatment of Tularemia. In order to apply the inhalable macromolecular
prodrug platform to other diseases, specifically pulmonary melioidosis, new prodrug monomers

must be synthesized, polymerized, and evaluated.

Towards this end, the goals of the work presented in this thesis are to evaluate the in vitro
biocompatibility and bactericidal activity of novel mannose-meropenem prodrug polymers in an

effort to optimize their in vivo performance potential.
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Chapter 2. INHALABLE MANNOSE-MEROPENEM
DRUGAMERS POINT TOWARDS COMBINATION
THERAPIES AGAINST PULMONARY MELIOIDOSIS

2.1 ABSTRACT

Pulmonary melioidosis is an intracellular infection of the alveolar macrophage with high
morbidity and mortality. Even with antibiotic treatment, poor clinical outcomes such as 10-20%
patient death and 5-10% relapse persist due to problems with current care. Meropenem is the first
line of defense against melioidosis, but is currently only available as an IV infusion. To
overcome the challenges of systemic antibiotic delivery, a previously validated macromolecular
inhalable prodrug delivery platform has been employed utilizing a novel meropenem prodrug
monomer with hydrolysable phenolic ester linkage. Two polymers were synthesized via RAFT: a
copolymer of meropenem and a mannose receptor targeting ligand to enhance cellular uptake,
and a terpolymer of meropenem, ciprofloxacin, and mannose to investigate drug combination
effects. Both polymer systems shows exceptional biocompatibility with no cytotoxicity observed
to macrophage in culture. The copolymer exhibits good efficacy against the model bacterium B.
thailandensis in a RAW 264.7 cell infection coculture assay, similar to that of a mannose-
ciprofloxacin polymer previously reported. The terpolymer however, shows excellent
bactericidal efficacy in the coculture assay, outperforming the single antibiotic polymers,
indicating synergistic activity between ciprofloxacin and meropenem. These data provide
promising results in the fight against pulmonary melioidosis and pointing towards combination

therapies for future improvements.
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2.2  INTRODUCTION

Burkholderia pseudomallei is the causative agents of Melioidosis, a bacterial infection
with a mortality rate between 10-20% for treated, uncomplicated cases and as high as 40-80%
when untreated, depending on disease severity and whether sepsis occurs '” ''. Much of the
lethality of this disease is due to the ability of B. pseudomallei to reside within the alveolar
macrophage following inhalation, where bacteria evade the immune system and become difficult
to combat with traditional antibiotic therapies. Furthermore, this bacterium is aerosolizable and
easily weaponized for use in bio-warfare; as such the DHHS, CDC, and USDA consider B.
pseudomallei a tier 1 agent *. Current care is limited, requiring weeks of high dose intravenous
or oral antibiotic delivery, and still results in a 5-10% disease relapse rate '>. Poor treatment
outcomes are due to problems with systemic antibiotic delivery such as poor drug bioavailability
within the lungs, suboptimal pharmacokinetics, and undesirable off-target effects ** **. As a
result, there is great need for better drug delivery systems to combat pulmonary intracellular

infections such as Melioidosis.

These challenges may be well addressed through development of inhalable polymeric
prodrug delivery systems that could be administered directly to the site of infection thereby
reducing the required antibiotic dose, eliminating off-target side effects and preventing
development of antibiotic resistance, as well as allowing for controlled drug release and
pharmacokinetic tailoring °” °" ®. Additionally a dried powder, inhalable platform offers the
advantages of being more rapidly employed in the event of a bioterrorist threat compared to
traditional intravenous or oral delivery, and high drug stability without refrigeration would allow
soldiers in the field to have treatment at the ready in the event of a bioterrorist attack ' ’". Many

liposomal formulations have been developed to address some of the delivery challenges
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associated with systemic antibiotic delivery, but with limited clinical translation. While
liposomal systems can be administered directly to the lungs and enhance the stability and
pharmacokinetics of antibiotics over systemic delivery, they’re prone to low drug encapsulation
efficiencies, often have burst release profiles, suffer from rapid clearance, and can require
complex synthesis/formulation strategies making upscale manufacturing challenging "**'.
Polymeric prodrug systems however, provide increased drug loading without the formulation
complications leading to better manufacturability. Additionally, prodrug linkages can be tailored

for more optimal drug release kinetics often at the specific disease target " " ®.

Previously, ciprofloxacin prodrug monomers were developed and copolymerized with
polyethylene glycol methacrylate that demonstrated controllable near first-order release kinetics
and promising efficacy and low toxicity in vitro ''. These aerosolizable polymers were later
shown to enhance treatment efficacy in a lethal murine Tularemia model, prolonging survival in
70% of treated mice to the experimental endpoint compared to untreated mice with 0% survival
72 This work laid the foundation of the drugamer platform for inhalable antibiotic delivery for

the treatment of intracellular pulmonary infections.

While ciprofloxacin had been previously modified as a polymerizable prodrug monomer
71- 828 “and has clinical use in the treatment of Tularemia, it is not a drug of choice in the
treatment of Melioidosis. Meropenem is the drug of choice for clinicians in the treatment of
severe Melioidosis. Treatment involves weeks of intravenous delivery within a hospital setting,

12, 13
7. Here, we report the

as meropenem is not currently available in any other format
development of a novel meropenem prodrug monomer containing a hydrolysable phenolic ester

linkage and the in vitro activity of two novel polymers synthesized via RAFT: a copolymer
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comprised of the meropenem prodrug monomer and a mannose receptor targeting co-monomer
and a terpolymer containing meropenem, ciprofloxacin, and the mannose-targeting ligand. The
mannose monomer was employed for its ability to enhance drug-loading, biocompatibility, and
improve cellular internalization via receptor-mediated endocytosis ***°. Analysis shows excellent
biocompatibility for both polymers with no cytotoxicity to murine macrophage in culture. The
copolymer exhibited good efficacy against the model bacterium B. thailandensis in a RAW
264.7 cell infection coculture assay similar to a previously reported copolymer containing
ciprofloxacin and meropenem. The terpolymer, however, shows excellent bactericidal efficacy in
the coculture assay outperforming both of the single antibiotic polymers, indicating possible
synergy between these two antibiotics; one a beta-lactam that hinders bacterial cell wall
synthesis, the other a fluoroquinolone that targets DNA gyrase activity *’. These are promising
data towards improved treatment of pulmonary melioidosis and suggest that combination
therapies may be a more optimal treatment of intracellular pulmonary infections to overcome
previous delivery challenges as well as reduce the dosage of antibiotics potentially slowing the

development of antibiotic resistance.

