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Abstract

The iron dependence of antibiotic-resistant microbes represents an Achilles’ heel that can be exploited broadly. The growing
global problem of antibiotic resistance of microbial pathogens wherein microbes become resistant to the very antibiotics
used against them during infection is linked not only to our health uses but also to agribusiness practices and the changing
environment. Here we review mechanisms of microbial iron acquisition and host iron withdrawal defense, and the influence
of iron withdrawal on the antimicrobial activity of antibiotics. Antibiotic-resistant microbes are unaltered in their iron require-
ments, but iron withdrawal from microbes enhances the activities of various antibiotics and importantly suppresses outgrowth
of antibiotic-exposed resistant microbial survivors. Of the three therapeutic approaches available to exploit microbial iron
susceptibility, including (1) use of gallium as a non-functional iron analogue, (2) Trojan horse conjugates of microbial sidero-
phores carrying antibiotics, and (3) new generation iron chelators, purposely designed as anti-microbials, the latter offers
various advantages. For instance, these novel anti-microbial chelators overcome the limitations of conventional clinically-used
hematological chelators which display host toxicity and are not useful antimicrobials. 3-Hydroxypyridin-4-one-containing
polymeric chelators appear to have the highest potential. DIBI (developmental code name) is a well-developed lead candidate,
being a low molecular weight, water-soluble copolymer with enhanced iron binding characteristics, strong anti-microbial
and anti-inflammatory activities, low toxicity for animals and demonstrated freedom from microbial resistance development.
DIBI has been shown to enhance antibiotic efficacy for antibiotic-resistant microbes during infection, and it also prevents
recovery growth and resistance development during microbe exposure to various antibiotics. Because DIBI bolsters innate
iron withdrawal defenses of the infected host, it has potential to provide a host-directed anti-infective therapy.
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FDA Food and Drug Administration

PBP Penicillin-binding proteins

MIC Minimum inhibitory concentration

MAHMP  N-(2-(3-Hydroxy-2-methyl-4-oxopyridin-
1(4H)-yl)ethyl)methacrylamide

GRAS Generally accepted as safe

DNA Deoxyribonucleic acid

TCA cycle Tricarboxylic acid cycle

MRSA Methicillin-resistant Staphylococcus aureus

CFU Colony forming units

FICI Fractional inhibition concentration index

Introduction

Antibiotic resistance of microbial pathogens wherein a
microbe becomes resistant to the antimicrobial activity of an
antibiotic used against it during infection is a growing global
problem with morbidity and mortality rapidly increasing as
effective antibiotic choices dwindle (Barrasa-Villar et al.
2017; Friedman et al. 2016). In perspective, our antibiotic
resistance problem is not surprising given most antibiotics
are, or are derived from, natural microbial products (Katz
and Baltz 2016; Movassaghi and van der Donk 2018). Anti-
biotics are also employed in a microbe-targeted approach
where the antibiotic targets one or only a few closely related
microbial target(s) (Luepke et al. 2017). From this relatively
narrow microbe-targeted approach, positive selection pres-
sure from the antibiotic employed favors survival and out-
growth of antibiotic-resistant clones (Bengtsson-Palme et al.
2018).

The problems of antibiotic resistance are also inextricably
linked to human and animal health antibiotic use/misuse,
agribusiness use practices, and the environment in general.
Many pathogens are opportunistic and otherwise commensal
microbes found naturally in soil and water habitats. Resist-
ance can arise from use of sub-inhibitory concentrations of
antibiotics used as growth promoters in animal husbandry
or from antibiotic residues released to the environment in
domestic or livestock sewage, etc. (Manyi-Loh et al. 2018).
Furthermore, climate change is driving resistance spread as
higher surface water temperatures favor increased growth
and spread of genetic resistance attributes among, for exam-
ple, Vibrio spp. including V. cholerae that cause serious
water and food-borne, sometimes pandemic, enteric infec-
tions (Baker-Austin et al. 2018).

Given these various problems, new alternative approaches
to conventional antibiotics are urgently needed to address
resistance. Of various possibilities, the top ranked alterna-
tives including use of bacteriophages, anti-bacterial pep-
tides, and lysins have yet to yield useful new therapeutics
despite over 10 years of investigation (Czaplewski et al.
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2016). It is interesting to note that these are also relatively
narrow microbe-targeted approaches.

A more recent alternative approach is to target pathogens
more broadly based on their irreplaceable and heightened
requirements for a growth essential trace metal during infec-
tion (Holbein et al. 2021). Iron requirements of pathogens
stand out as the top candidate, given almost all bacterial
and fungal pathogens have irreplaceable iron requirements
for their growth and survival (Ganz 2018; Weinberg 2009).
Iron needs for a multitude of essential iron-dependent tar-
gets (mostly enzymes) in microbes are evident during infec-
tion, and this iron must be obtained from the infected host
(Ganz 2018; Palmer and Skaar 2016; Weinberg 1978, 2009).
Importantly, vertebrate hosts deploy innate iron withdrawal
defense mechanisms that attempt to limit infection (Ganz
and Nemeth 2015; Holbein 1980; Letendre and Holbein
1984; Nairz et al. 2018). The absolute iron dependency of
microbes on the one hand and the iron withdrawal defenses
of the host on the other hand provide the basis for a new anti-
infective approach that is not solely dependent on microbe
targeting but rather introduces a host-directed approach
through bolstering natural defenses.

There are three separate therapeutic approaches that can
exploit the iron dependence of antibiotic-resistant (or sensi-
tive) microbes: (1) gallium a non-functional iron analogue
metal, as administered and taken up by but not useful to
microbes; (2) synthetic copies of microbial iron acquisi-
tion siderophores, chemically linked to antibiotics result-
ing in new Trojan horse carriers of antibiotics, and (3) new
generation purpose-designed anti-microbial iron chelating
compounds.

The clinical iron chelators in current use for other medical
needs (deferoxamine, DFO; deferiprone, DFP, and defera-
sirox, DEF) have been investigated for repurposing as anti-
infectives with poor results. These chelators, not being first
developed as anti-infectives, are only weakly anti-infective
or worse, actually utilized for iron by some microbes. These
also present toxicity concerns as they do not preferentially
access the dynamic extracellular host iron pools which are
most relevant to infection but rather inappropriately access
host intracellular iron pools leading to their toxicity.

For utility as anti-infectives, new iron chelators need to
preferentially target and withdraw microbial accessible iron
pools but not interfere with longer-term host iron homeo-
stasis. In this regard, new generation iron chelators utilizing
hydroxypyridinone metal binding groups have been purpose-
designed as anti-infectives. Of these, the hydroxypyridinone-
functionalized polymers have demonstrated particular prom-
ise. DIBI (developmental code name) is a lead example that
has been extensively developed and tested in a variety of
animal infection models. DIBI preferentially binds extracel-
lular iron and much more strongly than conventional chela-
tors, its bound iron is inaccessible to microbes making it
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1000X more antimicrobial than current choices, and it has
been shown to be non-toxic when administered systemically
to animals.

Here, we review antibiotic resistance of microbial patho-
gens in the context of their iron acquisition and host iron
withdrawal defenses. Of major relevance is the iron require-
ments of antibiotic-resistant microbes are like their antibiotic
sensitive counterparts and iron restriction to microbes does
not impede but rather enhances antibiotic activity includ-
ing with antibiotic-resistant isolates. Very important in this
context is that iron withdrawal by chelators during antibiotic
exposure to microbes restricts microbial recovery growth
thus also suppressing development of antibiotic resistance.
Thus, iron dependency of antibiotic-resistant microbes rep-
resents their Achilles’ heel to exploit therapeutically.

New generation antimicrobial iron chelators such as DIBI
have high promise to provide new host-directed therapies for
infection. Host-directed therapies, i.e., those that work with
and enhance innate host defense mechanisms, offer broader
and longer-term potential, i.e., as opposed to continued reli-
ance on narrow-target microbe-directed antibiotic therapies.
This article is an abridged and updated version of our recent
more comprehensive review (Holbein et al. 2021).

Microbial iron acquisition and host iron
withdrawal during infection

It is quite probable that spatial and temporal fluctua-
tions of iron availability in a single host organism do
occur and that these are sufficient to permit microbial
growth in one portion and microbial death in another
part of the same tissue
E.D. Weinberg (1978).

In the now over 40 years following Eugene Weinberg’s
landmark review on iron in infection (Weinberg 1978), much
has been learned as to the mechanisms that various micro-
bial pathogens deploy to obtain iron from their infected
host and how the host in response deploys iron withholding
strategies to limit infection. Weinberg’s original hypothesis
(quoted above) has proved especially insightful as we now
better understand that different iron pools within the body
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can play quite differing and pivotal roles. For example, a
relatively small reactive intracellular iron pool plays a key
microbiocidal role through iron-driven Reactive Oxygen
Species (ROS) generation in host defensive phagocytes;
these reactive oxygen species kill the phagocytosed bacteria
(Cronin et al. 2019). At the same time, other extracellular
iron pools of the host can be accessed by microbes for their
growth. Microbes deploy various acquisition mechanisms to
obtain this extracellular iron, as most microbial pathogens
grow extracellularly either exclusively or at least during their
initial stages of infection.

