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Abstract: Fungal infections are a serious threat, especially for immunocompromised patients. Early
and reliable diagnosis is crucial to treat such infections. The bacterially produced siderophore
desferrioxamine B (DFO-B) is utilized by a variety of microorganisms for iron acquisition, while
mammalian cells lack the uptake of DFO-B chelates. DFO-B is clinically approved for a variety
of long-term chelation therapies. Recently, DFO-B-complexed gallium-68 ([68Ga]Ga-DFO-B) was
shown to enable molecular imaging of bacterial infections by positron emission tomography (PET).
Here, we demonstrate that [68Ga]Ga-DFO-B can also be used for the preclinical molecular imaging
of pulmonary infection caused by the fungal pathogen Aspergillus fumigatus in a rat aspergillosis
model. Moreover, by combining in vitro uptake studies and the chemical modification of DFO-B, we
show that the cellular transport efficacy of ferrioxamine-type siderophores is impacted by the charge
of the molecule and, consequently, the environmental pH. The chemical derivatization has poten-
tial implications for its diagnostic use and characterizes transport features of ferrioxamine-type
siderophores.

Keywords: Aspergillus fumigatus; infection; invasive pulmonary aspergillosis; imaging; siderophore;
desferrioxamine B; pH; gallium-68; positron emission tomography; PET

1. Introduction

Invasive fungal infections, such as aspergillosis, bear a high risk for fatal outcomes.
These infections are difficult to diagnose and treat. Due to insufficient diagnoses, im-
munocompromised patients are often subject to empirical therapy with azoles, the main
antifungal therapy [1,2]. Accurate in-time detection of fungal infections could minimize
the need for prophylaxis and would optimize therapy. The gold standard for the diagnosis
of fungal infections, such as invasive aspergillosis, is to culture the fungus from biological
samples. This technique comes with advantageous yield of the specific pathogen, which
allows testing for susceptibility to drugs used for treatment [3]. However, cultures from
the blood samples of invasive aspergillosis patients are usually negative [4]. In addition,
biomarkers, such as galactomannan, (1–>3)-beta-D-glucan and DNA, are often not detected
in blood samples in the early stages of invasive Aspergillus infections. For the early de-
tection of Aspergillus infections, tissue biopsy or bronchoalveolar lavage fluid is required.
These procedures are laborious, time-consuming and often lack sensitivity [5]. Hence,
time-saving diagnosis methods are required, as the speed fungal infection detection often
determines the outcome of a fungal infection [6].

Siderophores are low-molecular mass iron chelators, which are secreted in response to
iron limitation by most bacteria and fungi to support iron acquisition. Upon the chelation
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of iron from the fungal environment, iron-loaded siderophores are taken up by siderophore-
specific transporters. During an infection, this mechanism allows the pathogen to steal
iron from the host. Hence, siderophore uptake mechanisms are activated by the pathogen
during infection [7,8].

The major cause of aspergillosis is Aspergillus fumigatus [9]. This mold produces four
types of siderophores: intracellular ferricrocin (FC) and hydroxyferricrocin, and secreted
fusarinine C and its acetylated form triacetylfusarine C (TAFC). It has been demonstrated
that siderophore biosynthesis is essential for the virulence of A. fumigatus in a murine as-
pergillosis model, demonstrating the activity of siderophore-mediated iron acquisition dur-
ing infection by this mold [8,10]. Similar to most microorganisms, A. fumigatus is not only
able to utilize self-produced siderophores, but also siderophores produced by other species
(xenosiderophores), such as ferrioxamine B and ferrioxamine E [11,12]. Ferrioxamines were
originally identified as iron-bound chelates [13]. Later, the iron-free versions of ferrioxam-
ines were named desferrioxamines, such as desferrioxamine B (also termed deferoxamine,
DFO-B) and desferrioxamine E (DFO-E), which are hydroxamate-type siderophores pro-
duced by bacteria such as streptomycetes or Erwinia spp. [14,15]. The chemical structures
of TAFC, DFO-B and DFO-E are displayed in Figure 1. In fungal species, siderophore-metal
complexes are taken up by members of the so-called “Siderophore Iron Transporter (SIT)”
family, which is a subgroup of the major facilitator protein superfamily. SITs are found
in virtually all fungal species but their presence is confined to the fungal kingdom, as
mammals lack orthologs [8].
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Figure 1. Chemical structures of ferric DFO-E, DFO-B and TAFC, as well as chemically modified
DFO-B derivatives DFO-Bac and DFO-Bsuc. Chemical modifications of the amino group (in red) are
shown in blue.

Siderophores are best known for forming complexes with Fe3+ as needed for iron ac-
quisition. Due to their similar properties, these chelators can also complex Ga3+, an isosteric
diamagnetic substitute for Fe3+ [16,17]. 68Ga is a positron emitter which can be monitored
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by positron emission tomography (PET). It is widely available using a 68Ge/68Ga-generator
and, with a half-life of 68 min, 68Ga results in a low radiation burden for the patient. TAFC-
and DFO-E-complexed 68Ga were previously shown to allow the molecular imaging of
pulmonary A. fumigatus infections in a rat model [11]. However, TAFC and DFO-E are not
yet approved for clinical applications.