2.3  MATERIALS & METHODS

2.3.1 Materials

All chemicals and materials were purchased from Sigma-Aldrich (St. Louis, MO) unless
specified otherwise. Spectra/Por regenerated cellulose dialysis membranes (6-8 kDA cutoff)
where obtained from Fisher Scientific (Bothel, WA). G-25 prepacked PD10 columns were
purchased from GE Life Sciences (Issaquah, WA). All Bacteria stocks were provided by the
Eoin West and Shawn Skerrett labs at Harborview Medical Center (Seattle, WA). RAW 264.7

cells were purchased from ATCC (Manassas, VA). MTS 96-cell titer viability reagents were
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purchased from Promega (Madison, WI). All mammalian cell culture media, supplements, and
PBS were purchased from Gibco (Fisher Scientific, Bothel, WA).
2.3.2 Synthesis of meropenem carbamate methacrylate (MCM) prodrug monomer

Butanoic acid, 4-[(4-hydroxymethylphenyl]-4-oxo, 1-(2-methacryloyloxy)ethyl ester [Scheme

2.1, #3]
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Scheme 2.1: Synthesis Scheme for the meropenem carbamate methacrylate (MCM) prodrug monomer

A mixture of mono-2-(methacryloyloxy)ethyl succinate (SMA, #1) (11.5 g, 50 mmol), 2-
mercaptothioazoline (5.95 g, 50 mmol) and N,N-dimethylpyridin-4-amine (6.1 g, 50 mmol) in
250 mL of CHyCl, was treated with N-(3-dimethylaminopropyl)-N'-ethylcarbodimide
hydrochloride (10 g, 52 mmol) at 0 °C. After 30 min, at 0 °C, the reaction mixture was stirred at
room temperature for 8§ h. CH,Cl, was evaporated and the oily residue obtained was stirred with
100 mL of diethyl ether for 30 min. The ether layer containing the activated ester was collected
by decanting. This process was repeated two more times. All the ether layers were combined,

evaporated, and dried under high vacuum to yield product #2. To a solution of product #2 and
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N,N-dimethylpyridin-4-amine (6.1 g, 50 mmol) in 350 mL was slowly added 4-hydroxybenzyl
alcohol (9.3 g, 75 mmol) in 100 mL of CHCl; at 0 °C over 30 min. After 20 min at 0 °C, the
reaction mixture was stirred at RT for 16 hrs. The solution was washed with IN HCI (3x100
mL), 30% aqueous acetic acid (3x100 mL), and then with warm water (40 °C, 3x100 mL). The
organic phase was dried over Na,SO4 and concentrated. The crude product was purified by silica
gel column chromatography using 4% methanol in chloroform to afford compound #3. Yield

12.7 g (75.6 %)

Meropenem carbamate monomer [Scheme 2.1 (#6)]

To an ice cooled solution of product #3 (6.73 g, 20 mmol) and trimethylamine (3.6 mL,
26 mmol) in 70 mL of tetrahydrofuran, was added p-nitrophenyl chloroformate (4.84 g, 24
mmol) pre-dissolved in 70 mL tetrahydrofuran over 30 min. After 30 min, the reaction mixture
was slowly warmed to room temperature and stirred for 18 hrs. Triethylammonium
hydrochloride formed was filtered off and the filtrate was concentrated. The crude product was
purified by silica gel column chromatography using 33% ethyl acetate in n-hexane to obtain
product #4. Yield = 8.21 g (81.9 %).

Meropenem (#5, 767 mg, 2.0 mmol) in 2 mL DMSO was treated with p-nitro phenyl
activated carbonate (#4, 1.2 g, 2.4 mmol) pre-dissolved in 8 mL CH,Cl,. After stirring at room
temperature for 20 hrs, the reaction mixture was precipitated in diethyl ether. The side product p-
nitrophenol was successfully removed by five ether precipitations. Product was dried under high
vacuum for 24 hrs to yield meropenem carbamate methacrylate monomer (MCM, #6). Yield =

1.22 g (81.8 %).

26



2.3.3 Synthesis of ciprofloxacin tyramine methacrylate (CTM) prodrug monomer

butanoic acid, 4-[(4-hydroxyphenyl)ethylamino]-4-oxo, 1-(2-methacryloyloxy)ethyl ester

To an ice cold solution of mono-2-(methacryloyloxy)ethyl succinate (9.2 g, 40 mmol) in
150 mL CH,Cl,, were added N-hydroxysuccinimide (4.72 g, 41 mmol) and N-N-
dicyclohexylcarbodimide (9.06 g, 44 mmol). After 15 min, the ice bath was removed and the
reaction mixture was stirred at room temperature for 16 hrs. The byproduct dicyclohexylurea was
filtered off, and the filtrate was concentrated to 40 mL by evaporating the solvent under reduced
pressure. This solution containing the activated NHS ester was directly added to (6.85 g, 50
mmol) of 4-(aminoethyl)phenol pre-dissolved in 30 mL N,N-dimethylformamide, followed by
13.94 mL (0.1 mol) trimethylamine. After stirring for 6 hrs at RT, the reaction mixture was
diluted with 200 mL CH,Cl,, and washed with water (2x 100 mL). The organic layer was dried
over anhydrous sodium sulfate and concentrated under reduced pressure. The thick residue
obtained was treated with 100 mL diethyl ether, and vigorously stirred for 15 min. Then 75 mL
hexane was added, and again stirred well for 10 min. The solvent was carefully decanted and the
process was repeated one more time. The product obtained was further purified by flash silica gel
column chromatography using 5% methanol in chloroform. Overall yield for two steps: 11.2 g

(80.1 %).

