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Abstract

Iron is an essential micronutrient
required for the growth of almost all aerobic
organisms; the iron uptake pathway in bac-
teria therefore represents a possible target
for novel antimicrobials, including hybrids
between antimicrobials and siderophores.
Siderophores are low molecular weight iron
chelators that bind to iron and are actively
transported inside the cell through specific
binding protein complexes. These binding
protein complexes are present both in Gram
negative bacteria, in their outer and inner
membrane, and in Gram positive bacteria in
their cytoplasmic membrane. Most bacteria
have the ability to produce siderophores in
order to survive in environments with limit-
ed concentrations of free iron, however
some  bacteria  synthetize  natural
siderophore-antibiotic conjugates that
exploit the siderophore-iron uptake path-
way to deliver antibiotics into competing
bacterial cells and gain a competitive
advantage. This approach has been referred
to as a Trojan Horse Strategy. To overcome
the increasing global problem of antibiotic
resistance in Gram negative bacteria, which
often have reduced outer membrane perme-
ability, siderophore-antibiotic hybrid conju-
gates have been synthetized in vitro.
Cefiderocol is the first siderophore-antibiot-
ic conjugate that progressed to late stage
clinical development so far. In studies on
murine models the iron-siderophore uptake
pathway has been also exploited for diag-
nostic imaging of infectious diseases, in
which labelled siderophores have been used
as specific probes. The aim of this review is
to describe the research progress in the field
of siderophore-based therapeutic and diag-
nostic approaches in infectious diseases.

Siderophore-based iron uptake
pathways in bacteria

Iron is essential for the growth of
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almost all aerobic organisms, except
Lactobacilli' and Borrelia burgdorferi.? In
mammals iron in circulating blood is largely
bound to transferrin and soluble ferrous iron
(Fe2+) is rapidly oxidized to its insoluble
ferric form (Fe3+) such that the free iron
concentration in the blood is in the region of
10-2# M.!3 Tron-sulfur groups (Fe-S) are pre-
sent in heme binding proteins. Moreover, in
mammals’ ribonucleotide reductions regu-
late various functions, including heme syn-
thesis, oxygen transport and DNA synthe-
sis. Furthermore, iron homeostasis is related
to the inflammatory response.* In fact, dur-
ing inflammation and/or infection, the host
can further reduce the availability of trace
minerals in an attempt to limit pathogenici-
ty and decrease nutrient pollution. This pro-
cess is known as nutritional immunity and
is a mechanism by which low circulating
levels of iron and zinc can be protective,
while higher levels can be associated with
increased rates of infection and faster pro-
gression of disease.” A large body of data
has shown that iron overload is associated
with a poor clinical outcome in a series of
infectious diseases such as acquired
immunodeficiency syndrome, tuberculosis®
? and malaria;'® furthermore, dietary supple-
mentation exacerbates the overall mortality
rate in endemic areas for these infectious
diseases.!!"!?

Control over iron homeostasis therefore
represents a central battlefield. The control
of iron homeostasis may influence the
course of an infectious disease in favour of
the mammalian host or the pathogenic
invader. Human pathogens such as staphy-
lococci and Salmonella spp., or fungi
including Aspergillus spp, have the ability
to evade nutritional immunity in order to
cause disease.!®!” The microbes have also
developed strategies to acquire iron from
their hosts. One of these strategies includes
the acquisition of iron by siderophores.
Siderophores are low molecular weight iron
chelators (500-1,500 Da) that possess a high
affinity for iron and coordinate with the fer-
ric ions through a chemical bond, i.e. the
Lewis base.?’ During nutritional immunity,
low iron levels induce transcriptional acti-
vation of iron regulators which leads to
upregulation of siderophore synthesis and
iron regulated outer membrane proteins
(iIROMPs). Siderophore production there-
fore increases with decreasing concentra-
tion of iron in the environment.?! Iron
acquisition begins with the binding of
siderophores to the available free ferric
ions, forming an iron-siderophore complex.
Siderophores can be classified into five
main classes according to the structure of
their iron-binding scaffold: catecholates and
phenolates (also termed as “aryl caps”),
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hydroxamate (having a hydroxyl group),
carboxylates (carboxyl group) and mixed
type.??