DFO-B (trade name Desferal®) is an approved drug that has been used in clinics
for decades for metal chelation therapy in beta-thalassemia, sideroblastic anaemia, auto-
immune haemolytic anemia and other iron or aluminum overload pathologies [18–20]. Re-
cently, DFO-B-complexed 68Ga ([68Ga]Ga-DFO-B) was shown to be suitable for the molecular
imaging of bacterial infections in animal infection models [21]. A. fumigatus was shown
to utilize DFO-B, however, with significantly lower efficacy compared to the TAFC and
DFO-E metal complexes in vitro [12]. Therefore, to date, approaches for the siderophore-
mediated imaging of fungal infections, such as aspergillosis, have focused on TAFC and
DFO-E. Recently, DFO-B was shown to have in vitro characteristics and pharmacokinet-
ics in both mice and rats, qualifying it as an excellent radiotracer [21]. DFO-B can be
easily radiolabeled with 68Ga, and [68Ga]Ga-DFO-B exhibits low protein binding, high
stability in human serum and PBS, rapid renal excretion, and minimal retention in the
blood and other organs in healthy mice. Moreover, [68Ga]Ga-DFO-B was proven to be
suitable for the in vivo PET imaging of bacterial infections in mice and rats [21]. DFO-E
is an uncharged cyclic desferrioxamine, while DFO-B is a linear derivative with a termi-
nal amine-group that is positively charged at an acidic pH (Figure 1). Thus, we aimed
to evaluate (i) [68Ga]Ga-DFO-B for the in vivo imaging of aspergillosis in a rat infection
model, (ii) the in vivo uptake of Ga-DFO-B versus Ga-DFO-E and (iii) the possibility of
a pH-dependent charge affecting the uptake of DFO-B and modified DFO-B derivatives in
comparison to the uncharged DFO-E.

2. Materials and Methods
2.1. Animal Experiments

A previously described rat model of pulmonary aspergillosis was used for the in vivo
experiments [22]. The introduction of A. fumigatus spores into animals, injection of radi-
olabeled siderophores and small animal imaging were carried out under 2% isoflurane
anesthesia (FORANE, Abbott Laboratories, Abbott Park, IL, USA) to minimize animal
suffering and prevent animal motion. Infection in the lung of immunodeficient rats was
established by intratracheal inoculation of 100 µL of A. fumigatus spores (109 CFU/mL
A. fumigatus ATCC 46645; American Type Culture Collection) using the TELE PACK VET X LED
system equipped with a flexible endoscope (https://www.karlstorz.com/cps/rde/xbcr/
karlstorz_assets/ASSETS/3386919.pdf, accessed on 20 August 2021; Karl Storz GmbH &
Co. KG, Tuttlingen, Germany). Depending on the development of the infection, experi-
mental animals underwent an ex vivo biodistribution study or PET/CT imaging, typically
2–4 days after inoculation.

2.2. Ex Vivo Biodistribution

A. fumigatus-infected rats were retro-orbitally (r.o.) injected with [67Ga]- and [68Ga]Ga-DFO-B
and DFO-E. One infected rat (rat 1) was injected with [68Ga]Ga-DFO-B and [67Ga]Ga-DFO-E,
while the second rat (rat 2) was infected with [67Ga]Ga-DFO-B and [68Ga]Ga-DFO-E
(~0.5 MBq and ~0.5 µg of each DFO-B and DFO-E per rat). Rats were sacrificed by exsan-
guination 45 min post-injection (p.i.). Organs and tissues of interest (blood, spleen, pancreas,
kidneys, liver, heart, muscle and lung) were removed and weighed. The amount of ra-
dioactivity in the samples was measured in a γ-counter (2480 Wizard-2; Perkin Elmer,
Waltham, MA, USA). First, a short-lived 68Ga was measured immediately after organ
removal in the 511 ± 100 keV energy window, and 67Ga was measured after 24 h in
the 185 ± 100 keV energy window. The results are expressed as percentage of injected dose
per gram of organ (%ID/g).

https://www.karlstorz.com/cps/rde/xbcr/karlstorz_assets/ASSETS/3386919.pdf
https://www.karlstorz.com/cps/rde/xbcr/karlstorz_assets/ASSETS/3386919.pdf
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2.3. Animal Imaging

µPET/CT images were acquired with an Albira PET/SPECT/CT small animal imaging
system (Bruker Biospin Corporation, Woodbridge, CT, USA). Anaesthetized A. fumigatus infected
rats were r.o. injected with [68Ga]Ga-DFO-B in a dose of ~5 MBq corresponding to ~4 µg
of DFO-B per animal. Static PET/CT imaging was performed 45 min p.i. A 10 min PET
scan (axial FOV 148 mm) was followed by a 30 min CT scan (axial FOV~160 mm, 45 kVp,
400 µA, at 400 projections). Scans were reconstructed with the Albira software (Bruker
Biospin Corporation, Woodbridge, CT, USA) using the maximum likelihood expectation
maximization (MLEM) and filtered back-projection (FBP) algorithms. After reconstruction,
acquired data were viewed, analyzed and processed using the appropriate software (PMOD
software, PMOD Technologies Ltd., Zurich, Switzerland and VolView software, Kitware,
Clifton Park, NY, USA).

