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Abstract: Aspergillus fumigatus spores initiate more than 3,000,000 chronic and 300,000 invasive
diseases annually, worldwide. Depending on the immune status of the host, inhalation of these
spores can lead to a broad spectrum of disease, including invasive aspergillosis, which carries a 50%
mortality rate overall; however, this mortality rate increases substantially if the infection is caused by
azole-resistant strains or diagnosis is delayed or missed. Increasing resistance to existing antifungal
treatments is becoming a major concern; for example, resistance to azoles (the first-line available oral
drug against Aspergillus species) has risen by 40% since 2006. Despite high morbidity and mortality,
the lack of an in-depth understanding of A. fumigatus pathogenesis and host response has hampered
the development of novel therapeutic strategies for the clinical management of fungal infections.
Recent advances in sample preparation, infection models and imaging techniques applied in vivo
have addressed important gaps in fungal research, whilst questioning existing paradigms. This
review highlights the successes and further potential of these recent technologies in understanding
the host–pathogen interactions that lead to aspergillosis.

Keywords: Aspergillus fumigatus; host–pathogen interaction; advanced imaging technologies; lung
deposition; fungal germination; host response; mucosal immunity; zebrafish; infection imaging

1. Introduction

Aspergillus fumigatus spores are a major component of airborne particulate matter
(1–100/m3) [1] and initiate more than 3,000,000 chronic and 300,000 invasive diseases per
annum, globally [2,3]. Depending on the host’s immune status, inhalation of A. fumiga-
tus spores can lead to a broad spectrum of disease, including invasive aspergillosis (IA;
affecting in particular patients with chronic obstructive pulmonary disease, COPD) [4,5],
chronic pulmonary aspergillosis (CPA) and allergic bronchopulmonary aspergillosis (ABPA;
affecting more than 4 million asthma and cystic fibrosis, CF, sufferers) [6]. IA carries a
50% mortality rate overall; however, mortality rates approach 100% if diagnosis is delayed
or missed and >75% in certain cohorts of patients, notably those with COPD. Currently,
mortality increases substantially for infections with azole-resistant isolates, and resistance
to azoles (the first-line available oral drugs against Aspergillus spp.) has risen by 40% since
2006, especially due to systemic azole usage for agricultural purposes [7–9].

Despite staggering morbidity and mortality, the mechanisms underlying A. fumiga-
tus pathogenesis and the concomitant host response are not fully elucidated. This has
resulted in a limited availability of effective antifungal and immunomodulatory therapies
to combat Aspergillus-related diseases. We aim to review the advanced imaging techniques
applied to invertebrate and murine models of aspergillosis, which have recently provided
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important visually-quantitative insights into the host–pathogen interactions within the
infected host. Previous reviews have already expertly addressed the current knowledge
on, and dynamic intricacy of, the A. fumigatus host–pathogen interaction (some examples
are [10–14]); therefore, in this review, we will discuss recent contributions and future po-
tential applications of state-of-the-art imaging techniques by answering four outstanding
questions regarding A. fumigatus pathogenesis and antifungal response during A. fumigatus
infection (Figure 1) [15–18].
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Figure 1. Diagram of new insights into A. fumigatus host–pathogen interactions attained through
novel in vivo imaging techniques. Section 2 : Work by Amich et al. (2020) used light sheet fluorescence
microscopy (LSFM) to look at A. fumigatus lung deposition [15]. Section 3: Gresnigt et al. (2016)
investigated the interplay between hypoxic lung environments and inflammation during A. fumigatus
infection using fluorescence tomography [16]. Section 4: Bertuzzi et al. (2022) leveraged imaging flow
cytometry (IFC) to demonstrate in vivo uptake and killing of A. fumigatus by airway epithelial cells
(AECs) (BF: bright field, tdT: tdTomato identifying interacting A. fumigatus, CW: calcofluor white
identifying external A. fumigatus) [17]. Section 5: Rosowski et al. (2018) used a zebrafish model of
aspergillosis to demonstrate that germination rate can alter neu-trophil recruitment and antifungal
activity while also being modulated by macrophages [18].