Bacteria have evolved various strategies and mechanisms
to obtain needed iron from their host. These include: (1)
siderophore production and uptake, (2) iron acquisition from
heme, (3) iron acquisition from host iron sequestering pro-
teins such as lactoferrin and transferrin, and (4) reduction of
ferric to ferrous iron (the ferrous form being more soluble/
transportable).

Bacterial siderophores

Based on their chemical functionality as to iron binding
groups, siderophores can be divided into three general
chemical classes: hydroxamates, catecholates, and hydroxy-
carbonates (Bilitewski et al. 2017; Caza and Kronstad 2013;
Foley and Simeonov 2012) as shown in Fig. 1. More detailed
reviews on the range of siderophores produced by different
microbes can be found elsewhere (Ellermann and Arthur
2017; Holbein et al. 2021; Holden and Bachman 2015; John-
stone and Nolan 2015; Wilson et al. 2016).

Siderophores typically chelate ferric iron (Fe(IIl)) with
high-affinity (see Fig. 1) and therefore often out-compete
the iron sequestering molecules of the host (Ellermann
and Arthur 2017; Wilson et al. 2016). After binding fer-
ric iron, ferri-siderophores are retrieved from the extra-
cellular environment by their cognate receptors either on
the outer membrane of Gram-negative bacteria or on cell
wall-associated receptors of Gram-positive bacteria. These
receptors facilitate translocation of the iron complex into the
periplasmic space (Bairwa et al. 2017; Caza and Kronstad
2013; Foley and Simeonov 2012; Holden and Bachman
2015; Johnstone and Nolan 2015; Khan et al. 2018; Shel-
don and Heinrichs 2015; Wilson et al. 2016). The specific

Fe3* o,
—> ( JFe*
o

5-membered
chelate ring

Fig. 1 Common siderophore functional groups that can form 5-membered chelate rings. The three main chemical groups of microbial sidero-
phores capable of forming stable five-membered chelate ring structures with iron are shown
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Gram-negative bacterial surface receptors (such as FepA,
IroN, and PfeA from Escherichia coli, Salmonella enterica
and Pseudomonas aeruginosa, respectively) are all members
of the well-known TonB-dependent transporter family and
are usually regulated by the ferric uptake regulator protein,
Fur (Caza and Kronstad 2013).

Periplasmic ferri-siderophore binding proteins then shut-
tle the molecules to specific cell membrane-associated ABC
transporters, which hydrolyse ATP to drive transport of the
iron bearing cargo into the bacterial cytosol (Foley and
Simeonov 2012). Once the molecule reaches the intracellu-
lar space, its iron can be released by physical degradation of
the siderophore or through chemical reduction of iron(III) to
iron(II) using ferri-siderophore reductases or esterases (Caza
and Kronstad 2013; Foley and Simeonov 2012; Kelson et al.
2013; Zhou et al. 2012).

Given the importance of iron, microbial pathogens often
deploy multiple iron acquisition systems or siderophores
to ensure iron acquisition from the infected host (Bairwa
et al. 2017; Caza and Kronstad 2013; Sheldon and Hein-
richs 2015; Sheldon et al. 2016). While different microbial
receptors are often selective for a particular ferri-siderophore
complexes, some bacteria possess broader receptor/uptake
systems for various siderophores secreted by other bacteria
(i.e., xenosiderophores) to achieve what has been termed
iron piracy (Caza and Kronstad 2013). In addition, some
bacteria release siderophores to deprive microbial competi-
tors of iron availability in the community, for example in
the soil.

Some microbes such as Listeria monocytogenes and
Candida albicans do not produce siderophores; instead uti-
lizing heterogeneous xenosiderophores produced by other
microbes (Caza and Kronstad 2013). Alternatively, Neisse-
ria meningitidis does not produce a siderophore, but it can
directly access iron on host transferrin (Holbein 1981). Yet
other microbial pathogens such as P. aeruginosa although
producing its own siderophores can also use xenosidero-
phores to better compete for iron (Caza and Kronstad
2013). Vibrio cholerae has been shown to utilize the TonB-
dependent transport system for vibriobactin, its endogenous
siderophore as well as several siderophores produced by
other microorganisms (Wyckoff et al. 2007), and this so-
called siderophore piracy enhances its ability to grow in
iron-limiting culture and to colonize mice in the presence of
siderophore-producing Escherichia coli. This ability might
enhance the ability of V. cholerae to grow in sewage con-
taminated water as associated with cholera outbreaks.

Bacterial heme utilization
Most of our body iron is incorporated into biological mol-

ecules such as hemoglobin with a porphyrin ring as ferripro-
toporphyrin IX (heme) and this is not directly accessible by
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microbes (Kelson et al. 2013). Heme iron is accessible by
intracellular pathogens or by extracellular pathogens that
produce cytotoxins (such as cytolysins or hemolysins) that
lyse host cells (e.g., red blood cells) to release hemeproteins.
Implicitly lysin production would require bacterial growth
and thus iron for the initial infection and that phase of infec-
tion would likely be dependent on non-heme host iron sup-
plies. In severe sepsis, free heme levels in plasma can also
be elevated due to tissue damage (Larsen et al. 2010), and
therefore, under these conditions additional extracellular
heme would presumably become more available to extra-
cellular pathogens.

Bacteria have developed various strategies to obtain heme
iron from their host during infection by targeting heme,
hemoglobin, or complexes containing these molecules (e.g.,
haptoglobin—hemoglobin, hemopexin-heme) as reviewed
previously (Holbein et al. 2021).

It has been suggested that S. aureus and some strains of
A. baumannii may have more active iron acquisition sys-
tems using heme-based versus siderophore-based acquisition
(de Leseleuc et al. 2014; Kelson et al. 2013). V. cholerae
that utilizes various siderophores also utilizes heme as an
iron source (Wyckoff et al. 2007). The body does possess
defenses to heme access with hemopexin, a liver protein
released during inflammation which binds to free heme to
eliminate it from systemic circulation thus preventing oxida-
tive stress from release of heme bound iron (Tolosano and
Altruda 2002). Addition of exogenous hemopexin has been
shown to modulate experimental P. aeruginosa pneumonia
in mice (Wagener et al. 2018).

Microbial utilization of transferrins and other host
iron sources

Various bacterial pathogens can utilize non-heme, iron-con-
taining proteins as sources of iron, such as the transferrin
class iron carrying proteins (transferrin in blood plasma and
lactoferrin in exocrine secretions) as well as intracellular fer-
ritins (Caza and Kronstad 2013; Chitambar 2010; Holbein
1981). Acquisition from transferrin and lactoferrin is typi-
cally through receptors for these proteins utilizing mecha-
nisms as reviewed recently (Holbein et al. 2021).

Bacteria can also elaborate cell surface ferric reduc-
tases to reduce free ferric iron to ferrous iron which can
then be taken up more readily and utilized by the bacterial
cell (Kelson et al. 2013; Sheldon et al. 2016). Ferrous iron
ions are believed to diffuse freely through the outer mem-
brane of Gram-negative bacteria, with subsequent transport
through the inner membrane by the ABC transporter Feo-
ABC (Caza and Kronstad 2013) which is under control of
fnr (for anaerobes) and fur regulatory elements (Caza and
Kronstad 2013).
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In common with bacteria, pathogenic fungi possess a
number of mechanisms to acquire iron from different sources
in the mammalian host with many of these mechanisms shar-
ing functional similarities with bacterial pathogens (Caza
and Kronstad 2013; Holbein et al. 2021).

Host iron withdrawal during infection

Invasion of vertebrate animals by microbes triggers a host
inflammatory response with an associated hypoferremic iron
withdrawal, whereby extracellular iron levels, particularly
those in the circulating transferrin pool, are lowered to limit
microbial access to iron. The ability of the hypoferremic
response to directly control infection was first demonstrated
with N. meningitidis, the Gram-negative obligate bacterial
parasite that causes human cerebrospinal meningitis and
sepsis. A hypervirulent clinical isolate of N. meningitidis
produced a rapid bacteremia in mice that peaked at 6-9 h,
and then, this infection completely resolved by 18 h while
circulating blood transferrin iron levels (Fe-Tf) dropped to
near undetectable levels in concert with disappearance of the
infection (Holbein 1980). Furthermore, addition of either
exogenous Fe-dextran (Holbein 1980) or Fe-transferrin but
not iron-free Apo-transferrin (Holbein 1981) supported
continued infection resulting in fulminant sepsis and fatal-
ity. Investigation of the mechanism of this hypoferremic
response during meningococcal infection using radiolabeled
iron demonstrated that the drop in the Fe-transferrin pool
was not due to an accelerated removal of this iron pool by
the host, but rather it was associated with an impaired deliv-
ery/resupply of new iron to this dynamic transferrin pool
from intracellular sources (Letendre and Holbein 1984); this
Fe-transferrin pool has a high iron turnover rate, i.e., T, for
iron of only 0.7 h (Letendre and Holbein 1983).