2.4. Synthesis of the Derivatives
2.4.1. Analytical RP-HPLC

Reversed-phase (RP) high-performance liquid chromatography (HPLC) analysis was
carried out using an UltiMate 3000 RS UHPLC pump, UltiMate 3000 autosampler, Ul-
tiMate 3000 Variable Wavelength Detector (UV detection at λ = 220 nm (Dionex, Ger-
mering, Germany)), and radio-detector (Gabi Star, Raytest; Straubenhardt, Germany).
We used Jupiter 5 µm C18 300 Å 150 × 4.6 mm (Phenomenex Ltd. Aschaffenburg,
Germany) as the column, with acetonitrile (ACN)/H2O/0.1% trifluoroacetic acid (TFA)
as the mobile phase. Gradient A: 0.0–3.0 min 10% ACN, 3.0–16.0 min 10–60% ACN,
16.0–18.0 min 60% ACN, 18.0–18.1 min 60–10% ACN, 18.1–22.0 min 10% ACN; flow rate
of 1 mL/min.

2.4.2. Preparative RP-HPLC

Sample purification via RP-HPLC was carried out on a Gilson 322 Pump with a Gilson
UV/VIS-155 detector (UV detection at λ = 220 nm) using a PrepFC™ automatic frac-
tion collector (Gilson, Middleton, WI, USA), Eurosil Bioselect Vertex Plus 30 × 8 mm
5 µm C18A 300 Å pre-column and Eurosil Bioselect Vertex Plus 300 × 8 mm 5 µm C18A
300 Å column (Knauer, Berlin, Germany) and ACN/H2O/0.1% TFA as the mobile phase.
Gradient 1: 0.0–1.0 min 0% ACN, 1.0–35.0 min 0–50% ACN, 35.0–36.0 min 50% ACN,
36.0–36.1 min 50–0% ACN, 36.1–43.0 min 0% ACN; flow rate of 2 mL/min.

2.4.3. Fe-DFO-B

DFO-B was purchased as commercially available Desferal® (Novartis Pharma GmbH,
Vienna, Austria). Iron-containing Fe-DFO-B was obtained by addition of 10-fold molar ex-
cess of FeCl3 in aqueous solution to DFO with subsequent purification by preparative HPLC.

2.4.4. Fe-DFO-Bac and Fe-DFOsuc

First, 30 mg (54 µmol) of Fe-DFO-B was dissolved in 500 µL of MeOH and mixed
with either 200 µL (2.12 mmol) acetic anhydride or 28 mg (280 µmol) succinic anhy-
dride. Subsequently, the pH level was adjusted to 8 with N,N-Diisopropylethylamine
(DIPEA). The mixtures were shaken for 10 min, and the end of the reaction was con-
firmed by analytical RP-HPLC. The solutions were immediately purified by preparative
RP-HPLC. After removing the solvent in a vacuum, 50% of each product was incubated
with 1 mL of Na2EDTA (100 µM) and stirred for 2 h to remove iron from the complexes.
The compounds were again purified by preparative RP-HPLC and lyophilized, resulting
in DFO-Bac and DFO-Bsuc.

2.4.5. Analytical Data

Fe-DFO-Bac 8.15 mg [12.4 µmol, 46%], RP-HPLC gradient A: tR = 8.7 min;
mass: m/z [M + H] = 656.28, [C27H47FeN6O9; calculated mass: 655.27]; Fe-DFOsuc 23.48 mg



J. Fungi 2021, 7, 734 5 of 12

[32.9 µmol, 54%]; RP-HPLC gradient A: tR = 9.7 min; Mass: m/z [M + H] = 714.28,
[C29H49FeN6O11; calculated mass: 713.28].

2.5. Radiolabelling

Fractionated elution of 68Ge/68Ga-generator (IGG100. Eckert and Ziegler Isotope
Products, Berlin, Germany; nominal activity of 1850 MBq) with 0.1 M hydrochloric acid
(HCL, Rotem Industries, Arva, Israel) was used to obtain 68GaCl3 (~250 MBq) in 1.5 mL
eluate. For labelling, 10 µg (5–8 nmol) of siderophore were mixed with 200 µL gallium
eluate (~15–30 MBq), and the pH was adjusted to 4.5 by adding 20 µL of the sodium
acetate solution (1.14 M) per 100 µL eluate. The mixture was left to react for 10 min at
room temperature and finally analyzed by radio-TLC (Scan-RAM™, LabLogistic, Sheffield,
UK) and radio-RP-HPLC, as described by the authros of [21]. For 67Ga-labelling, 20 µg
of DFO-B or DFO-E was mixed each with 100 µL of 67Ga-citrate (KC Solid, Rokycany,
Czech Republic) and incubated for 20 min at 90 ◦C.

2.6. Short-Term Siderophore Uptake Analysis

Short-term uptake of siderophore-complexed 68Ga was analyzed as described pre-
viously [23,24]. A. fumigatus strain Afs77 [25] was grown for 18 h at 37 ◦C in 100 mL
Aspergillus minimal medium (AMM) according to Pontecorvo et. al. [26] with 1% (w/v)
glucose as the carbon source and 20 mM glutamine as the nitrogen source, using iron-free
trace elements to induce iron limiting for the transcriptional activation of siderophore
uptake [27]. To generate iron-replete mycelia for the transcriptional downregulation of
siderophore uptake, the growth medium contained an additional 0.03 mM FeSO4. For
the analysis of the pH-dependent siderophore uptake, the pH of the fungal culture medium
was adjusted with HCl (1 M) and NaOH (1 M) immediately before the uptake analyses. Up-
take assays were performed with 180 µL of liquid A. fumigatus culture added to a prewetted
96-well MultiScreen Filter Plates HTS (1 µm glass fiber filter, Merck Millipore, Darmstadt,
Germany). Then, 50 µL of radioactive labelled siderophores (~100 nM) were added to the
culture and incubated for 45 min at 37 ◦C. After washing two times with ice-cold TRIS
buffer, the dried filters were measured in a γ-counter.