2. Are A. fumigatus Spores Deposited in the Alveoli?

It is estimated that humans breathe in between 1000 and 10 billion fungal spores
a day [19]. These spores are routinely cleared in healthy individuals through a variety
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of defence mechanisms, including mucociliary clearance and the phagocytic and antimi-
crobial activities of resident epithelial cells and innate immune cells [20,21]; however,
in certain individuals, A. fumigatus conidia bypass these defences, leading to disease.
A. fumigatus conidial concentrations in the environment are estimated to be between 1 and
100 conidia/m3, with the average adult likely inhaling more than 100 conidia daily [1].
Due to the relatively small size of A. fumigatus conidia (2–3.5 µm), the field has largely
assumed that these spores are able to reach the small airways and the alveoli, a feature
critical to their pathogenesis, making the alveoli the principal site of invasive pulmonary
aspergillosis (IPA) [1,22–25]. Lung deposition likely dictates the cellular milieu faced by
inhaled A. fumigatus spores, which is also likely to differ across clinical scenarios with
predispositions for infection. Consequently, gaining insights into the initial encounters
of A. fumigatus within the complex spatial microarchitecture of respiratory airways has
significant implications for the design of targeted therapeutic interventions. Unfortunately,
technical and ethical constraints have led to difficulties in assessing the extent of alveolar
deposition in mammalian diseased lungs. To this end, recent technical advancements
in whole organ imaging have enabled the characterisation of A. fumigatus conidial lung
deposition in murine models of infection [15].

The development of whole lung clearing and three-dimensional light sheet fluores-
cence microscopy (LSFM) have resulted in the ability to image entire lung lobes at cellular
resolution, thereby enabling, in combination with fluorescent staining, the characterisation
of fungal growth and host immune recruitment within the spatial-anatomical context of an
infected lung [15]. Using a previously established lung clearing protocol to image deep into
the host lung [26], fluorescently labelled antibodies to identify host immune populations
and JF5 (an Aspergillus-specific monoclonal antibody which binds to an Aspergillus manno-
protein antigen secreted during active growth) to visualise growing A. fumigatus [27], LSFM
was employed to establish A. fumigatus growth under standard immunosuppressive murine
models of IPA [15]. Using this technique, Amich et al. (2020) quantified fungal burden in a
highly sensitive manner and characterised key immune populations to reveal changes to
pulmonary lung environments upon A. fumigatus infection. Importantly, this study was
also able to investigate A. fumigatus deposition across murine lungs following intranasal in-
fections. Epithelial surfaces were visualised using a fluorescently labelled anti-podoplanin
antibody, and location of fungal burden was denoted based on the typical dimension of
murine alveoli [15,28,29]. After 16 h of infection, only ~20% of actively growing cells
co-localised in the alveoli, with ~40% co-localising with bronchioles and 20% in close
proximity of the bronchioles (see Figure 1). These results suggest that during intranasal
infections with conidia, in standard murine models of IPA, the largest burden of actively
growing A. fumigatus after 16 h of infection is not in the alveoli, but rather in the bronchioles.
Furthermore, minimal alveolar deposition was observed irrespective of the immunosup-
pressive model of pulmonary aspergillosis adopted, based on immunosuppression with
corticosteroids, chemotherapy-induced leukopenia or myeloablative irradiation.