Some years later, the vertebrate host hypoferremic
response was shown to be part of the more generalized
inflammatory responses trigged by infection or by bacte-
rial cell components. In addition to actual infection, both
lipopolysaccharide (LPS) from Gram-negative bacteria and
lipoteichoic acid (LTA) from Gram-positive bacteria induce
leukocyte activation and adhesion to blood vessels and also
stimulate production of inflammatory cytokines including
interlukin-6 (IL-6) in mice in the absence of viable bacteria
(Fokam and Hoskin 2020). Lipopolysaccharide binds to the
macrophage toll-like receptor 4 (TLR4). TLR4 activation
then causes translocation of nuclear factor-kB (NF-kB) into
the nucleus of innate immune cells and transcription, trans-
lation, and cellular release of inflammatory mediators such
as tumor necrosis factor-alpha (TNF-a) and interlukin-6.
Interlukin-6 is known to upregulate hepcidin synthesis in the
liver (Johnson and Wessling-Resnick 2012). Hepcidin is a
host hepatocyte produced antimicrobial peptide and also the

main regulator of vertebrate host iron hemostasis. Increased
hepcidin levels then cause cellular internalization and lyso-
somal degradation of ferroportin, the cell membrane-asso-
ciated transporter protein responsible for iron release from
intracellular to extracellular (transferrin) compartments.
This results in lowering of transferrin iron levels, i.e., the
hypoferremic response. Macrophages are now known to
play important central control roles in these inflammatory
responses as well for overall iron homeostasis (Sukhbaatar
and Weichhart 2018). A key overall result from activation of
these pathways is a decreased extracellular iron availability
(Barton and Acton 2019).

Importantly, this host hypoferremic response occurs very
early in infection while microbes are in battle to obtain their
initial iron supplies from host iron pools. In this regard, it
is also important to appreciate that most microbes do not
typically store excess iron for future needs and generally
arise from iron-limited environments as they enter the body
to infect. Thus, when microbes find the opportunity to ini-
tiate infection on or within a vertebrate host, they require
immediate access to host iron, i.e., to grow and evade host
defense clearance mechanisms. On this basis, iron access
by microbes and host iron withdrawal defenses are very
important during the early (including subclinical) stages of
infection.

Other factors involved in limiting extracellular iron
availability include lactoferrin and lipocalin (siderocalin).
Constitutively high levels of lactoferrin are found in most
mucosal surface secretions, including tears, saliva, bile, and
breast milk (Ward et al. 2002). Pro-inflammatory cytokines
such as TNF-a also induce the release of lactoferrin from
neutrophilic granules at the site of infection (Afeltra et al.
1997). Accordingly, the addition of exogenous lactoferrin
has been shown to reduce pulmonary M. tuberculosis burden
in a mouse model of iron overload (Schaible et al. 2002) and
growth of S. aureus in the mammary system of cows with
mastitis (Lacasse et al. 2008). The capacity of lactoferrin
to sequester iron also has been implicated in the ability of
patients with cystic fibrosis to control opportunistic P. aer-
uginosa infection and biofilm formation in the respiratory
tract (Britigan et al. 1993).

Iron in systemic inflammation and sepsis

Sepsis is defined as life-threatening organ dysfunction
caused by a dysregulated host response to infection (Singer
et al. 2016) and considered the “worst case” of an infec-
tion, where the body’s overwhelming immune response
leads to tissue damage, organ failure, and death. With over
1.5 million sepsis hospital stays per year, sepsis costs total
$27 billion each year in the USA alone (Paoli et al. 2018).
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At present, there is no FDA-approved therapeutic for sepsis
available.

There is increasing clinical evidence that host iron dys-
regulation plays important roles in susceptibility to sepsis
and its disease course (Brandtner et al. 2020). Iron plays
Janus-faced roles in sepsis. Physiological intracellular iron
levels are beneficial for the efficient production of bacte-
ricidal reactive oxygen species utilizing the Haber—Weiss
and Fenton reactions with iron as the catalytic co-factor
(Fokam and Hoskin 2020). Nonetheless, reactive oxygen
species over-production, a common event in sepsis due to
the dysregulation of the immune response can harm healthy
tissues and contribute to organ dysfunction and multiorgan
failure (Dickson and Zhou 2020). Therefore, iron restriction
is considered a potential target in sepsis therapy (Scott et al.
2020). As outlined above, the approach of iron withdrawal
by chelators could also reduce bacterial growth which is the
main goal of sepsis therapy. Limitations of this approach are
the hypo-inflammatory phase of sepsis (immuno-paralysis)
and most likely in conditions with severe true anemia.

Clinical findings have confirmed that the known physi-
ological mechanisms of iron restriction in infection also have
implications for sepsis as critically ill sepsis patients gener-
ally have low systemic iron levels as consequence of the host
defense to infection (Tacke et al. 2016). This physiological
response to infection is often misunderstood and patients
often receive (too) early treatment with blood transfusions
or even erythropoietin for clinical iron deficiency, i.e., ane-
mia. Not surprisingly, these therapies did not improve the
outcome of sepsis in randomized controlled studies (Jandu
et al. 2018; Pearl 2014).

Animal experiments have shown beneficial effects of iron
chelation in models of sepsis with reduced hyper-inflam-
mation and improved survival confirming the concept of
the dual role of iron deprivation in systemic inflammation/
infection: reduction in bacterial growth and attenuation of
reactive oxygen species overproduction. Specifically, studies
from our group using the novel iron chelator, DIBI, which
binds iron in a form inaccessible for bacteria, showed a sig-
nificant reduction in leukocyte over-activation and excess
systemic cytokine levels in models of both endotoxin-
induced and surgical sepsis (Islam et al. 2016; Thorburn
et al. 2017). More recently, we have shown that iron chela-
tion by DIBI is beneficial in sepsis induced by several other
bacterial toxins (Fokam et al. 2020b) and improves survival
in preclinical sepsis models (Fokam et al. 2020a). These
findings were confirmed in experiments with DIBI com-
pared to the classical iron chelators, deferiprone, deferasirox
and deferoxamine (Lehmann et al. 2021). In these studies,
DIBI’s superior iron binding characteristics, its low host
toxicity and its higher antimicrobial activities as compared
to these conventional clinical chelators (see Table 1) were
consistent with the findings of reduced bacterial burden and
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better modulation of the excess inflammatory responses in
experimental polymicrobial sepsis.

Clinical trials with iron chelators to treat sepsis have not
yet been carried out but these now appear warranted. The
body of evidence for the role of iron in sepsis is growing.
However, despite this increased knowledge, iron levels and
related clinical markers of iron metabolism are not yet rou-
tinely measured in sepsis patients and such measurements
would also appear to be warranted. In particular, patients
with underlying diseases are at increased risk of sepsis-
related complications: dysregulated iron metabolism with
elevated plasma and/or increased intracellular iron stores is
a feature of both, diabetes (Altamura et al. 2017) and cardio-
vascular disease (Wunderer et al. 2020), and has also been
implicated in hypertension (Sangartit et al. 2016).

Exploiting essential microbial iron needs

We have previously discussed the iron requirements of
microbial pathogens in detail (Holbein et al. 2021). Patho-
genic microbes are completely dependent on iron acquisi-
tion for their virulence and growth during infection, and this
essential requirement representing a microbial Achilles’ heel
can be targeted in three separate ways.

Gallium iron mimic

Iron(III) can be displaced by gallium(III) (Ga) in most iron
complexes, but gallium does not have the essential redox
properties of iron(IIl), and thus, gallium-substituted com-
plexes are non-functional. Gallium(III) salts or gallium
organo-complexes have been investigated as anti-infectives
(Banin et al. 2008; Chitambar 2016, 2017; Kelson et al.
2013; Rangel-Vega et al. 2015; Stojiljkovic et al. 1999). We
have reviewed these investigations more fully previously
(Holbein et al. 2021).

Despite some promising results, there are several chal-
lenges to using gallium as an alternative to antibiotics. Not
all bacterial strains are susceptible to gallium, for example,
some A. baumannii strains can circumvent gallium nitrate
activity with a heme receptor (de Leseleuc et al. 2014). In
addition, there is the toxicity concern when high or pro-
longed doses of gallium might be used since the toxicity of
gallium and its compounds have yet to be fully studied (Chi-
tambar 2016, 2017). Gallium would presumably also dis-
place host iron, and since there are no excretion mechanisms
available for iron, gallium parenterally administered could
accumulate in the body leading to toxicity. Further elucida-
tion of the uptake and metabolism mechanisms of iron and
gallium in bacteria will help define and optimize potential
use of gallium complexes in vivo. Additional evaluation of
gallium-based drugs, particularly as related to potential host
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Table 1 Characteristics of conventional clinical chelators and comparison to DIBI

Iron chelator Deferoxamine (DFO) Deferasirox (DEF) Deferiprone (DFP) DIBI
Structure See Fig. 2 See Fig. 2 See Fig. 2 See Fig. 2
MW (Da) 561 373 139 9,000 avg.* (polymer)
Fe(I1I): chelator complex 1:1 1:2 1:3 3:1?
Fe binding constant log K 30.6° 36.5° 36.7° 4102
Hydrophobicity/hydrophi-  —3° 4.3° -0.8° —1.87°
licity log P
FDA approval 1968 2005 2011 In development

Transfusional iron
overload?