7-(4-(tert-Butoxycarbonyl)piperazin-1-yl)- 1-cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquionoline-
3-carboxylic acid

To (20 g, 60 mmol) of ciprofloxacin in 350 mL of dioxane:water (1:1) was added 90 mL
IN NaOH, followed by (20 g, 91.6 mmol) of di-tert-butyl dicarbonate. The reaction mixture was

stirred at room temperature for 17 hrs. The white precipitate obtained was filtered, washed with
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water and then with acetone. The product was dried under high vacuum overnight. Yield = 25.14

2 (96.5 %).

Boc protected ciprofloxacin tyramine methacrylate (CTM)

Boc protected ciprofloxacin (4.3 g, 10 mmol) and N,N-dimethylpyridin-4-amine (DMAP)
(1.22 g, 10 mmol) were taken in 350 mL of CH,Cl, and cooled to 4 °C. To this solution,
N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU) (9.48 g,
25 mmol) was added, followed by N,N-diisopropylethylamine (7.0 mL, 40 mmol). After 10 min
at 4 °C, the reaction mixture was stirred at RT for 30 min, and then cooled back to 4 °C.
Phenolic monomer (3.49 g, 10 mmol) was introduced and the reaction was continuously stirred
at 4 °C for 20 min, and then at RT for 16 hrs. The reaction mixture was filtered and the filtrate
was washed with water (150 mL) and brine (150 mL). The organic phase was dried over
anhydrous sodium sulfate and the solvent was evaporated under reduced pressure. The residue
was precipitated in diethyl ether, and then purified by silica gel column chromatography using 30

% tetrahydrofuran in chloroform containing 0.1 % triethylamine. Yield = 5.76 g (75.5 %).

Synthesis of ciprofloxacin tyramine methacrylate (CTM)

BocCTM (2.29 g, 3 mmol) was treated with 25% trifluoroacetic acid in CH,Cl, (60mL)
at 4 °C, and the resulting solution was stirred at 4 °C for 5 min, and then at RT for 2 hrs. After
evaporating solvent under reduced pressure, oily crude product was triturated with diethyl ether

and the insoluble residue was dried under high vacuum to afford CTM. Yield =2.31 g (99.1%).

2.3.4 Synthesis of mannose ethyl methacrylate (MEM) targeting monomer

1,2,3,4,6-Penta-O-acetyl-D-mannopyranose
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D-Mannose (20.0 g, 111 mmol) was slowly added (in 10 portions) to a solution of Iodine
(1.12 g, 4.41 mmol) in 100 mL Ac,O at 0 °C under nitrogen atmosphere. After stirring for 30
min at 0 °C and an additional 16 hrs at RT, the reaction mixture was diluted with 150 mL
CH,Cl, and washed with a cold saturated aqueous solution of Na;S;0; (3x 100 mL), then with
saturated aqueous solution of NaHCO; (5x 125 mL). The organic layer was finally washed with
water (2x 100 mL), dried over Na,SO4 and evaporated under reduced pressure to afford the
pentaacetate. The product was dried under high vacuum for 48 hrs and used for the next step

without further purification.

2-(a-D-mannosyloxy)ethyl methacrylate

To a solution of a-D-mannose pentaacetate (9.0 g, 23.05 mmol) and 2-hydroxyethyl
methacrylate (4.5 g, 34.58 mmol) in 40 mL anhydrous CH,Cl, was added molecular sieves 4A (5
g). After 30 min at RT, the mixture was cooled to 0 °C and BF;Et,O (20 ml, 159.24 mmol) was
added. After stirring for 30 min at 0 °C and an additional 20 hrs at RT, the reaction mixture was
diluted with 100 mL CH,Cl,. The resulting solution was washed with deionized water (1x 100
mL), saturated aqueous solution of NaHCOs (3x 100 mL) and again with deionized water (2x
100 mL). The organic layer was treated with dibutylhydroxytoluene (BHT, inhibitor, 20 mg) and
dried over Na;SOs. The solvent was removed under reduced pressure to yield crude 2-
(2°,3°,4°,6’-tetra-O-acetyl-a-D-mannosyloxy)ethyl methacrylate. This crude product in 40 mL
MeOH was treated with K,CO; (2.0 g, 14.47 mmol) and stirred for 10 min. The reaction was
neutralized by filtering into a flask containing Amberlite® IR120 hydrogen form resin (10 g), and
the mixture was stirred for 5 min. The resin was removed via filtration and the solvent was
subsequently removed under reduced pressure. The resulting sticky residue was purified by silica

gel column chromatography using 12% MeOH in CHCIl; as eluent. The oily product obtained
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after column chromatography was dissolved in 6 mL MeOH and precipitated in 100 mL ether to

yield monomer 4. Yield=1.9 g.

All synthesized monomers were monitored throughout synthesis via thin layer
chromatography to assess the progress of the reaction in each step. Synthesized monomers were
purified either by flash column chromatography or precipitation techniques. Purity of all the
materials was validated by "H NMR spectroscopy (Bruker Avance spectrometers 300 MHz or
500 MHz) and electron spray ionization mass spectrometry (ESI-MS) (Bruker Esquire ion

trap mass spectrometer integrated with liquid chromatography).