While these results are extremely valuable to our current interpretation of murine
models of IPA, there are caveats to expanding this to our understanding of A. fumigatus
conidial deposition in humans, as highlighted by the authors as well. First of all, there
are morphological differences between the murine and human respiratory tracts, which
are likely to affect the ability of small particles to be deposited in this region. Specifically,
murine alveoli are significantly smaller than human ones, with the alveolar surface and
the alveolar diameter being, respectively, 21× and 4× smaller in mice than in humans [30].
Moreover, the use of the JF5 antibody limits the imaging and quantification exclusively
to actively growing A. fumigatus. This antibody does in fact only visualise hyphal cells
because it selectively binds to an Aspergillus mannoprotein antigen secreted during active
growth [27]. In addition, due to the time point selected for the assessment of fungal burden
(16 h), there is no accounting for early anti-fungal clearance by epithelial and immune
cells in the alveoli. This is a crucial point since internalisation of conidia by epithelial and
immune cells and the derived immune responses are also known to occur within the first
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16 h of contact [31,32]. Since only actively growing A. fumigatus cells are being labelled
and quantified, any conidia whose germination and growth has been already inhibited or
delayed might be excluded from this experimental setup. Therefore, it is possible that a
larger proportion of conidia reaches the alveolar region than reported, but that the effective
fungicidal and fungistatic activities occurring over the first 16 h leads to an underestimation
of the fungal deposition observed in the alveolar region. Finally, aerosolised conidia likely
deposit differently than conidia in a liquid suspension. While inhalation of fungal spores
by humans generally occurs with aerosolised spores, standard murine models entail the
resuspension of spores in water or, as in this case, in water + 0.9% NaCl + 0.005% Tween 20
for intranasal instillation. However, this difference in fluidics likely alters the deposition of
conidia and does not necessarily reflect the natural progression of infection. Taken together,
these could explain why the results from whole-lung LSFM conflict with the general
assumption that A. fumigatus conidia largely deposit in the small airways and alveoli.

Indeed, Geiser et al. (2000) measured the distribution of aerosolised Calvatia excipuli-
formis (puffball) basidiospores across the lungs of hamsters immediately after inhalation
(fixed within 29 min), demonstrating that fungal spores of ~3 µm in size largely deposit
in alveoli [33]. Using a combination of lung sectioning and histology, it was found that
two-thirds of spores were in the alveoli both when hamsters inhaled the aerosolised spores
by spontaneous breathing or by continuous negative-pressure ventilation. Importantly,
these spores are similar in size to A. fumigatus conidia with an aerodynamic diameter of
3 µm but factors other than size, such as hydrophobicity and electrical charge, could alter
the deposition of spores, thus a direct comparison of C. excipuliformis to A. fumigatus cannot
be made. However, while using less complex techniques, this study overcomes many of
the caveats described above, such as using aerosolised spores for infection, quantifying bur-
den immediately and, finally, using hamsters, which have slightly larger alveolar regions
than mice [30]. Taken together, these experimental differences may explain the significant
variations in results between the two studies. Similarly, histology-based investigation of
A. fumigatus has primarily identified alveolar deposition [34]. Numerous sampling studies
of environmental spores have also established models of lung deposition that support the
idea of alveolar A. fumigatus conidial deposition. For instance, deposition models following
spore sampling in residences in the Northeastern U.S. calculated the fractional deposition
for the Aspergillus genera in the extrathoracic (ET; 66%), tracheobronchial (TB; 7%) and
alveolar (AL; 27%) regions of the human respiratory tract based on local measurements
of spore concentrations and the physiological data of residents [35]. While the majority
of spores are deposited in the ET region, Aspergillus was one of the top occupiers in the
alveolar region compared to other environmental genera, which is consistent with other
Aspergillus deposition models [36–39].