Treatment indication
overload?

Serious limitations and Promotes infections®

toxicities

Antimicrobial activity Poor, promotes growth Low

MIC (uM) Gram-positive ~ >913¥ 21!
bacteria

MIC (uM) Gram-negative ~ >913X 133™
bacteria

MIC (uM) fungi >228" 67°

Transfusional iron

Renal failure™

Transfusional iron overload Anti-infective® anti-inflam-
d matory’

Agranulocytosis® None to date from oral and
systemic animal testing’

Very low (host toxic range) Strong

575¢ 0.2°
2878 0.2°
1151" 0.2"

#Gumbau-Brisa et al. (2020) https://doi.org/10.1007/s10534-020-00253-1

Vlachodimitropoulou et al. (2017) https://ashpublications.org/blood/article/130/17/1923/36515/Eltrombopag-a-powerful-chelator-of-cellular-or

“Holbein, unpublished CRO report: JBL-DMPK-0062-0016
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toxicity issues and their effects on innate host iron with-
drawal defense mechanisms, is needed to establish whether
potential gallium-based therapeutics have a significant place
in the treatment of infections in humans.

Trojan horse siderophore-antibiotic conjugates

Siderophore—antibiotic conjugates utilize a siderophore
structure essentially as a bait and vehicle to deliver an
antibiotic cargo into the periplasm or cytosol of bacterial
cells through the cognate cell surface siderophore-specific
receptors, akin to a “Trojan horse” (Budzikiewicz 2001;
Mollmann et al. 2009). A range of natural and synthetic
siderophore—antibiotic conjugates have been identified
or synthesized over the past 50 years (Johnstone and
Nolan 2015). Because of their potential attractiveness,

rationally designed synthetic siderophore—antibiotic con-
jugates comprising different classes of antibiotics and rel-
evant or specific siderophores of targeted pathogen have
been constructed. We have previously reviewed various
siderophore—antibiotic candidates (Holbein et al. 2021).
To date, siderophore—lactam conjugates have been the
most investigated and developed. Since our previous
review (Holbein et al. 2021), four compounds, cefetecol,
BAL30072, GSK3342830, and cefiderocol (Powers 2020),
have reached clinical trials. Cefiderocol (Fetroja®) is the
first FDA-approved novel, synthetic siderophore—antibiotic
conjugate. Its cephalosporin moiety inhibits bacterial cell
wall synthesis by binding to penicillin-binding proteins
(PBP) and inhibiting peptidoglycan synthesis, whereas
the siderophore (catechol) moiety facilitates the entry into
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bacterial cells through active iron transporters in E. coli
and P. aeruginosa (Bonomo 2019; Naseer et al. 2020).

Despite these promising results, selection of the appropri-
ate siderophore vehicle remains challenging due to: (1) the
rapid emergence of potential resistance due to the presence
of multiple siderophore receptors in bacteria; (2) the exist-
ence of bacterial “cheaters” which take siderophores from
other bacteria rather than their own, a common feature in
polymicrobial infections; and (3) the potential down-regu-
lation of the siderophore receptors on bacterial cell surface
(Budzikiewicz 2001; Foley and Simeonov 2012). While
new siderophore—antibiotic conjugates have potential to
deliver antibiotics to susceptible microbes, the likelihood
for resistance development can be expected to be similar to
what has already been experienced from other conventional
antibiotics.

Iron chelators to intercept and deny iron
to microbes

Natural microbial siderophores such as deferoxamine (DFO)
and the synthetic chelators, deferiprone (DFP), and defera-
sirox (DEF) have been clinically approved and are currently
used for the treatment of various hematological disorders
featuring iron overload, such as with Thalassemia patients.
However, testing these chelators for potential re-purposing
on the basis of their antimicrobial activities has yielded poor
results as we previously reviewed (Holbein et al. 2021) and
now summarize in Table 1. Here, we have compared the
antimicrobial activities as reflected by typical Minimum
Inhibitory Concentrations (MIC) against members of the
three main classes of microbial pathogens, i.e., Gram-posi-
tive and Gram-negative bacteria and fungi. Minimum inhib-
itory concentrations expression on a molar concentration
basis (versus weight basis) is important for comparing dif-
ferent chelators given their differing molecular weights. The
chemical structures of these chelators are shown in Fig. 2.
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Deferoxamine

Fig.2 Chemical structures of iron chelators. The chemical structures
of the three chelators, deferoxamine, deferasirox, and deferiprone as
in current clinical use for treating hematological disorders are shown.
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From Table 1, the problems of hematological chelators
as potentially repurposed as antimicrobial therapeutics are
fully evident. Deferoxamine is widely known to promote
microbial growth which is not surprising given it is itself,
a microbial siderophore and because various microbes can
utilize it (see xenosiderophores above). It can also be appre-
ciated that high concentrations of deferasirox or deferiprone
are required to inhibit microbes. In the case of deferiprone,
the required minimum inhibitory concentrations could not
be obtained easily in vivo and are in the host-toxic range
for the chelator itself. These problems with the currently
approved chelators underscore and explain the historical
lack of progress in capitalizing on the exploitation of micro-
bial iron dependence using chelators. However, these same
problems have informed the design of a new generation of
antimicrobial-specific chelating compounds.

We had reviewed (Holbein et al. 2021) the issues of using
low molecular weight iron chelators in general, including
the clinical hematological types of Table 1, and proposed
that the limitations in antimicrobial activities for these
are related to their small molecule nature (i.e., molecular
weight < 1500 Da), the chemistry of their chelating groups,
and their overall iron-binding characteristics. For effective
antimicrobial activity of an iron chelator, it is important to
ensure that the iron complex formed by the chelators cannot
be readily recognized, taken up, or be otherwise accessed by
the microbial pathogen.

We have reviewed desirable characteristics for novel
anti-infective chelators (Holbein et al. 2021) and here
emphasize five key features for useful antimicrobial/anti-
infective activity: (1) employing non-siderophore chelating
chemistry, i.e., chemically unlike bacterial siderophores
in terms of iron chelating component groups; (2) having a
molecular size > 1500 Da (i.e., well above the lowest size
freely accessible by direct diffusional uptake by both bac-
terial or host cells; (3) possessing iron binding formation
constants as high or higher than either siderophores or cur-
rent clinical chelators; (4) displaying low toxicity to the

o 0
OH
||
N
|

Deferiprone DiBI

These three have been shown to have poor antimicrobial activities.
Also shown is the structure of the novel chelator DIBI which was spe-
cifically developed as an antimicrobial iron withdrawal agent
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infected host, i.e., having high anti-microbial activity but
yet a low host toxicity; and (5) of sufficient water solubility
to provide flexible formulation and administration options
(e.g., intravenous systemic delivery) of the chelator into the
infected host to allow it better access and distribution into
host extracellular compartments. These various attributes
are further discussed below in relation to recently advanced
novel chelators.

Hydroxypyridinone, preferred antimicrobial
iron chelating ligand

Based on the chemistry of various microbial siderophores
(Fig. 1) and the current clinical hematological chelators
(Fig. 2), the utility of the hydroxypyridinone chelating group
is driven forward. The structure of DIBI a hydroxypyridi-
none chelator is also shown in Fig. 2 and is discussed below.
Hydroxypyridinones combine the chemical characteristics of
both hydroxamate and catecholate groups. While catecholate
ligands, such as enterobactin and its analogues, have higher
stability constants for iron(III) than some hydroxypyri-
dinones, under acidic conditions they are limited by their
weak acid nature and require the loss of six protons to
bind iron(IIT). Hydroxypyridinones are monoprotic acids
and require the loss of only three protons to form a neu-
tral tris-coordinated iron(III) complex. The structure of the
hydroxypyridinone chelate therefore differs significantly
from siderophores, and thus, it may not be readily recog-
nized or accessed by bacteria.

Deferiprone (see Table 1, Fig. 2) is a 3-hydroxypyridin-
4-one chelator. At pH 7.4, deferiprone is found in its neutral
form and the iron(IIT) complex carries no net charge and can
thus penetrate membranes easily to remove potentially toxic
iron from tissues (Liu and Hider 2002). The low molecular
weight of deferiprone allows its efficient absorption into the
intestinal tract and penetration into cells. In addition, it can
remove iron(IIl) from ferritin and transferrin (Dobbin et al.
1993). However, the concentrations needed for antimicrobial
activity are very high and would prove toxic for in vivo use
(see Table 1). Deferiprone toxicity issues appear related to
its ability to enter cells and remove intracellular iron stores,
and because being bidentate, it can bind iron in a non-fully
coordinated manner under some conditions leaving its bound
iron redox reactive for toxic reactive oxygen species gen-
eration. Deferiprone’s ability to readily enter cells may also
explain its very poor antimicrobial activity as conceivably
it could enter microbes providing them intracellular iron.