2.7. Analysis of Siderophore Utilization Via Growth Promotion

Growth assays were performed on solid Aspergillus minimal medium (AMM), as
described above, solidified with 1.8% (w/v) agar. The pH was adjusted with NaOH, and
the medium was supplemented with the respective siderophore. The agar plates were
point-inoculated with 104 spores per dot of ∆sidA∆ftrA [10] and incubated at 37 ◦C for 48 h.

3. Results

3.1. [68Ga]Ga-DFO-B Allows In Vivo PET Imaging of Pulmonary Aspergillosis in a Rat Model

To test the potential of [68Ga]Ga-DFO-B for the imaging of a pulmonary A. fumigatus
infection in a rat aspergillosis model, DFO-B was radiolabeled with 68Ga with the mo-
lar activity exceeding 3 GBq/µmol and radiochemical purity > 95% confirmed by both
RP-HPLC and ITLC-SG methods in accordance with our previous finding [21]. After the r.o.
injection of [68Ga]Ga-DFO-B in infected rats, PET/CT imaging allowed a clear depiction
of the infected area in the lungs, while unbound [68Ga]Ga-DFO-B was rapidly eliminated
via the renal system (Figure 2). The quality of imaging was comparable to images using
[68Ga]Ga-DFO-E in previous studies [11].
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Figure 2. Static PET/CT images of [68Ga]Ga-DFO-B in pulmonary A. fumigatus-infected Lewis rats 45 min after injection:
(a) CT coronal slice, (b) fused PET/CT coronal slice and (c) 3D volume rendered PET/CT image. White arrow indicates
A. fumigatus infection, SI = site of injection, K = kidneys, UB = urinary bladder.

3.2. In Vivo Uptake of [67/68Ga]Ga-DFO-B Is Comparable to [67/68Ga]Ga-DFO-E

To further compare [68Ga]Ga-DFO-B and [68Ga]Ga-DFO-E for targeting pulmonary
aspergillosis, two immunocompromised rats were infected with A. fumigatus and injected
with a combination of DFO-B and DFO-E radiolabeled with short-lived (68Ga; t1/2 = 68 min)
or longer-lived (67Ga; t1/2 = 78.3 h) radionuclides, respectively, allowing the discrimination
of the two siderophores. Both rats, one injected with [68Ga]Ga-DFO-B and [67Ga]Ga-DFO-E
and the second with [67Ga]Ga-DFO-B and [68Ga]Ga-DFO-E, showed low radioactivity
accumulation in non-infected organs (blood, spleen, pancreas, liver, heart and muscle)
and primary excretion via kidneys. The highest uptake was observed in the infected lung
tissue. In both rats, [67Ga]Ga-DFO-E and [68Ga]Ga-DFO-E revealed only slightly higher
uptake in the infected lungs as compared with [68Ga]Ga-DFO-B and [67Ga]Ga-DFO-B
(Figure 3). The difference in lung radioactivity accumulation between the two rats was
most likely caused by a difference in the fungal load, which is responsible for the retention
of radioactivity in the lung. It is noteworthy that the injection of [68Ga]Ga-DFO-B [21]
or [68Ga]Ga-DFO-E [11] has previously been shown to cause negligible accumulation in
the lungs of non-infected rats. In these experiments, the ratio of 68Ga activity in lung vs.
blood was been 0.84 and 0.79 for [68Ga]Ga-DFO-B and [68Ga]Ga-DFO-E, respectively. In
infected animals (in the current study), the ratio was significantly higher, with about 17 in
rat 1 and 8 in rat 2 for both compounds.



J. Fungi 2021, 7, 734 7 of 12

J. Fungi 2021, 7, x FOR PEER REVIEW 7 of 12 
 

 

 
Figure 3. Comparison of the ex vivo biodistribution of radiolabeled DFO-B and DFO-E, respectively, 
expressed as % injected dose per organ. 

3.3. Chemical Modification of DFO-B Improves Its Growth Promotion Activity at Acidic pH 
To analyze the potential impact of pH-dependent charge on the uptake efficacy of 

ferrioxamine-type siderophores, we synthesized three derivatives of DFO-B with modifi-
cations of the amine-residue to neutralize the charge (DFO-Bac) or to cause an expected 
negative charge at neutral/alkaline pH (DFO-Bsuc), as described in the Material and Meth-
ods section (Figure 1). 