While not directly addressing whether A. fumigatus conidia are primarily deposited
in the alveoli of humans, the approach presented by Amich et al. (2020) provides the
first-in-field experimental data characterising A. fumigatus conidia deposition within the
context of murine lung architecture and provides significant insights into our current
murine IPA models. LSFM is a non-destructive method that avoids the need to process
samples into single-cell suspensions or slices as well as the risk of inaccurately representing
the cellular composition of the sample itself. This is in comparison to standard techniques,
such as colony-forming units (CFU) enumeration or qPCR, all of which requiring lung
homogenisation. LSFM is also sensitive enough to quantify fungal burden and immune
cells deep in the organ and can enumerate ~5× more cells than flow cytometry while
maintaining the spatial context [15]. The holistic spatial information attained allows for
characterisation of the immune cell associations around specific A. fumigatus clusters
distributed throughout the lung, which is information often lost in other techniques that
require sample processing. Prior to LSFM development, the main option for obtaining
insights on fungal burden and immune cell distribution within an intact anatomical context
had been histology. However, histology is a time- and labour-intensive process and is
often practically unfeasible for whole lungs, as it relies on thin consecutive lung sectioning
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followed by staining, thus reducing imaging capabilities to only small areas and possibly
resulting in sampling bias. High-throughput slide scanning microscopes are beginning
to allow the acquisition and assembly of entire histological sections in a faster manner
but will still lack the ability to return the holistic 3D architecture of the infected organ, as
achieved by LSFM. Because of these constrains, histological data have often served as a
useful reference for the assessment of fungal germination and growth, as well as for the
presence of immune cells, but are often limited to qualitative data, whereas LSFM provides
a novel method of quantitative assessment.

The most notable limitations of the LSFM technology include laborious and expensive
sample preparation, whereby staining and clearing procedures can take several days and
large amounts of antibodies are often required. LSFM also requires a specialised light sheet
microscope with expertise to acquire and analyse the complex 3D data. Moreover, tissue
fixation is necessary, and, therefore, the analyses are limited to acquisition of the single
time points of the infection process. While able to rapidly image whole organs, LSFM has a
lower spatial resolution than confocal laser-scanning microscopy, which has been recently
used by Bogorodskiy et al. (2020) to look at the behaviour of intra-epithelial dendritic
cells during A. fumigatus infections [40,41]. This methodology uses a similar lung clearing
procedure to that in Amich et al. (2020) but coarsely sections the lung into thick slices
to visualise the host–pathogen interactions. Interestingly, via tracking deposition using
dTomato-expressing conidia, rather than hyphae-labelling with the JF5 antibody, this study
found conidial accumulation in the alveolar space, with less presence in the bronchial
region after 72 h of infection.

LSFM provides a novel method of investigating previously uncharacterised aspects
of A. fumigatus pathogenesis. For example, the use of aerosolised spores, rather than
spores resuspended in liquid, and the quantification of conidial burden using a non-
hyphal morphotype-specific antibody immediately after infection, might lead to a better
picture of the natural deposition of A. fumigatus conidia. Additionally, these experiments
could be attempted in larger animal models that have larger (more human-like) lung
structures. LSFM could also be used to characterise changes in the levels of deposition in
different models of disease to elucidate key host factors and the host–pathogen interactions
influencing disease kinetics in at-risk patients. For instance, given that COPD and CF are
known to significantly affect lung architecture and are known to be key risk factors for
the development of IPA and ABPA, respectively [5,42–44], characterising the variations in
deposition across the lungs in specific murine models of these diseases could reveal new
insights surrounding these risk factors [45]. The ability of A. fumigatus to efficiently colonise
and infect humans has been postulated to be, in part, due to its conidial size (2–3.5 µm),
which is smaller than those of other pathogens like A. flavus and A. niger (3–5 µm), hence
favouring avoidance of mucociliary clearance and deeper lung deposition [25,46]. Thus,
characterising the changes in fungal growth and in immune recruitment in these models of
disease could elucidate key host factors and the host–pathogen interactions influencing
disease kinetics. Additionally, LSFM could be used to compare levels of deposition between
pathogenic and non-pathogenic Aspergillus strains and species to establish if there is indeed
a correlation between spore size, lung deposition and pathogenicity. Finally, by performing
LSFM at multiple early time points of infection, the specific immune cell populations
being recruited during infection could be identified. In all, while LSFM has not yet fully
established whether A. fumigatus conidia are deposited in the human alveoli, it does
represent a powerful and innovative technique that may enable us to develop a better
understanding of the early events in A. fumigatus infection and disease.