2.3.5 RAFT polymerization of poly(MEM ,MCM), poly(MEM.,,CTM), and
poly(MEM,MCM,,CTM)

All polymer synthesis was conducted using the reversible addition-chain transfer (RAFT)

technique *

, with 4-((((2-Carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic acid (CCC)
and 2,2'-Azobis(4-methoxy-2,4-dimethylvaleronitrile) (V70 in dioxane) as the RAFT chain
transfer agent (CTA) and initiator, respectively. All polymers were synthesized with a molar feed
ratio of 2:1 Mannose:prodrug, with the terpolymer containing equal mole parts ciprofloxacin and
meropenem prodrugs. All polymerizations were conducted with an initial monomer
[M],:[CTA],:[1], ratio was 50:1:0.1 at an initial overall monomer concentration of 25 % m/v in
dimethyl sulfoxide. Specific masses and volumes used are presented in Table 2.1.
Polymerization reactions were combined in 100 mL round bottom flasks and septa sealed, then
purged of O, under nitrogen for 30 min. Polymerization vials were then transferred to a
preheated water bath and allowed to polymerize for 24 hours at 30 °C. After polymerization,

reactions were precipitated with ice-cold diethyl ether 3x, vortexing and then centrifuging at

4200 rpm for 5 min, each. The final ether wash was poured off and the resultant polymers were
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diluted in 0.5M phosphate buffer, pH 7.4 and dialyzed against deionized water at 5 °C for 24
hours. Dialyzed polymers were then dried by lyophilization, dissolved in deionized water, and
further purified by filtration through a PD10 column. The final filtrates were lyophilized and
stored at 4 °C. The final polymer molecular weights and D were measured by gel permeation

chromatography (GPC) and polymer molar compositions were evaluated by 'H NMR in CDCls.

2.3.6 Drug Release Kinetic Analysis via HPLC

Polymers were dissolved in human serum (Sigma) at 36 mg/mL and stored at 37°C.
Samples were pulled, 200 puL each at T=0, 1, 3, 5, 7, and 10 days. 100% release was evaluated
from polymer samples prepared at 6 mg/mL in either 100% H,SO4 (acidic conditions) or 0.IN
NaOH (basic conditions), and stored at room temperature for 48 hours. All samples were stored
at -80°C until ready for processing and analysis. On day of analysis, all samples were thawed on

ice. Protein precipitation was conducted by adding 400 pL of Acetonitrile, vortexing 10s,

Table 2.1: RAFT polymerization reagent values used for the synthesis of poly(MEM_,MCM),
poly(MEM ,MCM,,CTM), and poly(MEM,,CTM).
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poly(MEMcoMCM) Poly(MEMcoMCMcoCTM) Poly(MEMcoCTM)
m MCM 0.33318 m MCM 0.1665(g m CTM 0.33318
m MEM 0.666 |g n MCM 0.00022325 [mol m MEM 0.666 (g
n MCM 0.0004465 | mol n CTM 0.00022325 [mol n CTM 0.000436601 | mol
n MEM 0.002278637|mol m CTM 0.170275161(g n MEM 0.002278637|mol
m MEM 0.673550322(g
n CCC 5.45027E-05 | mol n MEM 0.002304469 |mol n CCC 5.43048E-05 | mol
n V70 5.45027E-06 [mol n V70 5.43048E-06 [mol
m CCC 16.75414428 |mg n CCC 5.50194E-05 |mol m CCC 16.69328317 |mg
m V70 1.680864703 |mg n V70 5.50194E-06 |mol m V70 1.674758793 |mg
VCCCST 0.990609677|mL m CCC 16.91296246 |mg V CCCST 0.098701119 [mL
V V70 ST 0.099060968 | mL m V70 1.696798186 |mg VV70 ST 0.098701119 {mL
V CCCST 1|mL
V DMSO 2.906329355 |mL VV70 ST 0.1|mL V DMSO 3.798597762 |mL
Total Volume 3.996 [mL Total Volume 3.996 [mL
V DMSO 2.941301931|mL
Total Volume 4.041301931 [mL




followed by centrifugation at 4500rpm for 5 min. 100 pL of supernatant was then mixed with
900 pL deionized water and samples were put on ice until ready for HPLC analysis. HPLC
analysis was conducted as previously described * with a few changes to the gradient. Analysis
was carried out using an Agilent 1260 Quaternary HPLC Pump, Agilent 1260 Infinity Standard
Automatic Sampler, Agilent 1260 Infinity Programmable Absorbance Detector, and Agilent
ChemStation software (Palo Alto, CA). Analytes were separated using a Zorbax RX-CI18
analytical column (4.6 x 150 mm; 5 pm). Mobile phase (A) 0.2% phosphoric acid and (B)
acetonitrile were run at a flow rate of 1 mL/min over the following gradient: Starting at 5% (B)
for 1 min, a linear increase to 15% (B) in 1.5min, increased to 70% (B) in 11min, back to 5% (B)
in 30sec, and run at 5% (B) for 4 min to re-equilibrate the column. UV monitoring was

conducted at 280 nm (ciprofloxacin and polymer backbone) and 304 nm (meropenem).

2.3.7 In vitro Cytotoxicity Analysis

RAW 264.7 cells were seeded at a density of 50,000 cells/well in 100 uL. cDMEM (10%
FBS, 1% pen/strep) into 96 well plates and incubated at 37°C with 5% CO; for 20 hours. Just
prior to treatment polymers and free drug were dissolved (separately) in warmed cDMEM and
sterile filtered (0.22um). After 20 hours incubation, poly(MEM.,MCM), poly(MEM,,CTM),
poly(MEM,MCM,,CTM), and free Meropenem were added to cells at concentrations of [10-
4.88E-3 mg/mL polymer, 1-4.88E-4 mg/mL free Meropenem], then incubated for 24 hours.
After incubation, cell media was removed and cells were gently washed with 100 pl of 1x PBS
prior to addition of MTS reagent in phenol-free DMEM according to manufacturer’s protocol
(Promega). Cells were incubated in MTS reagent for 2 hours and absorbance was measured at
490nm on a Tecan plate reader. Data was corrected for background (negative control, media

only) and plotted as percent viability after normalizing to the positive controls (untreated cells).
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2.3.8 In vitro Co-culture, Intracellular Infection Efficacy Analysis