First, the impact of the chemical modifications of DFO-B on the uptake efficacy was 
analyzed by testing their growth promotion activity as iron (Fe) chelates in comparison to 
Fe-DFO-E at different ambient pH (Figure 4). For these growth assays, we employed an 
A. fumigatus mutant strain (∆sidA/∆ftrA), which lacks both siderophore production and 
reductive iron assimilation [10]. This strain is unable to grow unless supplemented with 
high iron concentrations or a utilizable siderophore. We found that 0.1 μM Fe-DFO-E pro-
moted the growth of ∆sidA/∆ftrA at the acidic, neutral and alkaline conditions. In contrast, 
0.1 μM Fe-DFO-B promoted growth at pH 7 and 9 but not at pH 5.0, which confirms that 
Fe-DFO-B is a siderophore used by A. fumigatus and indicates utilization dependent on 
the ambient pH. Acetylation of the amine group of DFO-B (Fe-DFO-Bac), which prevents 
its protonation and, consequently, positive charge at acidic pH, rescued the growth pro-
motion at pH 5. Succinylation of the terminal DFO-B amine group (Fe-DFO-Bsuc) led to a 
derivative that contained a carboxyl group, which was assumed to be uncharged (proto-
nated) at the acidic pH but negatively charged (deprotonated) at the alkaline pH. In line 
with the negative effect of the charge, Fe-DFO-Bsuc showed the lowest growth promotion 
activity at pH 9. Taken together, the fungal growth promotion activity of Fe-DFO-B was 
lowest at the acidic ambient pH, most likely due to its positive charge. In agreement, the 
derivatization that neutralized the positive charge improved the growth promotion activ-
ity at acidic conditions without influencing growth promotion efficacy at the alkaline pH. 
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3.3. Chemical Modification of DFO-B Improves Its Growth Promotion Activity at Acidic pH

To analyze the potential impact of pH-dependent charge on the uptake efficacy of
ferrioxamine-type siderophores, we synthesized three derivatives of DFO-B with modifi-
cations of the amine-residue to neutralize the charge (DFO-Bac) or to cause an expected
negative charge at neutral/alkaline pH (DFO-Bsuc), as described in the Material and Meth-
ods section (Figure 1).

First, the impact of the chemical modifications of DFO-B on the uptake efficacy was
analyzed by testing their growth promotion activity as iron (Fe) chelates in comparison
to Fe-DFO-E at different ambient pH (Figure 4). For these growth assays, we employed
an A. fumigatus mutant strain (∆sidA/∆ftrA), which lacks both siderophore production
and reductive iron assimilation [10]. This strain is unable to grow unless supplemented
with high iron concentrations or a utilizable siderophore. We found that 0.1 µM Fe-DFO-E
promoted the growth of ∆sidA/∆ftrA at the acidic, neutral and alkaline conditions. In con-
trast, 0.1 µM Fe-DFO-B promoted growth at pH 7 and 9 but not at pH 5.0, which confirms
that Fe-DFO-B is a siderophore used by A. fumigatus and indicates utilization dependent
on the ambient pH. Acetylation of the amine group of DFO-B (Fe-DFO-Bac), which pre-
vents its protonation and, consequently, positive charge at acidic pH, rescued the growth
promotion at pH 5. Succinylation of the terminal DFO-B amine group (Fe-DFO-Bsuc) led
to a derivative that contained a carboxyl group, which was assumed to be uncharged
(protonated) at the acidic pH but negatively charged (deprotonated) at the alkaline pH.
In line with the negative effect of the charge, Fe-DFO-Bsuc showed the lowest growth
promotion activity at pH 9. Taken together, the fungal growth promotion activity of
Fe-DFO-B was lowest at the acidic ambient pH, most likely due to its positive charge. In
agreement, the derivatization that neutralized the positive charge improved the growth
promotion activity at acidic conditions without influencing growth promotion efficacy at
the alkaline pH.
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Figure 4. The growth promotion activity of Fe-DFO-B depends on the ambient pH and can be
modulated by chemical derivatization. In total, 104 spores of A. fumigatus strain ∆sidA/∆ftrA were
point-inoculated on the solid minimal medium with the indicated pH, lacking (-) or containing
0.1 µM of the indicated iron-loaded siderophore. Plates were incubated for 48 h at 37 ◦C.

3.4. Short-Term Uptake of DFO-B Displays pH Dependence

In long-term growth promotion assays, ambient pH and chemical modification might
influence the compound stability. To corroborate pH- and charge-dependent uptake of
DFO-B, in the next step, the impact of ambient pH and chemical modifications on short-
term uptake efficacy as 68Ga-chelates was analyzed. Therefore, A. fumigatus Afs77 was
grown in minimal medium, reflecting either iron sufficiency or iron limitation, to induce
the expression of genes encoding SITs to activate siderophore uptake [27]. To analyze
the effect of pH on siderophore uptake, the fungal cultures were adjusted before the uptake
assays to ambient pH of 5, 7 and 9, respectively. In agreement with the regulation of
siderophore uptake by iron and the specificity of the uptake assays, the uptake of all
siderophores was significantly higher in the iron-limited cultures compared to the iron-
sufficient cultures under all tested conditions (Figure 5a). Compared to [68Ga]Ga-DFO-E,
the uptake efficacy of [68Ga]Ga-DFO-B was only approximately 20% at pH 5, and increased
to about 50% at pH 7 and 80% at pH 9 (Figure 5b). These data underline the pH dependence
of [68Ga]Ga-DFO-B compared to [68Ga]Ga-DFO-E. [68Ga]Ga-DFO-Bac showed similar
uptake efficacy to [68Ga]Ga-DFO-E at pH 5 and pH 7, which is in line with the protonated
amino group being responsible for the decreased [68Ga]Ga-DFO-B uptake in the acidic
and neutral conditions. In line with the growth promotion assays, [68Ga]Ga-DFO-Bsuc

displayed highly decreased uptake efficacy at pH 9, again underlining the negative impact
of the charge on the ferrioxamine uptake efficacy.
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4. Discussion

Imaging of fungal infections, such as aspergillosis, has been approached with sev-
eral strategies over the last decades using various tracers, including labeled antifungals
and peptides. A recent promising approach is the use of the Aspergillus-specific human-
ized monoclonal antibody hJF5 labelled with 64Cu as the PET tracer and NODAGA as
the Cu chelator [28].