3. What Microenvironments Does A. fumigatus Encounter upon Lung Deposition?

Once deposited in the lung, spores encounter complex microenvironments, whose
characteristics (for example: oxygen composition, pH, metals and nutrient availability)
can impact fungal stress adaption, conidial germination and hyphal growth, uptake by
host cells as well as antifungal defence, thereby ultimately altering disease kinetics. The
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ability to detect and measure local tissue parameters in vivo is crucial, and key advances in
state-of-the-art imaging of host–pathogen interaction can help to characterise the role that
these microenvironments play in the interactions of A. fumigatus with the host and, thus,
elucidate their relevance to disease to develop innovative therapeutic interventions. A key
example of this has been in the exploration of the role of hypoxic lung microenvironments
during IPA establishment, which has directly led to the identification of novel potential
therapeutic avenues [16,47]. Oxygen levels are a key, yet highly heterogenous, component
of the lung environment [48,49]. The levels of oxygen across the lung are lower than
atmospheric concentrations (~21% O2), and the highly oxygenated alveoli, which are the
putative main site of initial infection during IPA (see Section 2), contain ~14% O2 in lungs
of healthy individuals. However, the actual oxygen availability is likely to be lower due to
haemoglobin’s high affinity for O2 [48,49]. Additionally, infected wounds and abscesses
have lower O2 levels than their surrounding tissues, suggesting lower oxygen levels at
infection sites, such as aspergillomas [48,50,51].

A study by Grahl et al. (2011) was the first to identify the hypoxic microenvironments
associated with A. fumigatus in murine models [47]. This study investigated metabolite
production during IPA by performing nuclear magnetic resonance (NMR) analyses on
bronchioalveolar lavages (BAL) from infected mice and identified ethanol as an overrepre-
sented metabolite during disease. A. fumigatus produces ethanol under hypoxia, thereby
leading to the hypothesis that A. fumigatus encounters hypoxic conditions during IPA. To
test this hypothesis and visualise hypoxic environments in vivo, this study used the nitro-
heterocyclic compound HypoxyprobeTM (pimonidazole hydrochloride), whose activation
is hypoxia-dependent and leads to the production of protein adducts that can be visualised
using immunofluorescence [47,52]. Using a combination of HypoxyprobeTM, sectioning
and immunohistochemistry, in vivo hypoxia was investigated in three immunosuppressive
models (chemotherapeutic, corticosteroid and X-CGD). Across all three models, variable
levels of inflammation, fungal growth and hypoxia were detected; however, every model
showed clear hypoxic microenvironments 3–5 days post infection. Variation across the
immunosuppressive models suggested that host inflammation in these different models
could play a role in generating these hypoxic microenvironments. Though a few previous
studies indicated a potential role of hypoxia in A. fumigatus pathogenesis, this study was
the first demonstration of hypoxic microenvironments during A. fumigatus infections and
initiated further studies into the role of hypoxia on A. fumigatus virulence and pathogenesis,
as well as its potential exploitation as a novel target for therapeutic intervention [47,53–57].