As described and validated previously "', RAW 264.7 cells were seeded at a density of
500,000 cells/mL into 48-well plates in 300 pL antibiotic free DMEM + 10% FBS, and
incubated at 37°C with 5% CO2. After 18 hours, cells were infected with Burkholderia
thailandensis at early log phase (OD600=0.2) at a multiplicity of infection of 5, then incubated
for 1 hour. Following incubation, growth media was replaced with fresh DMEM containing 10%
FBS and 250 pg/mL Kanamycin to kill any bacteria not internalized by the RAW cells, then
incubated for another hour. Growth media was then replaced with fresh media containing
varying concentrations of poly(MEM,MCM), poly(MEM,,CTM), poly(MEM,,MCM,.,CTM),
free Meropenem, or free Ciprofloxacin. Treated cells were then incubated 22 additional hours.
After incubation, cell media was aspirated, cells were washed three times with 1x PBS, and lysed
with 100 uL of PBS + 0.1% Triton X-100. Duplicate well lysates were pooled by treatment,
serially diluted, and plated onto triplicate LB agar plates at appropriate 10x dilutions, then
incubated for 24 hours. When individual bacterial colonies were distinguishable (~ 24 hours),
CFUs were counted. Data is represented as CFU/well vs. antibiotic dose. All polymers were all
assumed to be 15 wt% antibiotic based on the theoretical wt%, calculation from monomer feed

. . . 1
ratios and from previous, similar polymers .

2.3.9 Drug Combination Analysis against Burkholderia thailandensis

A standard checkerboard assay was performed to collect drug combination data and the
EDs, endpoint used to construct an isobologram, similarly to others **°'. A single colony of
Burkholderia thailandensis was picked from a streak plate and grown in SmL LB broth at 37°C
at 200 RPM. After 24 hours, the culture was diluted in 50mL of fresh LB broth at a 1:100 ratio

and grown to early log phase (ODgp=0.2 based on previous growth curves). Varying
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concentrations of free Meropenem (2.5-1.2E-3 pg/mL) against varying concentrations of free
Ciprofloxacin (8-3.9E-3 pg/mL) were added to a 96 well plate in 50ul LB broth. Bacteria were
then added to each well at 1x106 cells/mL in LB. A control plate with each antibiotic alone and a
positive (bacteria w/o treatment) and negative (LB broth only) control was also run. Plates were
incubated for 24 hours at 37°C. After 24 hours, the ODgy was measured on a Tecan plate reader;
the average ODgoo was calculated from 5 reads per well after 2 sec of shacking. Data was
collected from triplicate wells run on duplicate days. All data were corrected by subtracting the
negative control (media only) and normalizing to positive control (bacteria w/o treatment).
Growth curves were plotted as percent bacterial viability vs. the log of the antibiotic
concentration. Curves were created in GraphPad Prism software and EDs values (Effective dose
to achieve 50% bactericidal activity) were calculated using nonlinear regression, inhibitory dose-
response, log(inhibitor) vs. normalized response. Resultant EDs, values were plotted on an
isobologram as drug pairs of (x,y) (EDsy of meropenem, EDsy of ciprofloxacin). Individual
concentrations were selected for comparison between single drug treatment vs. combination drug
treatment for evaluation of effects above and below the EDsy value for comparison with

traditional isobologram analysis.
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2.4  RESULTS & DISCUSSION

2.4.1 RAFT polymerization and polymer characterization

Scheme 2.2 illustrates the synthetic strategy for the copolymerization of mannose ethyl

methacrylate (MEM) targeting co-monomer and meropenem prodrug monomer with phenyl ester
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Scheme 2.2: Strategy for synthesis of poly(MEMcoMCM) via RAFT polymerization

hydrolysable linker (MCM), to produce poly(MEM,MCM) linear copolymer via RAFT
polymerization. A similar strategy was employed for the synthesis of poly(MEM.,CTM) and
poly(MEM_,MCM,,CTM). The molar feed ratio of 2:1 mannose:prodrug was selected for high
drug loading with optimal biocompatibility based on similar, previously reported polymers ' %,

Polymer compositions were estimated based on 'H NMR [Figure 2.1], which was able to

confirm polymer synthesis and quality purification.
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Figure 2.1: Polymer Characterization via '"H-NMR. Chemical shifts for (top) poly(MEM_,MCM), (middle)
poly(MEM_,CTM), and (bottom) poly(MEM_,MCM_,CTM)

However, due to the complexity of the polymers and resulting NMR spectra, precise composition
and drug loading could only be estimated at the theoretical 15 wt.% antibiotic. An additional

method must be employed to verify precise drug loading, likely via HPLC detection, calculation
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of concentration based on standard curves, and confirmed by comparison to a sample 100%

degraded in an appropriately selected acid or base (see the following drug release section).

2.4.2 Drug Release Kinetics via HPLC: Challenges & Future Studies

In order to understand the release kinetics of antibiotics from the polymer backbone,
HPLC was employed to detect meropenem, meropenem degradation product, ciprofloxacin, and
polymer, simultaneously. A method was adapted from Pinder et al. utilizing a mobile phase of
0.2% phosphoric acid against acetonitrile **. The method was evaluated using free meropenem
dissolved at varying concentrations in deionized water or human serum as well as ciprofloxacin
and a meropenem sample left at RT and allowed to degrade until no meropenem signal was
detected. Meropenem, degraded meropenem, and ciprofloxacin were all detectable with unique
peaks at 6.4, 5.8, and 7.6 minutes, respectively. Standard curves of meropenem in water [Figure
2.2, top] and human serum [Figure 2.2, bottom] were linear from 0.39-800 pg/mL and 3.125-
800 ng/mL, respectively. It should be noted that higher concentrations were not evaluated, so this
range simply defines the lower limit of detection. To evaluate antibiotic release from the polymer
systems, poly(MEM_,,MCM), poly(MEM,.,CTM), and poly(MEM_,MCM,.,CTM) were dissolved
in human serum at 36 mg/mL, a T, time point was pulled, and samples were incubated at 37 °C.
To determine 100% release, polymers were also dissolved separately in either H,SO4 or 0.1N
NaOH and stored at RT for 48 hours to evaluate acidic vs, basic degradation. Time points were
pulled from the incubating polymers (200 pL each) at days 1, 3, 5, 7, and 10. Samples were
processed to remove proteins from the human serum by adding 2x the volume of HPLC grade
acetonitrile (400 pL), vortexing, and centrifugation. Supernatant was then mixed with deionized

water at 1:10 and samples were stored on ice until analyzed.
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Meropenem in H20: HPLC Standard Curve
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Meropenem in serum: HPLC Standard Curve
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Figure 2.2: HPLC Meropenem Standard Curves prepared in (top)

deionized water and (bottom) human serum.