Hydroxypyridinone polymeric iron chelators

We have previously reviewed various new hydroxypyridi-
none candidate anti-microbial compounds and the evidence

for hexadentate iron binding molecules having greater util-
ity over their corresponding bidentate and tridentate ligands
(Holbein et al. 2021). From these attempts, higher molecular
weight (i.e.,> 1500 Da) has been confirmed as a key aspect
for reducing microbial access. In this regard, hydroxypyri-
dinone-containing polymers have emerged as providing
desirable antimicrobial benefits. The development of anti-
microbial hydroxypyridinone containing polymers addresses
the utilities of preferred ligand, increased molecular weight
and improved iron capacity. We have also reviewed vari-
ous approaches to polymer preparation (Holbein et al. 2021)
with co-polymerization emerging to be the most versatile
approach. Co-polymers offer advantages as to the types and
relative amounts of iron binding monomer groups that can
be incorporated into the co-polymer while the structural
monomer can be selected to provide other desirable charac-
teristics such as water solubility.

To date, two independent approaches have been taken to
prepare antimicrobial linear hydroxypyridinone containing
co-polymers as illustrated in Fig. 3 The first approach (Zhou
et al. 2015a) incorporates monomer ligands with hexadentate
binding sites, and their preferred copolymer product 16—4 is
shown in Fig. 3. The second approach utilizes bidentate iron
binding monomers (Ang et al. 2018; Gumbau-Brisa et al.
2020; Holbein et al. 2011) with a preferred co-polymer prod-
uct typified by DIBI as shown in Fig. 3.

Zhou et al. (2015b) co-polymerized a hexadentate
3-hydroxypyridin-4-one monomer with 2-hydroethyl
acrylate monomer using azobisisobutyronitrile. The poly-
mer’s iron binding capacity was affected due to the limited
incorporation of the monomer during polymerization and
the highest achieved was a co-polymer synthesized with
an initial monomer mole ratio of 9% and iron capacity of
370 umol of iron per gram of polymer. The measured log
Keq (;) Fe(Ill) value of the hexadentate monomer was
determined to be 33.6. In addition, the calculated pFe3+
values were similar between the hexadentate monomer and
co-polymer, 29.7 and 29.8, respectively; pFe’* values are
related to log K, (f5) Fe(Ill) values and represent the nega-
tive logarithm of the free ferric iron in solution at pH 7.4 for
a defined concentration of ligand (107> M) and iron (107 M)
(Harris et al. 1979). While the log K, (/) Fe(Ill) of the
copolymer was not reported by Zhou et al (2015a, b), the
similar pFe** values indicate that both monomer and poly-
mer species had similar affinity for iron(III) and therefore
similar stability constants. This latter aspect is significant in
relation to achieving enhanced biological activity over small
molecule chelators with iron binding polymers, i.e., where
the polymer can be more active as to iron binding and anti-
microbial activity than its component monomer (see below).

In the second approach, Ang and co-workers (Ang et al.
2018) described 3-hydroxypyridin-4-one polyvinylpyr-
rolidone co-polymers. The polymerizations were carried
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Co-polymer 16-4; m = 50, n = 1200
(Zhou et al., 2015)

HO o}

Co-polymer DIBI; m =9, n =62
(Ang et al., 2018)

Fig.3 Structural differences between co-polymer 16—4 (Zhou, Kong,
et al. 2015a, b) and co-polymer DIBI (Ang et al. 2018). For co-poly-
mer 164, each of the metal binding monomer units used to prepare
the co-polymer were capable of hexadentate iron binding. For DIBI,
monomer groups capable of only bidentate iron binding were utilized.
However, the metal binding characteristics and antimicrobial activi-
ties of the resultant co-polymers were strikingly different. The tertiary
structure of DIBI appears such that it folds and wraps itself around
its bound iron as three neighboring metal binding groups cooperate
to complete full hexadentate iron coordination as shown. In contrast,
with co-polymer 16-4 cooperation of neighboring monomer groups
is not required and the co-polymer likely remains as a linear mole-

out using commercially available N-vinylpyrrolidone and
a bidentate 3-hydroxypyridin-4-one chelating monomer,
N-(2-(3-hydroxy-2-methyl-4-oxopyridin-1(4H)-yl)ethyl)
methacrylamide (MAHMP), in mild aqueous conditions
that gave high yield of the co-polymer. The optimized lead
compound, DIBI shown in Fig. 3, has an average content
of MAHMP of 24% w/w, with a polymer product recovery
of 85% and an iron binding capacity of 338 umol iron per
gram of polymer. The molecular weight of DIBI as meas-
ured by gel permeation chromatography was 9 kDa with a
polydispersity index of 1.2. DIBI is also highly soluble in
water, at up to 70% w/w, without the use of organic solvents
(Ang et al. 2018).
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cule with iron bound by individual monomer groups as shown. These
two different structures result in very different overall iron binding
strengths and corresponding antimicrobial activities as reflected in
their MIC values for S. aureus. Comparisons of component monomer
and resultant copolymer MIC values allows the quantification of the
gain in antimicrobial activity achieved with the co-polymer structure
over its component metal binding monomer as shown by a measured
Polymer Activity Index (PAI). PAI=1 for 16—4 polymer which indi-
cates no net improvement or degradation of the antimicrobial activity
over the free monomer. PAI=4400 for DIBI, indicating a very strong
enhancement of antimicrobial activity of the polymer over the free
monomer (figure adapted from Gumbau-Brisa et al. 2020)

Importantly, DIBI showed both a much higher (~ 1000X)
iron binding strength and antimicrobial activity in compari-
son to its MAHMP component monomer. DIBI’s log K
(f3) Fe(1lI) =41.05 for iron is 1000X higher than for its
MAHMP monomer with log K, q (B3) Fe(ll) =38.22 (see
Table 1, Gumbau-Brisa et al. 2020). Consistent with this
stronger iron binding, the minimum inhibitory concentration
of DIBI was also approximately 3 orders of magnitude lower
in comparison to its component MAHMP monomer (Ang
et al. 2018) and in comparison to DFP (Table 1).

DIBI also exhibits a very low toxicity profile (Table 1).
No observable toxic effect levels were reached in rats in
either 14 day repeated oral or systemic dosing at the
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highest doses tested (1000 mg/kg/day oral and 200 mg/kg/
day intravenous).

DIBI structure teaches a preferred design
for antimicrobial polymeric iron chelators

The structural differences between polymer 16—4 and DIBI
(see Fig. 3) and their influences on how their iron is bound
and therefore their resultant anti-microbial activities suggest
these polymers interact with iron very differently in terms
of their tertiary structures with their bound iron. The unit
hexadentate chelators of polymer 164 would likely act inde-
pendently in binding one iron atom and the resultant metal
complexes are strung along the polymer backbone as shown
in Fig. 3. From this it can be inferred that the shape of the
iron bound structure of 16—4 would not significantly deviate
from its iron-free structure. As an aside, in the reported iron-
binding dendrimers this is more the case where the chelated
iron atoms are rigidly bound to a central scaffold, that render
their exposure to the aqueous environment and susceptibility
to redox cycling (Zhou et al. 2018, 2014).

In the case of DIBI, the iron binding moieties would
aggregate from different locations along the polymer back-
bone to form the iron tris-chelates, thus forcing the poly-
vinylpyrrolidone backbone to fold and squeeze against the
formed metal complexes. Thus, the polyvinylpyrrolidone
backbone would support the internalization of the bound
iron, by enveloping it and keeping it physically shielded
from the external environment as surrounding the complexed
iron structure and thus, possibly hidden from microbes or
their siderophores.

The enveloping of the iron complexes due to the “pinch-
ing” of the polymer chain and creating a steric barrier around
the bound iron has been investigated (Gumbau-Brisa et al.
2020). A globular structure for DIBI was proposed following
the binding of iron as opposed to the maintenance of a linear
structure with polymer 16—4. Formation of a steric barrier
and internalized shielding of the bound iron is supported
by the observations that Fe;(DIBI) is resilient to protona-
tion by high concentrations of hydrochloric acid and reduc-
tion by the strong reductant, dithionate and which were not
observed for solutions of Fe(deferiprone); or Fe(MAHMP);.
When DIBI is mixed with Fe(deferiprone); with equimolar
hydroxypyridinone contents, DIBI was able to steal the iron
from deferiprone and shield deferiprone from re-entry to the
internal coordination environment of DIBI. As well, DIBI
owing to its higher binding affinity was also found to steal
iron from transferrin.

The resistance to reductive off-loading of the iron bound
to DIBI has biological significance given microbes are capa-
ble of reductive iron capture (see section above). DIBI’s
ability to off load iron from transferrin (and thus likely
lactoferrin as well) is consistent with its in vivo activities

of reducing infection, i.e., as to augmenting and bolstering
innate host iron withdrawal defenses. In this context DIBI
in vivo with transferrin or lactoferrin would provide an aug-
mented capacity of innate ion withdrawal defenses.