Numerous studies have explored the interplay between hypoxia and aspergillosis, link-
ing the ability to grow in hypoxic conditions to pathogenesis [54,58–60], identifying the genes
essential for both hypoxia adaptation and virulence [56,61–65] and characterising hypoxia
factors through transcriptomics [66–68], proteomics [66,69–71] and metabolite identifica-
tion [69,72]. The effect of hypoxic conditions on antifungal efficiency, drug resistance and
diagnostic efficacy has also been investigated [48,73–75]. As such, the potential role of hypoxia
in aspergillosis has been discussed in detail throughout multiple reviews [53,76–79]. Along
with the many studies exploring the role of hypoxia in A. fumigatus biology and disease, a re-
cent notable study by Gresnigt et al. (2016) leveraged fluorescence tomography to investigate
the interplay between inflammation, hypoxia and fungal growth in murine models of IPA [16].
This study used fluorescence tomography and an HS680 probe (HypoxiSense 680), previously
used to measure tumour hypoxia [80], to identify and quantify hypoxic lung microenviron-
ments in a corticosteroid IPA model (see Figure 1). In parallel, bioluminescence imaging was
also performed to gain a temporal assessment of fungal burden using luciferase-expressing
A. fumigatus strains [55]. Corticosteroid-immunosuppressed mice showed higher levels of
hypoxia (as determined by the HS680 signal) and higher fungal burdens (as determined
by luminescence) than immunocompetent mice. Importantly, this in turn correlated with
significantly higher inflammation as determined by pro-inflammatory cytokine levels (CXCL1,
IL-1α, IL-1β, IL-6 and G-CSF) in lung homogenate 3 days post infection (dpi).
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Host inflammatory responses during aspergillosis must balance the clearance of
A. fumigatus and limitation of tissue damage [81], and hypoxia is a key player in this
balance since it can increase inflammation, which in turn leads to acute lung injury, in
a vicious cycle where more tissue damage can lead to further tissue hypoxia. The in-
terplay between hypoxia and inflammation therefore represents a potential therapeutic
target in lung disease [82]. A key master transcriptional regulator for inflammation under
hypoxic conditions is the hypoxia-inducible factor-1 alpha (HIF-1α) which is known to
regulate Interleukin-1 alpha (IL-1α) [83], a crucial component of the host defences against
A. fumigatus. IL-1α mis-regulation can, however, lead to inflammatory disease [84,85]
and, on the basis of this, Gresnigt et al. (2016) hypothesised that inhibition of IL-1 sig-
nalling via an IL-1 receptor antagonist (IL-1Ra, Anakinra) could disrupt this vicious cycle
of hypoxia-inflammation during IPA and potentially minimise disease. Accordingly, when
A. fumigatus-infected and immunosuppressed mice were treated with IL-1Ra, there was a
significant decrease in hypoxia compared to untreated mice, and a sub-population of the
treated mice (6/10) showed significantly reduced pulmonary inflammation. Importantly,
when mice were infected with a low dose of conidia (2 × 105), IL-1Ra treatment led to a
significant decrease in fungal burden at 2 dpi (as determined by bioluminescent signal) and
an improvement in wellbeing at 3 dpi (as determined by body weight). Taken together, this
study used live imaging to investigate the connection between IL-1α-mediated inflamma-
tion and hypoxic microenvironments during IPA in mice, with the aim of exploring this axis
for therapeutic intervention. Indeed, the results presented suggest that targeting immune
signalling (like that of IL-1α) could help reduce hypoxia and improve the outcomes of IPA;
however, whether targeting host factors to modulate inflammation and hypoxia is a viable
method of treatment for IPA in humans is still to be determined. Hypoxia has been shown to
modulate immune responses against A. fumigatus, both positively (by inducing fungal cell
wall changes and enhancing effector cell activation) and negatively (through attenuation
of human dendritic cell activation) [86,87]. Minimising hypoxia for therapeutic purposes
could also be used in combination with current antifungal treatments. Gresnigt et al. (2016)
showed preliminary evidence that a combination treatment of IL-1Ra (10 mg/kg/day)
with caspofungin (10 mg/kg/day) was well tolerated by mice and improved their survival
from 40% to 60% in the case of treatment with caspofungin alone [16]. Implementing hy-
poxia/inflammation modulation with an antifungal treatment could be particularly fruitful
from a clinical point of view, given that, even though hypoxic conditions only minimally
alter antifungal effectiveness against aspergilli in vitro, hypoxic microenvironments have
been demonstrated to drive antifungal resistance in A. fumigatus [48,73,74].