Here, we demonstrate that the 68Ga-labelled siderophore DFO-B is highly effec-
tive for the in vivo imaging of pulmonary A. fumigatus infections in a rat aspergillosis
model. The main advantages of using [68Ga]Ga-DFO-B compared to non-siderophore
radiotracers appear to be (i) the use of 68Ga as a radiolabel, enabling the on-site prepara-
tion of the radiotracer at the time of need via reliable automated radiosynthesis without
the requirement of the cyclotron; (ii) the short half-life (68 min) of 68Ga, implying a low
radiation burden on patients compared, for example, to the 12.7 h half-life of 64Cu [29];
(iii) the low molecular mass of [68Ga]Ga-DFO-B, resulting in excellent pharmacokinet-
ics, such as the fast distribution and rapid renal excretion lacking accumulation in other
organs [21]; (iv) the active uptake mechanism via SITs, leading to the accumulation of
the radiotracer within the target organism; and (v) the repurposing of a well-established
clinically used medication, Desferal®, which has a long history for use in metal chela-
tion therapy as well as in nuclear medicine, as a bifunctional chelating agent enabling
the radiolabeling of wide range of biomolecules with different radionuclides [30–32].

In previous studies [11], the 68Ga-labelled siderophores TAFC and DFO-E have been
shown to mediate effective molecular imaging of pulmonary A. fumigatus infections in
rat aspergillosis models. In contrast to DFO-B, however, these siderophores are not yet
approved for clinical use or necessary GMP (good manufacturing practice)-compliant
production. In addition, safety studies constitute significant hurdles for their application
in humans.

Notably, the utilization of siderophores displays a certain species specificity. In vitro
studies have revealed the uptake of [68Ga]Ga-TAFC by A. fumigatus, Rhizopus arrhizus
and Fusarium solani, but no significant uptake by Aspergillus terreus, Aspergillus flavus
or Candida albicans or the bacterial species Pseudomonas aeruginosa, Klebsiella pneumoniae,
Staphylococcus aureus and Mycobacterium smegmatis [33]. In comparison, [68Ga]Ga-DFO-
E displayed the highest uptake by A. fumigatus and considerable uptake by A. terreus,
A. flavus, R. oryzae and F. solani, as well as the bacterial species S. aureus [33]. [68Ga]Ga-DFO-B
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uptake was found in bacterial species such as S. aureus, P. aeruginosa and Streptococcus agalactiae,
as well as in the fungal species A. fumigatus, while Escherichia coli and K. pneumoniae ap-
peared to lack significant uptake [12,21]. Taken together, DFO-E and DFO-B have a broad
spectrum covering bacterial and fungal species, while TAFC appears to be specific to
fungal TAFC utilizers. Whether this is advantageous and how this specificity impacts
the clinical application remains to be established by clinical studies showing the principle
potential of imaging infections in humans with [68Ga]Ga-DFO-B by means of PET. Re-
garding fungal infections, the uptake of [68Ga]Ga-DFO-B by certain Mucorales might be
an opportunity to diagnose these otherwise difficult-to-characterize infections. Moreover,
localization of the infection and therapy monitoring might be important applications of
this imaging methodology.

Previous data indicated significantly lower in vitro uptake of DFO-B compared to
the TAFC and DFO-E metal complexes in A. fumigatus [12]. In contrast to DFO-E and TAFC,
which are uncharged cyclic siderophores, DFO-B is a linear molecule with an amine group
that is positively charged at neutral or acidic pH (Figure 1). As shown here by growth
assays and short-term uptake assays, DFO-B uptake efficacy was low at acidic pH and
increased at neutral and alkaline pH. The chemical acetylation of the amine group leading
to the uncharged DFO-Bac improved the utilization of the iron complex as the iron source in
the long-term growth assays, as well as the short-term uptake of the 68Ga-complex at acidic
and neutral pH. These data indicate that the charge of DFO-B likely decreased the uptake
efficacy. In line, we found that uptake of DFO-Bsuc, which is assumed to have a negative
charge at basic pH, was inefficiently taken up at pH 9.

These data also elucidate the reason for the poor [68Ga]Ga-DFO-B uptake by A. fumigatus
observed in a previous study [11], as the pH of A. fumigatus cultures grown under iron
starvation conditions is usually acidic due to the fungal acidification of the medium [34].
Efficient uptake of [68Ga]Ga-DFO-B by A. fumigatus in a rat infection model can be ex-
plained by the approximately neutral pH in the mammalian system [35]. In line with these
results, reasonable uptake of [68Ga]Ga-DFO-B was demonstrated here in vitro at a neutral
pH. Moreover, we show here that the in vivo uptake efficacy of [67/68Ga]Ga-DFO-B and
[67/68Ga]Ga-DFO-E by A. fumigatus is similar in a rat infection model.