In addition to the cytoplasmic mem-
brane (CM), Gram negative bacterial cells
are also surrounded by an external outer
membrane (OM) composed of lipopolysac-
charide (LPS), which acts as an additional
permeability barrier whilst allowing the
absorption of essential nutrients. Small
molecules cross the OM by passive diftu-
sion through aqueous porin channels, how-
ever siderophore-mediated iron absorption
requires specialized iROMPs such as FepA,
FecA and FhuA, which bind to specific
iron-siderophore complexes.?® The structure
of these receptors consists of twenty-two
barrels of antiparallel filaments that contain
extracellular rings that interact with the fer-
ric-siderophore complex and an N-terminal
hatching domain.?* Active uptake through
iROMPs is dependent on the TonB complex
(TonB, ExbB and ExbD) which provide the
energy required to transport the iron-
siderophore complex across the OM against
a concentration gradient. The iron-
siderophore complex enters the periplasmic
space and is then bound to a shuttle-acting
periplasmic binding protein (PBP). The
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resulting iron-siderophore-PBP complex is
then transported through the cytoplasmic
membrane by an ABC transporter into the
bacterial cytoplasm. Once in the cytoplasm,
iron is released from the siderophores with
two mechanisms: one concerns the reduc-
tion of Fe 3+ to Fe 2+ by iron reductase and
its transfer to various accepting molecules
within the cell membrane or inside the cell;
the other regards the hydrolysis of the iron-
siderophore complex, which requires spe-
cific enzymes. The iron-free siderophore is
degraded or secreted by the efflux pumps.

Unlike Gram negative bacteria, Gram
positive bacteria do not have an external
membrane or periplasmic zone. The cell
wall of Gram positive bacteria is composed
of forty layers of murein and about 30-70%
of the dry mass of the wall is constituted by
the peptidoglycan which contains teichoic
and lipoteichoic acids. Therefore, they pos-
sess a simple uptake mechanism involving a
siderophore-binding protein and an associ-
ated permease located on the cell mem-
brane.?>?* The complex is transported with
the ABC transporter into the cytoplasm of
this Gram-positive bacterium.

Siderophore-antibiotic conjugates

Natural siderophore-antibiotic con-
jugates

In their attempt to gain advantage over
other microorganisms and to survive in low
iron concentration environment, some bacte-
ria produce natural siderophore-antibiotic
conjugates, named sideromycins, with
antimicrobial activity against different bacte-
ria species. This strategy to deliver the antibi-
otic molecule to its site of action through the
bacteria membranes by using the specific
siderophore uptake pathway has been named
the “Trojan Horse Strategy”. 2728

An example of a natural sideromycin is
albomycin, a compound discovered in 1947
and produced by some Streptomyces strains
with antimicrobial activity against several
Gram positive and Gram negative bacte-
ria.? Albomycin is made of a trihydroxam-
ate siderophore linked by a serine spacer to
a thionucleoside moiety that inhibits
aminoacyl tRNA synthetase. Albomycin
gains access to the bacteria cytoplasm
through a specific active siderophore trans-
membrane transport pathway; once inside
the cytoplasm a serine protease cleaves the
thionucleoside ~ moiety  from  the
siderophore, allowing the former to stop the
protein synthesis by blocking the aminoacyl
tRNA synthetase.?

Albomycin  is
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active  against

Enterobacteriaceae, except Proteus and
Morganella, and against some Gram posi-
tive bacteria, including S. aureus and S.
pneumoniae. Albomycin has been shown to
be effective in treating infections from S.
pneumonia and Y. enterocolitica in murine
infection models.?® Albomycin resistant
bacteria can be selected both in vitro and in
vivo, however when exposed to albomycin
these strains show a reduced fitness in the
mouse infection model compared with wild
type parent strains.?®

Even though albomycin had been
experimented to treat infections in humans
in the ‘50s,% it was subsequently abandoned
for many years, due to difficulties in syn-
thetizing enough molecules for commercial
purpose. New interest in this old antibiotic
has been increasing in the last years and in
2018 Lin et al. chemically synthetized
albomycin in vitro.?!