The implementation of fluorescence tomography to explore the complex lung microen-
vironments in the context of aspergillosis is promising. There are many major benefits of
fluorescence tomography, including that it can be used for longitudinal studies, whereby it
provides a method for temporal assessment of parameters in the same mice over time, thus
significantly reducing the number of mice needed for infections. It is important to note,
however, that the application of this technology, together with the quantification of fungal
burden in A. fumigatus via luminescence strains, can be hampered due to the intrinsic
requirement of oxygen for enzymatic-dependent detection of these strains [55,57,88–92].
This is particularly important considering our current understanding of hypoxic microenvi-
ronments during A. fumigatus infections and has been indeed acknowledged by the authors
of multiple studies [16,47,53,55]. Further non-invasive imaging techniques of live infected
mice include combining bioluminescence with magnetic resonance imaging (MRI) to both
obtain dynamic information of fungal burden (from bioluminescence readout) and lesion
number and size (from MRI readout) in a non-invasive manner [93]. MRI information is
particularly beneficial for late-stage disease where oxygen limitation due to inflammation
can cause issues in luminescence resolution [93]. Another avenue has been the development
of the hyphal-specific humanised monoclonal antibody hJF5, which has been radiolabelled
([64Cu]DOTA-JF5) as a tool for the monitoring of pulmonary aspergillosis using antibody-
guided positron emission tomography and magnetic resonance (immunoPET/MRI) [27].
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This technique has shown promise for clinical diagnostics purposes, rather than as a tool to
investigate pathogenesis mechanisms in murine models of aspergillosis [94,95]. Further
engineering of the hJF5 antibody has facilitated more exciting combinations of imaging
using a dual-labelled hJF5 with both radionuclide and fluorophore (64Cu-hJF5-DyLight650)
for its use in both immunoPET/MRI, which enables broad resolution longitudinal studies
in live mice and LSFM of optically cleared dissected lungs, thereby allowing for higher-
resolution imaging [96]. The technical hurdles and costs of immunoPET/MRI can still be
prohibitive, but this technique could facilitate unique in vivo studies.

Following the crucial discovery of hypoxic microenvironments during IPA [47], fluo-
rescence tomography has allowed for in-depth characterisation of the interplay between
hypoxia and inflammation, as well as of its potential use as a target for therapeutic inter-
vention against aspergillosis [16]. Fluorescence tomography and other in vivo imaging
techniques could be further exploited to study the contribution of fungal and host compo-
nents in the establishment of hypoxic microenvironments in infected lungs. For example, it
has previously been shown that A. fumigatus strains that thrive in low oxygen conditions are
often more virulent [59]; therefore, the evaluation of hypoxia levels during infection with
different low oxygen-growing strains could lead to a better understanding of the factors of
A. fumigatus that may drive hypoxic environments or modulate the host response to alter
oxygen levels. Although hypoxia is a clinical feature of both COPD and CF lungs [97,98],
links between the hypoxic microenvironments in the lung and the susceptibility of COPD
and CF sufferers to aspergillosis have yet to be investigated. Using CF murine models,
hypoxia could be evaluated in the context of aspergillosis [45,99]. Fluorescence tomog-
raphy could also be further developed to identify other microenvironments that alter
host–pathogen interactions and disease kinetics. For instance, both pH and zinc have
been implicated in the virulence of A. fumigatus [31,100–103], and fluorescence tomography
could be used to evaluate pH variation and zinc levels during IPA using in vivo probes
such as LS482 for pH and ZPP2 for zinc [104,105]. Determining the local pH and zinc
landscape during IPA could open the doors to novel avenues of research and direct us
towards unexplored therapeutic targets. As more probes are developed for in vivo imaging,
other factors such as temperature, oxidative stress, metals and nutrient availability could
be probed. As research emerges implicating specific environmental factors in A. fumigatus
pathogenesis, in vivo imaging techniques provide exciting modular methods to characterise
multiple factors in the context of host–pathogen interactions and disease.