During infection, pathogens usually encounter iron limitation due to nutritional immu-
nity [36,37], which leads to the activation of siderophore uptake [8]. However, the uptake
efficacy not only depends on the amount and activity of available SITs, but also on trans-
porter/siderophore cooperation. Here, we demonstrated that the charge of a siderophore
has a significant impact on the uptake efficacy. As the efficient uptake of a radiolabeled
siderophore by a pathogen is crucial for effective imaging, these findings might help to im-
prove the properties of siderophores used for imaging. In a proof-of-concept study, Pfister
et al. previously demonstrated that certain siderophores could be used in a theranostic ap-
proach, in which antimicrobial therapy is combined with a diagnostic approach [38]. In this
study, 68Ga-imaging was combined with the fusion of antimicrobials to the siderophore to
exploit the so-called Trojan horse approach. The present study demonstrates that the charge
of a siderophore has a significant impact on its uptake and that this must be considered
when modifying siderophores for diagnostic and/or therapeutic purposes.

5. Conclusions

In this study, we demonstrated, for the first time, the successful application of
[68Ga]Ga-DFO-B for imaging of A. fumigatus infections. Growth and short-term uptake
assays with A. fumigatus demonstrated that Fe-DFO-B and [68Ga]Ga-DFO-B were taken
up by the fungus in a pH-dependent manner. DFO-B has a long-standing history in
clinics, and licensed pharmaceutical-grade 68Ge/68Ga-generators are already used for
imaging, which might facilitate the approval of [68Ga]Ga-DFO-B as an imaging tool for
A. fumigatus infections. As ferrioxamines are also utilized by several other fungi, the use
of [68Ga]Ga-DFO-B-mediated imaging may allow different clinical applications. However,
this must be verified in controlled clinical trials.



J. Fungi 2021, 7, 734 11 of 12

Author Contributions: Conceptualization, M.M., M.P., C.D. and H.H.; methodology, M.M., M.P. and
J.P.; formal analysis, M.M., M.P. and J.P.; investigation, M.M., M.P., J.P., K.B. and I.H.; resources, M.P.,
C.D. and H.H.; data curation, M.P., M.M. and C.D.; writing—original draft preparation, M.M. and
H.H.; writing—review and editing, M.M., M.P., C.D. and H.H.; visualization, M.P., M.M. and C.D.;
supervision, M.P., C.D. and H.H.; project administration, C.D. and H.H.; funding acquisition, M.P.,
C.D. and H.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work was partially funded by the Euregio Science Fund (SupErA IPN95 to
HH) and the Austrian Science Fund (FWF, ZFKLI009090 to CD). The authors M.P. and K.B.
received financial support from by the Czech Ministry of Education, Youth and Sports, project
EATRIS-ERIC-CZ (No. LM2018133), the European Regional Development Fund—Project ENOCH
(No. CZ.02.1.01/0.0/0.0/16_019/0000868) and the Internal Grant Agency of Faculty of Medicine and
Dentistry of Palacky University in Olomouc (No. IGA_LF_2021_038).

Institutional Review Board Statement: Animal experiments were conducted according to the guide-
lines of the Declaration of Helsinki and approved by the Institutional Review Board (in accordance
with regulations and guidelines of the Czech Animal Protection Act (No. 246/1992), and with
the approval of the Czech Ministry of Education, Youth, and Sports (MSMT-9487/2019-5) and the In-
stitutional Animal Welfare Committee of the Faculty of Medicine and Dentistry of Palacky University
in Olomouc).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: We would like to thank the staff of the Animal Facilities of Institute of Molecular
and Translational Medicine of Faculty of Medicine and Dentistry of Palacky University in Olomouc.
We accept: “Open Access Funding by the Austrian Science Fund (FWF)”.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bongomin, F.; Gago, S.; Oladele, R.O.; Denning, D.W. Global and multi-national prevalence of fungal diseases—Estimate precision.

J. Fungi 2017, 3, 57. [CrossRef]
2. Arastehfar, A.; Carvalho, A.; Houbraken, J.; Lombardi, L.; Garcia-Rubio, R.; Jenks, J.; Rivero-Menendez, O.; Aljohani, R.; Jacobsen,

I.; Berman, J.; et al. Aspergillus fumigatus and aspergillosis: From basics to clinics. Stud. Mycol. 2021, 100, 100115. [CrossRef]
3. Kozel, T.R.; Wickes, B. Fungal diagnostics. Cold Spring Harb. Perspect. Med. 2014, 4, a019299. [CrossRef] [PubMed]
4. Kontoyiannis, D.P.; Sumoza, D.; Tarrand, J.; Bodey, G.P.; Storey, R.; Raad, I.I. Significance of Aspergillemia in patients with cancer:

A 10-year study. Clin. Infect. Dis. 2000, 31, 188–189. [CrossRef] [PubMed]
5. Thornton, C.R. Detection of the ‘Big Five’ mold killers of humans: Aspergillus, Fusarium, Lomentospora, Scedosporium and

Mucormycetes. Adv. Appl. Microbiol. 2020, 110, 1–61. [PubMed]
6. Barnes, R.A. Early diagnosis of fungal infection in immunocompromised patients. J. Antimicrob. Chemother. 2008, 61, i3–i6.