Another example of a natural
sideromycin is salmycin, isolated from
Streptomyces violaceus in 1995.%? Its struc-
ture is made of a trihydroxamate
siderophore, known as danoxamine, linked
by a succinoyl spacer with an aminoglyco-
side antibiotic. As for albomycin, salmycin
gains access through hydroxamate
siderophore membrane transport pathway to
the cytoplasm where the aminoglycoside
pharmacophore can act by inhibiting pro-
tein synthesis. Salmycin has activity pri-
marily against Gram positive bacteria,
namely staphylococci and streptococci,
while it is not effective against most Gram
negative bacteria. Salmycin was tested in
vivo in mice models infected with S. aureus,
where it was shown to rapidly loose its
activity, due to its instability.333

Escherichia coli produces several dif-
ferent catecholate type siderophore-
microcin conjugates that inhibit the growth
of other Gram negative Enterobacteriacae.
These molecules have different mecha-
nisms of action but use the same “Trojan
horse” system to gain access to cytoplasm
through the catecholate siderophore trans-
port proteins in the outer and inner mem-
branes of Enterobacteracae. Microcins are
ribosomally synthetized peptides that are
post translationally modified with the
attachment of a catecholate siderophore
moiety and whose transcription is induced
by low iron environment concentration
through the Fur transcription regulator pro-
tein.3?

In 2016 Nakamura et al.3* identified a
new antifungal agent named ASP2397,
whose structure is similar to ferrichrome, a
low-molecular-weight siderophore.
ASP2397 is produced by a fungal strain iso-
lated from Malaysian leaf litter, belonging
to Acremonium species. This compound and
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its derivatives are in vitro inhibitors of A.

fumigatus growth.

Synthetic siderophore-antibiotic
conjugates

Researchers have been inspired by nat-
ural sideromycins and the “Trojan horse”
strategy to overcome the problem of mul-
tidrug resistant (MDR) Gram negative bac-
teria by synthetizing new siderophore-
antibiotic conjugates in vitro. 3

Unfortunately, nowadays clinicians do
not have many weapons to fight against
MDR Gram negative organisms such as
Acinetobacter baumannii,
Enterobacteriaceae and Pseudomonas
aeruginosa which are responsible for
healthcare-associated infections with high
morbidity and mortality.3® Under the pres-
sure of antibiotic overuse, these bacteria
developed several mechanisms of resistance
to the existing antibiotics, including alter-
ation of membrane permeability, synthesis
of enzymes that inactivate antibiotics (i.e.
beta-lactamases), modifications in antibiot-
ic target binding sites and expression of
efflux channels that actively pump the
antibiotic outside the target cell.’’

One of the most important challenges in
the discovery of new drugs active against
Gram negative organisms is the need to
overcome the obstacle of low permeability
of the outer membrane so that the antibiotic
could gain access to its target binding site.
One novel approach to achieve this goal is
the use of siderophore-antibiotic conju-
gates, that exploit the binding of ferric-
siderophore complex to its outer membrane
receptor and its active transport through
outer and inner membrane to gain access to
periplasmic space and cytoplasm.®

Even though antibiotics with virtually
every mechanism of action might be used to
exploit the Trojan horse strategy, to date
beta-lactam antibiotics have been the start-
ing point for the in vitro synthesis of new
artificial antibiotic-siderophore conjugates,
as their cell wall target is located in the
periplasmic space and only requires trans-
port across one bacterial membrane.

Following, we report some of the artifi-
cial antibiotic-siderophore conjugates that
were synthetized and tested in the past
years; among them, only one, cefiderocol,
has succeeded in reaching late stage clinical
development and phase III clinical trials.

Siderophore-antibiotic conju-
gates containing beta lactam
antibiotics

In 1987 Watanabe et al.* synthesized a
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novel siderophore-cephalosporin conjugate,
named E-0702, with antimicrobial activity
against Gram negative bacteria, including
K. pneumonia, S. Typhimurium, S.
marcescens, P. mirabilis and P. aeruginosa.
Resistant bacteria spontaneously devel-
oped, but resistance was not due to
increased expression of beta-lactamase, nor
to reduction or loss of OmpF and OmpC
porin proteins in the outer membrane; resis-
tance was associated with a mutation in
tonB gene that, as previously mentioned,
plays a pivotal role in the siderophore-
mediated iron uptake. They also demon-
strated that E-0702 had the most effective
antibacterial activity on iron starved bacte-
ria, while it was ineffective in iron supple-
mented bacteria; so they hypothesized that
E-0702 was incorporated into bacteria
through the tonB dependent siderophore-
iron transport system.