Unfortunately, the 100% release samples of
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poly(MEM,MCM)
poly( MEM ,MCM,CTM) did not show either the meropenem peak or the meropenem
degradation product peak. The poly(MEM_,MCM) also did not have the characteristic polymer
peak, but was very similar to a blank run. The terpolymer did, however, have the characteristic
ciprofloxacin and polymer backbone peaks without the meropenem. In the meropenem standard
curves, a slight reduction in the AUC was observed when comparing the water prepared samples
to the human serum samples and within the serum samples, no meropenem was detected at the
lower concentrations (0.39-1.56 pg/mL) where meropenem was detectable in the water prepped
samples. Combined with other observations discussed later, it’s hypothesized that the

meropenem may be interacting with the serum proteins to be removed during the protein




precipitation step and/or slow or obscure the meropenem release from the polymer. The lack of
meropenem in the 100% samples is particularly confounding as meropenem is so readily
degradable and the samples themselves turn yellow as free meropenem prepared in either water
or serum does when left at room temperature to degrade. Why the 100% samples in both acidic
and basic conditions should produce no detectable meropenem via HPLC suggests something
else is happening, possibly during the sample preparation with acetonitrile. Additional studies are
needed before drug release can be attempted again. Specifically, 1) meropenem retention needs
to be evaluated before and after protein extraction, 2) Meropenem 100% release samples should
be processed without acetonitrile, but instead by dilution with either the mobile phase, 0.2%
phosphoric acid, or in deionized water to determine if the acetonitrile plays any role in the loss of
meropenem, 3) If the acetonitrile plays no role in meropenem loss, as it shouldn’t, the samples
may need more than 48 hours to degrade or an alternative acid and base may need to be found in
the literature, 4) It should be noted that previous drug release studies were under gentle rocking
motion while polymers were incubating at 37 °C. That rocker was no longer in the incubator at
the time of this study and could not be found. While not likely, it’s possible the polymer required
a bit of motion to prevent protein association and allow efficient hydrolysis of the prodrug linker.

When the study is repeated, a rocker should be located and used.

In addition to troubleshooting the loss of meropenem problems, the observed
meropenem, meropenem degradation product, ciprofloxacin, and polymer backbone HPLC peaks
should be verified by collecting those peaks and running mass spectroscopy analysis to confirm

expected masses of those product.
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2.4.3 In vitro cytotoxicity Analysis via MTS Assay

To determine the biocompatibility of the polymer systems, an in vitro cytotoxicity assay
was conducted in RAW 264.7 murine macrophage cells. Cells were seeded into 96-well plates
and allowed to adhere for 18 hours before varying concentrations of poly(MEM,MCM),
poly(MEM,,CTM), poly(MEM,MCM,CTM), and free meropenem were delivered. Once
treated with polymer, cells were incubated for 24 hours prior to media removal and replacement

with a tetrazoleum salt reagent (MTS). The colorimetric change of the MTS reagent was

150
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z 1004
é i o poly(MEM_MCM)
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-*-rrr—r—TrTTrTrTrTr7 -= Free Meropenem
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Polymer Concentration [mg/mL]

Figure 2.3: in vitro cytotoxicity analysis via MTS assay for poly(MEMcoMCM),
poly(MEMcoCTM), poly(MEMcoMCMcoCTM), and free meropenem shows excellent
biocompatibility for all polymers and free drug up to 5 mg/mL.

analyzed at 490nm on a plate reader and adjusted to remove the background (negative control,
empty wells) and then normalized to healthy cells (positive control, untreated cells). No toxicity
(100% viability) was observed for any of the polymers or free drug up to 5 mg/mL [Figure 2.3].
The poly(MEM,,CTM) became somewhat toxic at 10 mg/mL (55% viability), while the other

treatments remained completely nontoxic. This is likely due to the protonatability of the
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ciprofloxacin and potential membrane association/destabilization that is not present with

meropenem. This observation has not been shown to be physiologically relevant in vivo .

2.4.4 In vitro Bactericidal Efficacy via Coculture Mammalian Cell Infection Assay

To investigate the potential of these polymers to combat intracellular infection, their
bactericidal efficacy against the model bacterium B. thailandensis was evaluated within RAW
264.7 cells as previously described "'. The coculture assay captured the full dose response for all
three polymers as well as free meropenem and ciprofloxacin [Figure 2.4]. As expected,

ciprofloxacin had the lowest MIC near 10 pg/mL, consistent with previous data and published
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Figure 2.4: in vitro mammalian cell intracellular infection coculture assay results show the
full dose response curves for free antibiotics vs. polymeric carriers against the model bacterium
B. thailandensis.

37,92
values 3"

. Free meropenem, while more efficacious against Burkholderia in vivo compared to
ciprofloxacin '" ", had a higher MIC value in this assay near 100 pg/mL. This difference is
likely due to poor intracellular accumulation of beta-lactams within mammalian cells compared

to good accumulation of fluoroquinolones; the mechanisms of which are still under investigation

-9 Interestingly, the poly(MEM.,MCM) and poly(MEM,CTM) had near identical dose
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response curves and MIC values near 500 pg/mL. In the absence of drug release kinetics, there
may be two explanations for this effect. The first, and least likely, is that the meropenem is
releasing at a faster rate than the ciprofloxacin from the polymer backbone making up the
difference in intracellular accumulation of the free drugs. Without data, this possibility can’t be

ruled out, but is unlikely due to the similarities between the poly(MEM,MCM) and

100~
75+

50- .............................................