Given the above, the structure of DIBI teaches beyond the
needs for high molecular weight and water solubility for util-
ity as an antimicrobial polymer. Evidently, physically hiding
and withholding iron by a change in morphology upon bind-
ing ushers these design aspects forward. The use of polyvi-
nylpyrrolidone as a backbone must be also highlighted, as it
is regarded as non-toxic, generally accepted as safe (GRAS),
and is ubiquitous in the medical field and it attributes for the
high water solubility and low toxicity profile of DIBI.

We have summarized the activity enhancements observed
with DIBI’s structure and its measured performance as
compared to its component monomer and in comparison,
to the 16—4 polymer reported by Zhou (2015). This com-
parison was possible because both the monomer and the
resultant polymer for each were measured for their antimi-
crobial activities using S. aureus as the test microbe. Table 2
summarizes the polymer activity index as introduced by
Gumbau-Brisa et al. (2020) and as determined for both the
polymers’ iron binding affinities and their anti-microbial
activities. The greatly increased activity (~ 1000X) for
DIBI compared to the no net increased activity for polymer
164, provide strong supporting chemical characterization
evidence for DIBI’s low toxicity and enhanced biological
activities as found in animal testing. We have found meas-
urement of polymer activity index has utility for assessing
additional polymer leads including from the use of alternate
iron-binding monomers and chemical congeners of MAHMP
etc. (Ang et al. unpublished results).

Antibiotic resistance and microbial iron
needs

Antibiotic resistance occurs from several mechanisms
that can arise within a microbe or be acquired from other
microbes through the transfer of genetic elements coding
for resistance. We and others have previously reviewed these
mechanisms (Holbein et al. 2021; Schroeder et al. 2017)
with the main mechanisms as summarized in Table 3. It
can be appreciated that each of these mechanisms requires
microbial growth and/or synthetic activities for their expres-
sion and therefore all would have at least some degree of
dependence on iron-dependent enzymes. Correspondingly,
iron restriction could broadly affect expression of these
mechanisms. Examples of key iron-dependent enzymes are
ribonucleotide reductase needed for DNA repair/synthesis;
cytochrome oxidase needed for ATP energy production and
citrate aconitase needed in the tricarboxylic acid (TCA)
cycle. Deficiencies in these enzymes could be expected
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Table 2 Comparative enhanced

. . Activity characteristic
activity of pyridinone polymers

Polymer 16—4 (Zhou et al. 2015a, DIBI (Gumbau-

b) Brisa et al.

2020)
Log Ko (f3) Fe(III) monomer (pFe3+) 33.61 (29.7) 38.22
Log Ko (f3) Fe(IlI) polymer (pFe3+) n/a (29.8) 41.05
PAl-iron binding (P/M) ~1 676
MIC S. aureus monomer uM 41 176
MIC S. aureus polymer uM 41 0.04
PAI-MIC (M/P) 1 4400

PAI-Fe binding is defined as the ratio between the polymer log K, or pFe** and the monomer K q or
pFe**. PAI-MIC is defined as the ratio between the MIC of the monomer and the MIC of the polymer: For
both PAIs if < 1, polymer is less active than monomer, if PAI~ 1, polymer and monomer have similar activ-
ity and if PAI> 1, polymer has enhanced activity over the free monomer. pFe>* is the negative logarithm of
the free ferric iron in solution at pH 7.4 for a defined concentration of ligand (10-5 M) and iron (10-6 M)

(Harris et al. 1979)

to affect the expression of various antibiotic resistance
mechanisms.

We have previously reviewed evidence demonstrating
that antibiotic resistance does not lead to a reduced iron
requirement of the resistant microbial strain, i.e., relative
to its antibiotic sensitive counterpart strain (Holbein et al.
2021). For example, for isogenic S. aureus strains, neither
a gain nor a loss of mupirocin resistance resulted in any
change in sensitivity to the iron chelator DIBI. In addition,
the presence or absence of resistance to broadly different
antibiotics (i.e., different chemical classes of antibiotics) for
broadly different microbes (both Gram-positive and Gram-
negative) did not reflect changes in iron needs based on sen-
sitivity to iron chelators. As well, the requirement for iron as
measured for growth was similar for both antibiotic-sensitive
and antibiotic-resistant microbes in the cases of C. albicans
(Savage et al. 2018), S. aureus (Parquet et al. 2018) and A.
baumannii (Parquet et al. 2019). Thus, these various studies
establish that the overall iron requirements are similar for
both antibiotic-resistant isolates and their antibiotic sensi-
tive counterparts.

Iron chelators suppress infection
from antibiotic-resistant microbes

Another key requirement for iron withdrawal agents regard-
ing their potential use as anti-infective alternatives to antibi-
otics is their ability to suppress infection as caused by anti-
biotic-resistant microbes, i.e., in addition to demonstrated
in vitro activity. This key aspect has seen only limited study
to date, but a number of recent studies have demonstrated
that novel chelators do possess useful in vivo anti-infec-
tive activities against antibiotic-resistant pathogens. Fig-
ure 4 summarizes findings from several such studies. The
hydroxypyridinone DIBI has been shown to suppress both
wound and nares topical infections with antibiotic-resistant
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S. aureus in mice with two days of topical treatment (i.e.,
DIBI application to the wound or intranasally, respectively)
at approximately 10 umol/kg per day. The wound infection
model utilized for this study was first established to validate
fusidic acid efficacy (Kugelberg et al. 2005) and the results
with DIBI showed comparable reductions in bacterial bur-
den to that reported by those authors for fusidic acid. The
nares carriage model utilized was described by Chhibber
et al. (Chhibber et al. 2014) and DIBI was found to reduce
nares burdens comparably or better than that reported for
mupirocin, noting mupirocin is currently clinically used in
man for decolonization of MRSA (Humphreys et al. 2016).
Reductions in MRSA bacterial burdens with these discrete
infections, i.e., in different body compartments of BALB/C
mice, were significant as compared to sham treated controls.
Separately, deferasirox with its somewhat improved anti-
microbial activity as compared to deferiprone or deferoxam-
ine (see Table 1) has been shown to suppress experimental
systemic infection in mice caused by antibiotic-resistant
S. aureus MRSA including a vancomycin resistant clini-
cal isolate (Luo et al. 2014). A two-day intravenous treat-
ment course with approximately 10 pmol/kg/day deferasirox
resulted in a reduced (although not statistically significant)
bacterial burden in both kidneys and spleens of infected mice
(Fig. 4). Consistent with these various studies, S. aureus has
been shown to upregulate its iron acquisition mechanisms
during growth in the nares (Chaves-Moreno et al. 2016) and
during systemic infection (Bacconi et al. 2017).

In a separate study of experimental pneumonia/septice-
mia in BALB/C mice caused by intranasal introduction of
a hyper virulent antibiotic-resistant isolate of A. bauman-
nii, DIBI reductions in A. baumannii bacterial burdens in
both the lung and spleen (see Fig. 4) were comparable to
those obtained with tigecycline an antibiotic to which this
isolate is highly susceptible (Parquet et al. 2019). Impor-
tantly, A. baumannii has also been shown to upregulate its
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Table 3 Main mechanisms of antibiotic resistance and effects of iron withdrawal

Likely affected by iron withdrawal?

Examples (reference)

Nature of resistance

Resistance mechanism

B-lactam degradation and aminoglycoside modi-  Presumably yes as enzyme induction requires RNA

Enzymes produced by microbes to modify/

Antibiotic neutralization

and protein synthesis utilizing iron dependent

enzymes

fications (Wright 2005); metallo-p-lactamase,

degrade antibiotic; rendering it inactive

and aminoglycoside acetyltransferase in A.

baumannii

Mupirocin resistance in S. aureus from altered Presumably yes as low iron can suppress Fe-

Mutations providing altered non-sensitive micro-

Antibiotic target modification

dependent ribonucleotide reductase levels as

needed for DNA synthesis and repair

insensitive isoleucine-tRNA synthetase target

(Liu et al. 2017)
Ciprofloxacin and other fluoroquinolone efflux

bial target

Yes, iron withdrawal can affect energy production

Reduced intracellular antibiotic concentration,

Antibiotic Efflux Pumps

by iron-dependent enzymes and iron insufficiency
causes membrane instability (Prasad et al. 2006)

in P. aeruginosa (Lubelski et al. 2007; Amaral

et al. 2014)
P. aeruginosa biofilm displays resistance (Gupta

exclusion from cell

Yes, iron withdrawal can suppress biofilm forma-

Biofilm growth physically protecting microbes

Physical resistance to antibiotic

tion and also disrupt established biofilm growth

(Post et al. 2019)
Yes, deferiprone-Gallium active against S. aureus

et al. 2016)

within biofilm

delivery into microbes

S. aureus small colony variants—hemin/menadi-

Metabolic mutation; persister cells Slower growth and reduced electron transport

SCVs, particularly hemin auxotrophs (Richter

etal. 2017)

one and thymidine auxotrophs display multiple

resistance (Proctor et al. 1998, 2014)

reduces antibiotic sensitivity

2801
S. aureus A. baumannii S. aureus
ATCC43300 LAC4 LAC300
Topical Pneumonia Systemic i.v.
Wound Nares  Lung Spleen  Kidney Spleen