The siderophore-iron mediated uptake
pathway was more deeply investigated by
Curtis et al. in 1988.4° These authors tested
in vitro synthetized C-3’ catechol-substitut-
ed aminothiazolyl-oxime cephalosporins
against E. coli mutant strains that did not
express specific outer membrane receptors
of the tonB-dependent pathway, with the
aim to identify which proteins were
involved in the uptake and antibacterial
activity of these siderophore-antibiotic con-
jugates and therefore the possible mecha-
nisms of resistance that could jeopardize
their activity.

They found that “Fiu” and “Cir” outer
membrane proteins were involved in the
cathecol-siderophore-antibiotic conjugates
transport and that bacteria not expressing
fiu and cir genes had a reduced susceptibil-
ity to the compounds.

In 1992 Brochu et al* tested the in
vitro antimicrobial activity of two synthetic
carbacephalosporin-siderophore conjugates
against E. coli. The siderophore compo-
nents of these two conjugates were a
hydroxamic acid-based and a catechol-
based scaffolds, respectively.*! These two
carbacephalosporin-siderophore conjugates
bound different outer membrane receptor
proteins, FhuA and Cir receptors, respec-
tively. In vitro studies suggested that bacte-
ria with a mutated outer membrane receptor
for hydroxamate (FhuA) or catecholate
(Cir) based siderophores were rapidly
selected; these organisms were resistant to
that specific antibiotic conjugate containing
the hydroxamate or catecholate based
siderophore mojetiy but they were still sus-
ceptible to the antimicrobial activity of the
other conjugate. So, the researchers com-
bined both the iron binding hydroxamic
acid and catechol moieties in a new mixed
ligand siderophore conjugate that was able
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to alternatively bind both the outer mem-
brane receptors, obtaining a greater
inhibitory activity concomitantly with a
lower frequency of resistance.

Many other siderophore-beta lactams
conjugates with antipseudomonal activity
were synthetized and studied in vitro.
Among these, the catechol-conjugated
cephalosporin (GR69153) synthetized by
Silley et al. in 1990 was active in vitro
against E. coli and P. aeruginosa, with a
lower minimal inhibitory concentrations
(MIC) observed in iron depleted medium;
Chin et al¥® demonstrated that this com-
pound was active also against other
Enterobacteriaceae and Gram positive bac-
teria. Wittmann ef al.** in 2002 synthetized
and tested acylated bis- or triscatecholates
and mixed biscatecholate hydroxamates
conjugates with ampicillin, amoxicillin and
cefaclor. These compounds were highly
active in vitro against Gram-negative bacte-
ria, especially P aeruginosa and S. mal-
tophilia.

Ji et al. in 2012 synthetized two artifi-
cial tris-catecholate siderophore conjugates
with ampicillin and amoxicillin that were
active against P. aeruginosa.*> These Gram
negative bacteria, although having the
periplasmic binding proteins (PBP) targeted
by these beta-lactams antibiotics, are actual-
ly resistant to them because of their impair-
ment to pass through the outer membrane
porins and reach the periplasmic space.
These authors demonstrated that both these
beta-lactams siderophore conjugates were
active against P. aeruginosa and that their
antibacterial activity was affected by iron
concentration, as it was higher in low iron
concentration environment.

In the last years, new interest in
siderophore-antibiotic conjugates raised
because of the increased spread of MDR
Gram negative bacteria. Recently, new
siderophore-beta-lactams compounds active
against Gram negative bacteria have been
synthetized. Flanagan et al. synthetized a
series of siderophore-conjugated monocar-
bam antibiotics, one of which is MC-1,
active in vitro against MDR P. aeruginosa,
ESBL-producing members of the
Enterobacteriaceae and Acinetobacter bau-
mannii.*® Anyway further investigation is
needed to overcome the hydrolytic instabil-
ity of this compound. In murine pulmonary
infection model, the high affinity of these
compounds to the plasma proteins limited
their effectiveness.*

A monosulfactam conjugated with an
iron-chelating dihydroxypyridone moiety
(BAL30072) that is active against MDR P,
aeruginosa and Acinetobacter sp. isolates,
including many carbapenem-resistant
strains has recently been discovered.*’ This
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molecule was also tested in combination
with imipenem, meropenem, and doripen-
em against selected strains of Enterobacte-
riaceae, P. aeruginosa, and A. baumannii,
demonstrating synergistic effects in most
species except A. baumannii. In clinical tri-
als with BAL30072 elevations of liver
enzymes have been observed.