- Ciprofloxacin

% Bacteria Viability

25-
-©- Meropenem
0- T 1 1
o g
Q" O
Q" Q" O

Concentration [ug/mL]

Figure 2.5: Bactericidal activity of free meropenem vs. ciprofloxacin
in B. thailandensis planktonic assay shows ciprofloxacin has slightly
improved activity (1 pg/mL MIC) in culture compared to meropenem
(2.5 pg/mL MIC).

poly(MEM,,CTM) polymers and prodrug linkages. The second, and far more likely, possibility
is that the mannose ligands are increasing the cellular uptake of both polymers, and the released
drugs are in direct contact with the intracellular bacteria. An in vitro planktonic assay comparing
the efficacy of free ciprofloxacin vs. meropenem against B. thailandensis alone revealed that
ciprofloxacin slightly more bactericidal (1 pg/mL MIC) in culture against this model bacterium
than is meropenem (2.5 pg/mL MIC) [Figure 2.5], in contrast to in the clinical setting against B.
pseudomallei.

Finally, the terpolymer containing equal wt% meropenem and ciprofloxacin showed

improved intracellular bactericidal activity over the single antibiotic polymer counterparts, with
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an MIC more similar to free Meropenem near 100 pg/mL. This improvement in activity, despite
the same amount of drug, indicates these two antibiotics aren’t just additive in nature, but
possibly synergistic. This result isn’t unexpected given the differences in their mechanisms of
action, with meropenem acting to prevent bacterial cell wall synthesis and ciprofloxacin

inhibiting DNA gyrase activity *’.

2.4.5 Antibiotic Combination Analysis in a B. thailandensis Planktonic Assay

To investigate the bactericidal effects of ciprofloxacin and meropenem in combination
against B. thailandensis, a standard checkerboard assay was performed for isobologram analysis.
The assay was repeated in triplicate wells on duplicate days and the data presented separately in
Figure 2.6 [top]. The region of the isobologram of high ciprofloxacin concentration to low
meropenem concentration differs by day, appearing for one data set to show an additive effect
and for the other day an antagonistic effect. Two additional processing techniques were applied
to the data to attempt to clarify. For the first, all data for both days were combined and growth
curves created. From those growth curves, EDs, values were determined and plotted [Figure 2.6,
middle] as dose pairs. For the second, each data set was kept separate and EDs, values were
determined, then the two EDsy dose pairs were averaged and plotted [Figure 2.6, bottom].
Without a third repeat of the checkerboard assay, it cannot be accurately determined what the
true nature of the combination effect is using the EDsy endpoint as is traditional for isobologram
analysis. When viewed together with the coculture assay data [Figure 2.4], the isobologram
analysis is confounding. It’s possible that because the EDs, values for each drug individually are

so close, 0.5 pg/mL for meropenem and 0.55 pg/mL for ciprofloxacin, that even subtle
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Figure 2.6: Isobologram analysis of
checkerboard drug combination assay data.
(top) duplicate day data presented separately,
(middle) all data combined to create dose
response curves from which EDs, values were
calculated and then plotted, and (bottom)
duplicate day data was kept separate for EDsg
determination, then EDs, values were averaged
and plotted. All plots indicate some degree of
antagonism between meropenem and
ciprofloxacin against B. thailandensis in
planktonic assay.

fluctuation in technique or Dbacterial
culture cause perceptible differences in
the EDsy dose pairs for these drugs. It’s
also possible that the EDsy endpoint is
inappropriate to capture the actual effect
of meropenem in combination with
ciprofloxacin against B. thailandensis and
a different technique needs to be used,
such as the Chou-Talalay method which

does not rely on a single endpoint (like the

EDs) .

Finally, it could be the nature of the
assay itself. Here, free meropenem and
free ciprofloxacin are prepared in LB
broth prior to addition of bacteria. Every

effort is made so that the antibiotics are



prepared immediately prior to bacteria addition, but due to the nature of bacterial growth, the
antibiotics often sit for 15-45 minutes at room temperature. There may be some interaction
between the antibiotics due to the hydrophilicity of the meropenem and hydrophobicity of the
ciprofloxacin that’s causing an antagonistic effect in planktonic culture that is counter to the
synergistic activity when the antibiotics are polymerized and kept separate until hydrolysis
occurs.

Many reports on the combinatorial effects of meropenem and ciprofloxacin against various
bacteria, including Burkholderia cepacia, indicate these two antibiotics are most often additive,
sometimes synergistic, and very rarely antagonistic in combination ** °’. Because no previous
study, to date, has investigated the combinatorial effects of meropenem and ciprofloxacin against
either B. thailandensis or B. pseudomallei, and because different strains of the same bacteria can
often behave differently, further study is needed to draw any definitive conclusions regarding the

potential synergy between these antibiotics against these bacteria.

2.5 CONCLUSIONS

A novel hydrolysable meropenem prodrug monomer was successfully synthesized and
copolymerized with a mannose targeting ligand to improve internalization into alveolar
macrophage for the treatment of pulmonary melioidosis. A terpolymer containing mannose,
meropenem, and ciprofloxacin was also presented as a first step towards combination antibiotic
therapies utilizing the macromolecular inhalable prodrug format developed previously in the
Stayton lab. These polymers have excellent biocompatibility in culture and show good efficacy
against the intracellular B. thailandensis coculture infection model, with the terpolymer
exhibiting exceptional efficacy particularly compared to free meropenem. While much additional

work is needed, these results indicate the strong likelihood that these systems will be efficacious
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at combating pulmonary melioidosis in vivo and provide a strong foundation for the
development of other combination therapies utilizing this novel synthetic synthesis approach to
overcome many of the challenges associated with both systemic antibiotic delivery and other

nanoparticle drug encapsulation approaches.
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Chapter 3. FUTURE WORK