124

Log,, CFU

EA Sham treated

Fig.4 Iron chelators suppress infection from both Gram-positive and
Gram-negative antibiotic-resistant bacteria. Mice infected topically
with antibiotic-resistant MRSA S. aureus ATCC 43300 on either
skin wounds or on their anterior nares were treated with the chela-
tor DIBI as described previously (Parquet et al. 2018) and bacterial
burdens after 5 days were compared to sham treated (vehicle treated
only) groups. The stars show significant reductions in bacterial bur-
dens compared to the sham treatment. Mice infected intranasally with
A. baumannii antibiotic-resistant isolate LAC-4 to initiate pneumo-
nia followed by septicemia as reported by Parquet et al. (2019) were
treated intranasally once with DIBI or sham treated with only vehicle
and bacterial burdens after 24 h infection were determined for both
lungs and spleens. The stars show significant reductions in bacterial
burdens compared to the sham treatment. In other testing reported
by Luo et al (2014) mice were injected intravenously with S. aureus
MRSA antibiotic-resistant isolate LAC300 to initiate a systemic
infection and bacterial burdens in kidneys and spleens were compared
in groups treated with either deferasirox (DEF) or placebo (sham
treated). In those studies, DEF tended to reduce bacterial burdens but
the results were not found to be statistically significant (the results as
graphed are based only on estimates of bacterial burdens taken from
the Luo publication). All these various infection studies show that
iron chelators on their own can suppress infection for various antibi-
otic-resistant bacterial infections

iron acquisition systems during infection (Gaddy et al. 2012)
indicating iron supply is important to this infection.

These various infection studies with antibiotic-resistant
bacteria demonstrate that growth of these bacteria during
infection is at least partially iron restricted by host iron
withdrawal defenses causing these pathogens to upregulate
their iron acquisition mechanisms and in turn, ensuring their
sensitivity to iron sequestering chelator addition. Given the
findings that iron chelators such as deferasirox or DIBI sup-
press infection, it seems reasonable to conclude that these
chelators play a role in bolstering natural innate host iron
withdrawal defense mechanisms to various other infections.

Iron chelators enhance antibiotic activity

A very important aspect in considering the use of iron with-
drawal chelators as alternatives to antibiotics is that these, if
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co-administered with antibiotics, should not interfere with
antibiotic efficacy. On the other hand, a clear benefit would
be obtained if chelators through withdrawing microbial iron
supplies improved the activities of antibiotics including
against antibiotic-resistant isolates. These desired attributes
have now been demonstrated in various in vitro and in vivo
studies.

Some of the first evidence that iron withdrawal agents
could positively affect antibiotic action for antibiotic-resist-
ant isolates was in relation to lactoferrin which is a host
defense iron binding transferrin-class protein found in exo-
crine secretions such as tears and in colostrum. Diarra et al.
(Diarra et al. 2002) demonstrated that lactoferrin synergis-
tically improved the activity of penicillin including against
penicillin resistant isolates of S. aureus isolates recovered
from bovine mastitis and this use for lactoferrin had shown
clinical promise (Lacasse et al. 2008). More recently, lacto-
ferrin has also been shown to enhance amphotericin B activ-
ity against yeast infection, where the combination therapy
significantly prolonged the survival of Galleria mellonella
wax moth larvae infected with Candida albicans or Crypto-
coccus neoformans decreasing fungal burden up to 25-fold
(Fernandes et al. 2020).

However, clinical use of lactoferrin (or other transferrin
class proteins) has yet to prove practical, possibly due to
issues related to their larger scale production, collection and
purification of these animal proteins for use in man (or other
animals) as well as issues related to their administration. In
contrast, synthetic chelators offer strong potential for large
scale cost-effective production, robust quality assurance and
for those that are soluble in aqueous media (such as DIBI,
see below), flexible formulation and administration options,
including systemic delivery.

To conclude there is synergy of activity between an iron
chelator (or any other adjunct) with an antibiotic one stand-
ard test is the time/kill kinetic assay as typically applied
to test bactericidal antibiotics. In these tests, a somewhat
reduced concentration of antibiotic or the test chelator are
typically used separately, i.e., so that each agent on its own
does not provide complete killing when added to a relatively
high number of rapidly growing (log-phase) bacterial cells.
This testing approach then allows a better assessment of the
combined agent affects.

It is important to note that while many antibiotics are bac-
tericidal, chelators are fundamentally different as to mode
of action and are not directly bactericidal in such assays.
Rather, chelators act to deny access to iron as essential to
microbe growth, and therefore, microbial killing by these
agents is delayed as compared to bactericidal antibiotics.
Bacterial death from a chelator would ensue due to even-
tual iron insufficiency leading to apoptosis. An additional
method to assess agent synergy is to perform checkerboard
cross-titrations of the antibiotic and chelator in MIC test
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plates so as to measure the Fractional Inhibition Concentra-
tion Index or FICT; if the FICI is <0.5, synergy between the
antibiotic and chelator is evident, and if > 1.0, the agent pair-
ing is antagonistic. Deferasirox and DIBI (see Table 1 for
comparative characteristics) and Apo-Tf (i.e., serum trans-
ferrin stripped of its iron) have been shown to not interfere
but to synergistically enhance antibiotic activity with various
antibiotic-resistant bacteria as discussed below.

To illustrate the results and significance of kinetic kill
synergy studies, an example using gentamicin with A. bau-
mannii is shown in Fig. 5. Note again, for this testing, gen-
tamicin was added at 1X MIC and on its own provided only
partial initial killing followed by strong recovery growth to
near control levels of bacterial colony forming units (CFU)/
mL by 24 h.

The chelator DIBI was also tested at a low concentration,
i.e., that was insufficient on its own to fully arrest growth of
the rapidly dividing log phase cells. However, the combina-
tion of gentamicin+ DIBI resulted in a> 8 log reduction in
bacterial CFU by 24 h. The 24-h measurement point in a
time/kill assay has significance as it is generally accepted
that synergy of two anti-infectives is confirmed if there is >2

Log,o CFU/mL

0 6 12 18 24
Time (h)

© Control & DIBI & GEN % GEN + DIBI

Fig.5 Example of a time kill kinetic assay showing chelator enhance-
ment of antibiotic killing and prevention of survivor re-growth.
A. baumannii ATCC 17978 which is sensitive to the aminogly-
coside Gentamicin (GEN) (Minimum Inhibitory Concentration
MIC)=1 pg/mL) was exposed to 0.5 pg/mL GEN (i.e., 1/2 MIC)
and this caused only partial killing of the population followed by
rapid recovery growth that reached near untreated control Colony
Forming Units (CFU) levels by 24 h of exposure. The DIBI concen-
tration used in this experiment was 20 ug/mL and this on its own did
not affect total CFU by 24 h. It should be noted that a large rapidly
growing iron replete bacterial population had been introduced at 0 h
and gross effects of DIBI on bacterial numbers would not be expected
under these test conditions. However, this DIBI treatment exhibited
effects of iron withdrawal as evident when DIBI was applied in com-
bination with GEN. The GEN/DIBI combination resulted in extensive
and continued bacterial killing with no detectable CFU remaining at
24 h exposure (results adapted from Parquet et al. 2019)
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log CFU reduction provided by the combination by 24 h
incubation, i.e., as compared to untreated control or to indi-
vidual antibiotic or adjunct agent related CFU reductions/
increases at 24 h.

Similar patterns of time/kill responses or FICI findings
demonstrating synergy have been reported for other bacterial
species and for other antibiotics in combination with vari-
ous iron withdrawal agents including deferasirox, DIBI or
Apo-transferrin or Apo-lactoferrin (bovine milk lactoferrin
stripped of its iron) as summarized in Table 4. In all these
cases, deferasirox, DIBI, Apo-transferrin, or Apo-lactoferrin
did not impede but typically improved antibiotic activity.