Cefiderocol (S-649266) is the first
siderophore-antibiotic conjugate that has
progressed to phase III clinical trials, so
far#® It is a catecholate-siderophore-
cephalosporin conjugate, which has struc-
tural features from the 3 and 4" generation
cephalosporins, ceftazidime and cefepime,
combined with a catechol moiety at the C3-
position which enables it to bind to ferric
iron and to be taken into the cell via
siderophore transporter proteins.
Cefiderocol has in vitro and in vivo activity
against several Gram negative organisms,
including carbapenem-resistant
Enterobacteriaceae, P. aeruginosa, and A.
baumannii. Its high activity against Gram
negative bacteria is due to the Trojan horse
delivery strategy and to its high stability to
beta-lactamases inactivation. In fact,
Cefiderocol is active against OXA-58,
NDM- and IMP-producing A. baumannii
isolates, P. aeruginosa isolates and car-
bapenem-resistant  Enterobacteriaceae,
including KPC-, NDM-, IMP-, VIM-pro-
ducing isolates.* Clinical trials have already
confirmed the ability of Cefiderocol to treat
infections caused by common Gram nega-
tive pathogens. In a prospective, multicen-
ter, double-blind, non-inferiority trial,
Cefiderocol 2000 mg three times daily was
superior to imipenem-cilastatin 1000 mg
three times daily for the treatment of com-
plicated urinary tract infections.*® The study
enrolled 452 hospitalized adult patients
including immunocompromised patients.
Patients  received  Cefiderocol  or
imipenem/cilastatin for 7-14 days. At test of
cure, the primary efficacy endpoint was
achieved by 183 (73%) of 252 patients in the
Cefiderocol group and 65 (55%) of 119
patients in the imipenem-cilastatin group,
establishing the non-inferiority  of
Cefiderocol.*® Two other phase III studies on
Cefiderocol were conducted by Shionogi &
Co., Ltd., Japan.’'*? One of these evaluates
the efficacy of Cefiderocol in the treatment
of serious infections (urinary tract infec-
tions, pneumonia, blood stream infections)’!
caused by carbapenem-resistant Gram-nega-
tive pathogens and the other compares the
drug with meropenem for the treatment of
hospital-acquired bacterial pneumonia and
ventilation-associated pneumonia.*?
Cefiderocol seems to be well tolerated, with
a profile of side effects similar to other
cephalosporins, including gastrointestinal
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symptoms and phlebitis. GT-1 is another
siderophore conjugated cephalosporin, dis-
covered by LegoChem Biosciences in
2017.3 It is active against MDR P. aerugi-
nosa and A. baumannii in vitro and in
murine infection model. Its association with
a new Dbeta-lactamase inhibitor GT-055
widens its activity also against carbapenem
producing Enterobacteriaceae, including
Class A and some B, C and D beta-lacta-
mases producers.

Siderophore-antibiotic conjugates
containing non-beta-lactam
antibiotics

In 1987 Pugsley et al>* tested in vitro a
semisynthetic siderophore-rifamycin conju-
gate CGP 4832 finding that its activity was
comparable to rifampicin against Gram pos-
itive bacteria but that it was 80~400 times
more potent than rifampicin against certain
Gram negative species. This compound was
actively transported across the outer mem-
brane of Gram negative bacteria through the
siderophore specific transporter FhuA,
reaching high concentration in the periplas-
mic space and passively diffusing across the
cytoplasmic membrane to the cytoplasm,
where the rifamycin could bind to its target,
the RNA polymerase.>

Wencewicz et al.>® in 2013 synthetized
a new hydroxamate-siderophore-fluorochi-
nolone conjugate using ciprofloxacin, that
had a narrower spectrum of action than
ciprofloxacin alone, as it was selectively
active against Gram positive bacteria. The
authors hypothesized that this compound
exploited the specific active siderophore
uptake pathway expressed on the cytoplas-
mic membrane of S. aureus to reach its
cytoplasmic biological target.

Recently Gosh et al. in 2018 syn-
thetized an artificial siderophore-dapto-
mycin conjugate, using a mixed ligand ana-
log of the natural Acinetobacter baumannii
selective siderophore, fimsbactin. This con-
jugate was selectively active against 4. bau-
mannii but it was not active against
Pseudomonas aeruginosa, Burkholderia
and E. coli, and retained activity against S.
aureus, even though lower than daptomycin
alone.”’