[CrossRef] [PubMed]
7. Palmer, L.D.; Skaar, E.P. Transition metals and virulence in bacteria. Annu. Rev. Genet. 2016, 50, 67–91. [CrossRef]
8. Misslinger, M.; Hortschansky, P.; Brakhage, A.A.; Haas, H. Fungal iron homeostasis with a focus on Aspergillus fumigatus. Biochim.

Biophys. Acta (BBA) Bioenerg. 2020, 1868, 118885. [CrossRef]
9. Latgé, J.-P.; Chamilos, G. Aspergillus fumigatus and Aspergillosis in 2019. Clin. Microbiol. Rev. 2019, 33, e00140-18. [CrossRef]

[PubMed]
10. Schrettl, M.; Bignell, E.; Kragl, C.; Joechl, C.; Rogers, T.; Arst, H.N.; Haynes, K.; Haas, H. Siderophore biosynthesis but not

reductive iron assimilation is essential for Aspergillus fumigatus virulence. J. Exp. Med. 2004, 200, 1213–1219. [CrossRef]
11. Petrik, M.; Franssen, G.M.; Haas, H.; Laverman, P.; Hörtnagl, C.; Schrettl, M.; Helbok, A.; Lass-Flörl, C.; Decristoforo, C. Preclinical

evaluation of two 68Ga-siderophores as potential radiopharmaceuticals for Aspergillus fumigatus infection imaging. Eur. J. Nucl.
Med. Mol. Imaging 2012, 39, 1175–1183. [CrossRef]

12. Petrik, M.; Haas, H.; Schrettl, M.; Helbok, A.; Blatzer, M.; Decristoforo, C. In vitro and in vivo evaluation of selected
68Ga-siderophores for infection imaging. Nucl. Med. Biol. 2012, 39, 361–369. [CrossRef]

13. Bickel, H.; Gäumann, E.; Keller-Schierlein, W.; Prelog, V.; Vischer, E.; Wettstein, A.; Zähner, H. Über eisenhaltige wachstumsfak-
toren, die sideramine, und ihre antagonisten, die eisenhaltigen antibiotika sideromycine. Cell. Mol. Life Sci. 1960, 16, 129–133.
[CrossRef]

14. Polsinelli, I.; Borruso, L.; Caliandro, R.; Triboli, L.; Esposito, A.; Benini, S. A genome-wide analysis of desferrioxamine mediated
iron uptake in Erwinia spp. reveals genes exclusive of the Rosaceae infecting strains. Sci. Rep. 2019, 9, 2818. [CrossRef]

15. Challis, G.L. A widely distributed bacterial pathway for siderophore biosynthesis independent of nonribosomal peptide
synthetases. ChemBioChem 2005, 6, 601–611. [CrossRef] [PubMed]

http://doi.org/10.3390/jof3040057
http://doi.org/10.1016/j.simyco.2021.100115
http://doi.org/10.1101/cshperspect.a019299
http://www.ncbi.nlm.nih.gov/pubmed/24692193
http://doi.org/10.1086/313918
http://www.ncbi.nlm.nih.gov/pubmed/10913421
http://www.ncbi.nlm.nih.gov/pubmed/32386603
http://doi.org/10.1093/jac/dkm424
http://www.ncbi.nlm.nih.gov/pubmed/18063601
http://doi.org/10.1146/annurev-genet-120215-035146
http://doi.org/10.1016/j.bbamcr.2020.118885
http://doi.org/10.1128/CMR.00140-18
http://www.ncbi.nlm.nih.gov/pubmed/31722890
http://doi.org/10.1084/jem.20041242
http://doi.org/10.1007/s00259-012-2110-3
http://doi.org/10.1016/j.nucmedbio.2011.09.012
http://doi.org/10.1007/BF02157712
http://doi.org/10.1038/s41598-019-39787-x
http://doi.org/10.1002/cbic.200400283
http://www.ncbi.nlm.nih.gov/pubmed/15719346


J. Fungi 2021, 7, 734 12 of 12

16. Petrik, M.; Pfister, J.; Misslinger, M.; Decristoforo, C.; Haas, H. Siderophore-based molecular imaging of fungal and bacterial
infections—Current status and future perspectives. J. Fungi 2020, 6, 73. [CrossRef]

17. Fadeev, E.A.; Luo, M.; Groves, J.T. Synthesis, structure, and molecular dynamics of gallium complexes of schizokinen and the
amphiphilic siderophore acinetoferrin. J. Am. Chem. Soc. 2004, 126, 12065–12075. [CrossRef] [PubMed]

18. Bellotti, D.; Remelli, M. Deferoxamine B: A natural, excellent and versatile metal chelator. Molecules 2021, 26, 3255. [CrossRef]
[PubMed]

19. Velasquez, J.; Wray, A.A. Deferoxamine; StatPearls Publishing: Treasure Island, FL, USA, 2021. [PubMed]
20. Desferal Vials—Summary of Product Characteristics (SmPC). Available online: https://www.medicines.org.uk/emc/product/38

13/smpc#gref (accessed on 8 July 2021).
21. Petrik, M.; Umlaufova, E.; Raclavsky, V.; Palyzova, A.; Havlicek, V.; Pfister, J.; Mair, C.; Novy, Z.; Popper, M.; Hajduch, M.; et al.

68Ga-labelled desferrioxamine-B for bacterial infection imaging. Eur. J. Nucl. Med. Mol. Imaging 2020, 48, 372–382. [CrossRef]
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