The phenomenon of microbial recovery growth follow-
ing an antibiotic exposure as shown for gentamicin alone
in Fig. 5 is typically observed with various antibiotics and
for various microbes, and this phenomenon has important
clinical relevance in relation to the development of antibiotic
resistance. Antibiotics are typically administered at a rela-
tively high dose, i.e., multiples of MIC, but later during a

treatment course, due to antibiotic clearance etc., concentra-
tions can wane. Thus, if bacterial survivors with some degree
of antibiotic resistance are present under these conditions,
they survivors can more likely regrow as a population with
resistance to the antibiotic that had been applied. The condi-
tion of suboptimal antibiotic concentration strongly favors
selection and outgrowth of antibiotic-resistant survivors.
On the basis of various results, we have summarized
herein new therapeutics that function to withdraw microbial
iron have high potential to work in conjunction with conven-
tional antibiotics to improve their activity, including against
antibiotic-resistant bacteria. The findings that the host
defense protein, transferrin, increased ciprofloxacin killing
and also prevented regrowth of ciprofloxacin-resistant sur-
vivors (Ambrose et al. 2019) provide additional support for
using synthetic chelators. Such chelators can act to assist or
bolster innate iron withdrawal defenses as provided by serum
transferrin or closely related lactoferrin. Consistent with
this, time-kill recovery growth assays in our laboratory have

Table 4 Synergy of activity of iron withdrawal agents combined with antibiotics for both antibiotic-sensitive and antibiotic-resistant microbes

Microbe Antibiotic characteristic Antibiotic tested Fe withdrawal Agent synergy by: 24 h References
agent tested ALog,, CFU? or FICI®
A. baumannii ATCC 17978  Sensitive CIP DIBI Yes, ALog;,=—2.58 c
A. baumannii ATCC 17978  Sensitive GEN DIBI Yes, ALog;,=-9.10 c
A. baumannii ATCC 17978  Sensitive TGC DIBI Yes, ALog;,=—4.78 c
A. baumannii ATCC 17978  Sensitive CST DIBI Yes, ALog;,=—"7.52 c
A. baumannii LAC-4 CIP resistant CIP DIBI Yes, ALog;,=-2.16 c
A. baumannii LAC-4 GEN resistant GEN DIBI Yes, ALog;,=-2.20 c
S. aureus LAC300 MRSA VAN DEF Yes, ALog;,=-3.20 d
S. aureus Mu50 VAN resistant VAN DEF Yes, ALog;,=-3.70 d
S. aureus ATCC 6538 Sensitive VAN DIBI Mild, ALog,,=-1.70 e
S. aureus ATCC 43300 MRSA MUP DIBI Mild, ALog;y=—1.45 f
V. vulnificus ATCC 27562 Sensitive CIP DEF Yes, ALog;,=-2.80 g
V. vulnificus ATCC 33815 Sensitive CIP DEF Yes, ALog;,=-6.10 g
V. vulnificus CUH 42-14 Sensitive CIP DEF Yes, ALog,,=-2.30 g
K pneumoniae KP4 Sensitive CIP Apo-Tf Yes, ALog;p=-5.1 h
C. albicans 96113 Sensitive FLU DIBI Yes, FICI=0.38 i
C. albicans SC5314 Sensitive AMB Apo-Lf Yes, FICI=0.38 j

CFU—Colony Forming Units; CIP (ciprofloxacin); GEN (gentamicin); CST (colistin); TGC (tigecycline); MUP (mupirocin); VAN (vancomy-
cin); DEF (deferasirox); DIBI (hydroxypyridinone containing copolymer) MDR multiple drug resistant; MRSA Methicillin resistant S aureus;
AMB (amphotericin B); FLU (fluconazole) Apo-Tf (iron-free transferrin); Apo-Lf (iron-free lactoferrin)

?+Logl0 CFU change of combination over the higher of either antibiotic or Fe withdrawal agent alone; Synergy if change of combina-

tion > —2log10 CFU; weak synergy at < —2 but>— 1 logl0CFU
bSynergy if Fractional Inhibition Concentration Index (FICI) <0.5
“Parquet et al. (2019)

4Estimated from Luo et al. (2014)

“Parquet et al. (2018)

fAllan et al. (2020)

£Estimated from Neupane and Kim (2010)

"Estimated from Ambrose et al. (2019)

iFernandes et al. (2020)
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shown that ciprofloxacin at 2 X MIC provided a substantial
initial killing of S. aureus but with continued incubation a
progressively enriched population of ciprofloxacin-resistant
survivor clones appeared, reaching near 100% ciprofloxacin
resistant clones by 96 h (Allan and Holbein, unpublished
results). When randomly selected surviving clones exposed
to ciprofloxacin alone were recovered and re-tested for MIC,
they had an MIC increase from 0.125 to 1 pg/mL (eightfold),
whereas surviving clones exposed to ciprofloxacin and DIBI
showed no change in MIC to either agent. This suggests that
DIBI may be able to prevent a spontaneous mutation or its
expression that leads to reduced susceptibility to ciprofloxa-
cin; this interesting finding requires further study.

In addition, the prospect for resistance development to
iron withdrawal agents is very low given iron is an essential
nutrient. Testing with DIBI at sub-inhibitory concentrations
under cultural conditions that readily promote antibiotic
resistance development (i.e., when antibiotic present) has
failed to show any resistance development to DIBI even after
repeated culture passages under these conditions (Allan et al.
2020).

Conclusion

The essential and irreplaceable iron requirements of antibi-
otic-resistant microbial pathogens are similar to their anti-
biotic sensitive counterparts. As well, iron availability to
microbes is restricted by the host during infection. These
features provide foundations for using iron withdrawal by
chelators as a therapeutic means to both suppress pathogen
growth in vivo and address antibiotic-resistant infection.
New generation synthetic purpose-designed antimicrobial
chelators especially those with 3-hydroxypyridin-4-one
functionality have excellent potential to become both stand-
alone anti-infectives and adjunct agents for use with conven-
tional antibiotics. Among these, the hydroxypyridinone con-
taining copolymer, DIBI, has seen substantial development,
successful proof-of-concept testing, it has a low host toxic-
ity and it complements the host’s natural iron withdrawal
defense mechanisms to suppress infection. In addition, iron
withdrawal by both host iron-withdrawing defense proteins
and chelators including DIBI, improves antibiotic microbial
killing activity and very importantly, suppresses antibiotic
resistance development in antibiotic-exposed microbes.

These various attributes open the potential for using iron
withdrawal agents as new host-directed therapeutic agents.
Host-directed therapies do not rely on narrowly-targeted
mechanisms that have been the major problem to date with
employing antibiotics. Iron withdrawal antimicrobial thera-
peutics have potential for use as broad spectrum medications
for infection as we have previously outlined in more detail
(Holbein et al. 2021).

@ Springer

DIBI, owing to its unique structure and mechanism for
binding and sequestering iron, has demonstrated enhanced
capabilities which support its potential for addressing at least
two major unmet needs as outlined below.

Early intervention treatment in serious infection/
sepsis

Clinical treatment of sepsis from serious infection is chal-
lenging for three main reasons. First, antibiotic resistance of
bacteria is increasing and along with this, the incidence of
sepsis is mounting as well. More concerning, there is no cur-
rently approved therapy available to treat the dysregulated
immune response of sepsis. Thirdly, treatment for sepsis
is often limited to supportive treatments with these initi-
ated later during the infection course after the dysregulated
immune response has already progressed, possibly to its
irreversibility. With the only ever approved drug for sepsis
therapy (drotrecogin alpha (activated)—Xigris®) having
been withdrawn from the market in 2011 (Marti-Carvajal
et al. 2011), there is a large unmet need to improve the out-
come of this deadly disease.

A host-directed therapeutic approach using new antimi-
crobial iron chelators such as DIBI has potential to address
this need. Preclinical data suggest promise for including iron
sequestration agents early in the therapy of severe infection
and sepsis to boost host innate iron withdrawal defenses,
reduce bacterial growth, overcome antibiotic resistance and
also dampen hyper-inflammatory Reactive Oxygen Species
(ROS) production, reducing tissue damage. Because DIBI
has broad spectrum antimicrobial activity and does not inter-
fere with but actually improves antibiotic efficacy it could be
applied early in suspected serious infections, possibly at or
even ahead of antibiotic administration, i.e., should this be
delayed pending microbiological culture confirmation and
antibiotic susceptibility screening.

The concept of reducing iron levels by iron sequestration
agents often raises concerns by physicians and their patients,
since physiologic iron levels are generally considered to be
required and optimal for health. However, we believe this
may not apply for life-threatening conditions such as sepsis
especially given dysregulated iron metabolism has now been
implicated in sepsis. Based on the recent preclinical data, the
combination of antibiotics and iron chelators has synergistic
effects to fight infection and improve the immune response
in sepsis (Fokam et al. 2020b; Lehmann et al. 2021). In addi-
tion, there is no doubt that under iron overload conditions,
iron chelation is beneficial to reduce the risk of infections
in humans (Schaible and Kaufmann 2004). Furthermore,
because of the increased infection risk in the surgical patient
or those compromised such as on ventilator support, we
encourage further investigation leading to clinical safety/
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efficacy trials of iron sequestration agents in the prophylaxis
regimen for such infections of compromised patients.

Adjuncts with antibiotics to treat antimicrobial
resistance infection

It is now clear based on a variety of studies that iron che-
lators do not interfere with antibiotic activity but in fact
improve activity of antibiotics from various chemical classes
of antibiotics. Possibly most important is that iron chelators
when with an antibiotic, suppress outgrowth of antibiotic-
resistant survivors and therefore, act to suppress resistance
development. New adjunct formulations of existing antibiot-
ics with antimicrobial iron withdrawal agents such as DIBI
could serve to extend the usage life of conventional antibiot-
ics and address treatment needs for antibiotic-resistant infec-
tions. In this regard, it is noteworthy that testing of DIBI
has shown no evidence for resistance development to DIBI.
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