Iron-siderophore uptake
pathway as a target for
antimicrobial drugs against
Mpycobacterium tuberculosis
Iron-siderophore uptake pathway has
also been studied as a target for antimicro-

bial drugs, particularly against M. tubercu-
losis.*®* In fact, as for other bacteria, in M.
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tuberculosis the iron transport inside the
cell is mediated by siderophores, named
desferricarboxymycobactin (CMb) and
mycobactin (Mb). The former is produced
upon iron shortage and is excreted outside
the cell where it binds to Fe3+, present as
insoluble or protein-bound iron, and forms
ferricarboxymycobactin. The transfer of
Fe3+ from ferricarboxymycobactin to
mycobactin (Mb), located on the cytoplas-
mic membrane, is mediated by a shuttle
protein; subsequently mycobactin transfers
iron to a transmembrane iron transporter
that catalyzes the reduction of Fe3+ to Fe2+
and mediates the ATP-dependent transfer of
iron into the cytoplasm, where the iron is
partly used for metabolic processes, partly
bond to storage proteins.>®

Several molecules with anti-tubercular
activity that are active on the iron
siderophore uptake pathway have been stud-
ied.* Among them, pyrazolopyrimidinone is
a ferrous ion chelating agent, that inhibits the
use of iron by the cell even in presence of
increased levels of iron; the 3,5-diaryl pyra-
zoline (DAP) derivatives and 2(E)-2-ben-
zylidene-N-hydroxyhydrazine
carbo(Ox/Thio/Oximid)amide =~ (BHHC)
derivatives contain an hydroxyphenyl moi-
ety similar to that of siderophores, with a
higher iron binding affinity and compete
with the siderophore for the iron binding,
interfering with the siderophore mediated
iron transport. Also, some natural
siderophores synthetized by other organisms
have shown anti-tubercular activity: one is
extracted from roots of Tephrosia purpurea,
the other is named transvalencin Z and is
obtained from Nocardia transvalensis. Other
researchers are focusing on the steps of
siderophores biosynthesis pathway and their
excretion from the cell, mediated by the
trans-membrane protein complex, as targets
of new compounds that can interfere with the
siderophore-iron uptake and inhibit the
microorganism growth.>

Siderophore-based probes: new
approach in the development of
diagnostic systems

In the diagnostic field siderophores
have been studied as a tool for molecular
imaging for fungal infections. Labelled
siderophores can be prepared either by
replacing Fe with the appropriate radiomet-
al in the natural iron-siderophore complex
or artificially by modifying the natural
siderophore with the addition of a chro-
mophore suitable for optical imaging.®® The
radiologic or optical images obtained with
these new pathogen-specific probes of
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infection can be combined with the other
radiological and nuclear imaging tech-
niques to gain a more specific and aetiolog-
ical diagnosis.®!

In fact, radiological imaging techniques
such as computed tomography, magnetic
resonance imaging and ultrasonography,
widely used in clinical practice for identifi-
cation of infection, have major limitations
in specificity. By contrast, nuclear imaging
techniques including Positron Emission
Tomography (PET) and Single Photon
Emission Computed Tomography (SPECT)
have a rich history of different radiolabelled
probes (radiopharmaceuticals) for imaging
of infectious processes in patients, such as
111In- or 99mTc-labelled leucocytes,
99mTc-anti-granulocyte antibody, 99mTc-
diphosphonates in the context of bone scan-
ning, 67Ga-citrate and 2-[18F]-fluo-
rodeoxyglucose. Anyway, these probes tar-
get predominantly secondary effects of
infection such as increased blood flow and
vascular permeability, activated endothelial
cells or polymorphonuclear cell migration
at site of infection.

Siderophore-iron transporters-mediated
iron uptake is universally conserved in the
fungal kingdom, even in species not pro-
ducing siderophores such as Saccharomyces
cerevisiae, Candida spp. and Cryptococcus
neoformans.®>%* Moreover, there is evi-
dence that the iron-siderophore uptake sys-
tem is active during infection; siderophore
biosynthesis and uptake are transcriptional-
ly upregulated during iron starvation in
vitro as well as in vivo in a murine model
for pulmonary infection with the mold
Aspergillus fumigatus, and siderophore-
mediated iron assimilation plays a major
role for its virulence.®* In particular, the
siderophore of Aspergillus fumigatus, tri-
acetylfusarinine C (TAFC) was shown to be
able to extract iron from host transferrin.®
Similarly, siderophore biosynthesis was
shown to be crucial for the virulence of
numerous bacterial species including,
Yersinia pestis, Mycobacterium tuberculo-
sis or Pseudomonas aeruginosa.®

Aspergillus  fumigatus uses two high
affinity iron uptake systems: reductive iron
assimilation  (Fe2+  specific) and
siderophore-assisted iron acquisition (Fe3+
specific), but only the latter system is essen-
tial for virulence of A. fumigatus.