3.1 INVIVO ANALYSIS

While the in vitro analysis looks promising, the assays are artificial and don’t always
translate to biocompatibility or efficacy in animal models and/or in humans. To truly evaluate the
ability of these meropenem polymer systems to combat pulmonary melioidosis, in vivo analysis
is critical. Preliminary in vivo toxicity results indicate some degree of inflammation to the lungs
[Figure 4.1]. For these studies, 10 mice were be treated for three days, once per day with either
50 uL of PBS (n=5) or 40 mg/kg [Figure 3.1, top] or 20 mg/kg [Figure 3.1, bottom] of
polymerized Meropenem within the poly(MEM,MCM) (n=5) (solubilized in PBS, sterile
filtered 0.22 pum, and delivered in 50 pL). Mice were weighed before treatment each day and just
prior to euthanasia. On day four, 24 hours after the third dosing, mice were euthanized by CO,
asphyxia followed by exsanguination via heart puncture. Lungs were then lavaged with three
repeat washes of 800 uL PBS and harvested. Harvested lungs were homogenized (LTH) in PBS
with protease inhibitor and bronchoalveolar lavage fluid (BALF) was separated from lavaged
cells by centrifugation. Lavaged cells were mounted on glass slides and stained via hemacolor
for differential cell count. BALF and LTH were analyzed via ELISA for TNF-a levels. From
these data, we can see that for the 40 mg/kg treatment group, their weight dropped by almost
20% over the dosing schedule and the neutrophil infiltration into the lungs was dramatically
elevated near 70%, above that of even bleomycin induced lung fibrosis, which is reported at 30%
neutrophil *®. The lower dose of 20 mg/kg lessened the inflammatory response but did not
eliminate it. Polymer treated mice exhibiting not quite 40% neutrophil infiltration and an average

reduction in weight of 3% compared to control mice with a healthy 1-3% neutrophil
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Figure 3.1: In vivo gross toxicity
analysis of poly(MEM_,MCM) in
black 6 mice, following 3
aerosolized, repeat doses, 1 every
24 hours of polymer in 50 pL PBS
at a dose of (top) 144 mg/mL (40
mg/kg assuming 10% drug loading)
polymerized  meropenem, and
(bottom) 43 mg/mL (20 mg/kg
assuming 15 wt% drug loading)
polymerized meropenem compared
to PBS only control.

and slight weight gain
overall.

These results were
unexpected given the low
toxicity observed with near
identical polymer systems

containing ciprofloxacin

rather than meropenem *°,

and the fact that meropenem

is considered safe for
systemic delivery, is
hydrophilic, and has no
readily protonatable side

groups that might carry a
positive charge in vivo.

However, a recently



published study by Imani et al. looked at the concentration/toxicity relationships of some [-
lactams by monitoring various toxicity markers in patients at St. Vincent’s Hospital in Sydney
Australia following antibiotic treatment. They found that meropenem carried a 50% risk of
neurotoxicity at concentrations above just 0.0642 mg/mL and a 50% risk of nephrotoxicity at

' While this study did not evaluate any markers of lung

concentrations above 0.0445 mg/mL
toxicity or signs of inflammation, the low concentrations associated with a 50% risk of other
types of toxicity indicate that the 20 mg/kg dose of meropenem in our studies (corresponding to
43 mg/mL) could very likely be responsible for the observed % neutrophil increase rather than
the polymer itself. Additionally, in a case study published this year a woman treated with
meropenem for a knee infection and 6 weeks later presented with pneumonia '*'. A lung lavage
revealed an 89% eosinophil infiltration. Eosinophils are leukocytes that target parasites and
modulate some allergic inflammatory responses. Neutrophils are the primary leukocyte
responsible for bacteria and fungi destruction. These cell types are very similar in appearance
and H&E stain, and without an eosinophil granule specific stain, they are indistinguishable to the

"2 This is another piece of evidence suggesting that the meropenem itself is

untrained eye
causing the observed toxicity in our studies.

Moving forward, a free meropenem control should be evaluated in vivo to determine the
specific contribution of free drug to the observed toxicity. A dose escalation study could
determine what the toxic dose threshold is and help guide future polymer studies. Doses below
those suggested by the Imani study (<0.0445 mg/mL) and up to the 43 mg/mL concentration
used for the 20 mg/kg toxicity study [Figure 3.1, bottom] should be evaluated to determine the

window of safety. From that data, a third polymer toxicity study may be conducted or a reduced

polymer dose could be selected for in vivo efficacy in the B. thailandensis mice infection model
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in collaboration with the West lab at Harborview. Given the potency of free meropenem in vivo,
it’s quite possible the doses required for ciprofloxacin efficacy in vivo are higher than is

necessary with meropenem, even given the similar MICs in vitro [Figure 2.5].

3.2 COMBINATION THERAPIES

The exceptional bactericidal activity of the terpolymer, poly(MEM.,MCM,,CTM) may
be evidence of drug synergy between meropenem and ciprofloxacin given the degree of
magnitude difference in it’s dose response curve against B. thailandensis compared to the single
antibiotic polymers, poly(MEM,MCM) and poly(MEM.,CTM). To further investigate this
potential, multiple studies are needed. A third repeat of the checkerboard/isobologram analysis
could clear up the ambiguity of the current data set. However, it’s also clear the very nature of
the assay may be causing some of the discrepancies in observed activity between the free drug
interactions in planktonic assay vs. the activity of the drugs from the polymer. A better study
may be a similar approach but by combining the poly(MEMcoMCM) and the
poly(MEMcoCTM) instead of free drug. In the event the polymers are protecting the antibiotics
and preventing hydrophobic/hydrophilic interactions, this approach may be more revealing as to
the actual activity of the drugs in combination within a polymer.

Additionally, in vivo studies for all three polymers should be conducted once the toxicity
challenges are worked out, as mentioned above. The artificial nature of in vitro studies may be
part of the problem between the conflicting drug combination study and the coculture assay data.
Given the rise of antibiotic resistance, reducing antibiotic dosages by an order of magnitude
could have a dramatic effect in slowing the development of more drug resistance bacterial

strains.
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