Aspergillus fumigatus produces two
hydroxamate-type siderophores, namely
fusarinine C (FSC) and its N-acetylated
derivative triacetylfusarinine C (TAFC), for
extracellular iron acquisition. During infec-
tion, 4. fumigatus faces an iron-starvation
environment and excretes siderophores for
stealing host iron. After chelation of iron,
siderophore-iron complexes are taken up
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through siderophore-iron transporters,
which are members of a subfamily of major
facilitator protein superfamily.

In A. fumigatus, MirB has been identi-
fied as a specific transporter for TAFC
whereas the FSC transporter still remains to
be identified. The MirB transporter is high-
ly upregulated during infection and is found
in A. fumigatus, but not in bacteria and sev-
eral other fungal strains.®® Furthermore,
humans lack siderophore-iron transporters
such as MirB and therefore specific sub-
strates do not interact with human cellular
systems and the siderophore triacetylfusari-
nine C (TAFC) for iron acquisition is essen-
tial for the virulence of Aspergillus.
Therefore, TAFC is a specific marker for
invasive aspergillosis.

The possibility of using a 68Ga-
siderophore as an Aspergillus-specific
probe in PET imaging for diagnosis of
Aspergillus fumigatus infection was investi-
gated by labelling this desferrisiderophore.
It was shown that positron emission tomog-
raphy (PET) imaging with [68Ga]TAFC
exhibited excellent targeting properties in
an A. fumigatus rat infection model.®7-%8
High contrast imaging of Aspergillus fumi-
gatus pulmonary infection in a rat model
was achieved using micro-PET/CT technol-
ogy, exhibiting pronounced accumulation of
68Ga-TAFC in infected areas extremely
early after onset of infection, which
increased with severity of infection and cor-
related with abnormal CT images.
Significant accumulation of 68Ga TAFC
was found neither in sterile inflammations
nor in tumour cells, which also have a high
iron metabolism.

It was also investigated the uptake of
68GaTAFC in a number of different fungal
and bacterial species, which revealed high
specificity for Aspergillus species, with no
significant uptake by Candida and bacterial
species, in particular. On the basis of these
results on murine model, 68Ga-labelled
siderophores, in particular 68Ga-TAFC,
might have a high potential to be used as
radiopharmaceuticals to specifically image
Aspergillus infections in patients.%

Overall, radiolabelled siderophores
have the potential to be a highly specific
tool for infection imaging, considering the
essential role of the siderophore system for
iron acquisition and virulence of pathogens
together with its upregulation during infec-
tion, and considering that these systems are
not utilized by mammals. Selecting appro-
priate siderophores can also provide a high
specificity for particular microorganisms,
distinguishing between fungal and bacterial
infections.
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Conclusions

The siderophore-drug complex repre-
sents today a new and innovative therapeu-
tic strategy against multidrug resistant
(MDR) Gram-negative strains such as
Acinetobacter baumannii,
Enterobacteriaceae and Pseudomonas
aeruginosa. Therefore, there is a growing
interest in these innovative molecules. The
Trojan horse strategy is a way to overcome
the low permeability of Gram-negative
outer membrane, exploiting a nutrient-
uptake pathway to transport the antibiotic
inside the periplasmic space. Inspired by the
antibiotic properties of  natural
syderomicins, several researchers and phar-
maceutical companies have developed
siderophore-antibiotic hybrids. Up to date
the catecholate-siderophore-cephalosporin
conjugate S-649266, also called cefidero-
col, is the first compound of this class that
has progressed to clinical trials.
Siderophores have also a large number of
clinical applications. Iron-siderophore
uptake pathway has also been studied as a
target for other antimicrobial drugs, particu-
larly against M. tuberculosis. Moreover, in
the diagnostic field siderophores have been
studied as a tool for molecular imaging for
fungal infections.
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