4. Are Airway Respiratory Cells Internalising A. fumigatus during Infection?

Following inhalation and deposition in the respiratory tract, healthy clearance of A.
fumigatus conidia has largely been attributed to the concerted action of resident and recruited
innate immune cells, such as alveolar macrophages (AM) and neutrophils [106–110]. How-
ever, murine studies [110] and in silico modelling [111,112] indicate that AMs migrate too
slowly and randomly in the absence of a chemoattractant signal to be able to protect against
A. fumigatus infection and suggest that neutrophils are recruited at a later stage to the
site of infection and are, therefore, unlikely to play a key role in immediate spore clear-
ance [110,111,113,114]. Additionally, AMs only constitute ~3% of the total cell number in
the alveoli [115] and, therefore, are unlikely to be the first cell type encountered by the
inhaled spores. Given this evidence, it is likely that other resident lung cells could play
important roles in the initial host–pathogen interactions leading to healthy clearance of
A. fumigatus. For instance, bronchial and alveolar epithelial cells, collectively referred to
here as airway epithelial cells (AECs), cover the entire alveolar surface and comprise 24%
of all cells in human lung parenchyma [115]; therefore, their contact with A. fumigatus
conidia is instant, extensive and likely prolonged. AECs are found to play a crucial role in
host defence against various respiratory pathogens by orchestrating highly multifaceted
responses and promoting the uptake and killing of inhaled microbes [116]. Recent in silico
modelling that incorporated the role of AECs in the host response to A. fumigatus suggests
that AECs play a key role in fungal clearance and may be the primary cell type releasing
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cytokines for immune cell recruitment during infection, rather than AMs [117–119]. The
role of AECs in host defence against A. fumigatus infections is just starting to be explored,
but a variety of recent evidence suggests that these non-professional phagocytic cells likely
play a key role in fungal clearance and host response (as reviewed by [21,32,119]).

Numerous studies have demonstrated that A. fumigatus conidia are readily internalised
by AECs in vitro, with both alveolar and bronchial epithelial cells internalising 30–50% of
the conidia they encounter [17,31,120–129]. In vitro A. fumigatus uptake by AECs is a time-
dependent process, which increases proportionally with longer co-incubations or a higher
multiplicity of infections [17,126,128]. AECs exert antifungal activity, with intracellular
conidia showing impaired germination relative to extracellular conidia [17,126]. This
antifungal activity has been largely attributed to phagosome acidification [122,126], and,
indeed, population- and single-cell studies have demonstrated that the vast majority of
internalised conidia (90–97%) are killed by AECs within 12–24 h of infection; however, a
small subpopulation is able to avoid clearance and to germinate intracellularly [17,122].
In response to challenging intracellular conditions, this subpopulation shows unique
morphological changes and surviving intracellular conidia frequently form secondary germ
tubes and contain an increased number of vacuoles in their hyphae [126]. Interestingly,
AECs that internalise conidia do not undergo increased cell death (relative to uninfected
cells), suggesting that, while A. fumigatus clearly leads to damage to AEC monolayers,
this damage is not primarily associated with uptake [17]. Indeed, a small proportion of
germinated intracellular conidia are able to escape AECs while avoiding the rupturing of
host cells, and, following non-lytic escape, hyphal extensions can invade the adjacent AECs
without further perpetuating host cell damage [126,130]. Importantly, hyphae escaping
from AECs are coated in host plasma membrane, and this might enable A. fumigatus to
evade the host immune cells [126]. In addition to uptake, AECs have been shown to
respond to the challenge of A. fumigatus with an organised and regulated host response,
involving the synergistic expression and release of several immune mediators [117,131–138].
Taken together, this evidence indicates that AECs play an important role in efficient fungal
clearance and host response following everyday exposure to A. fumigatus conidia. However,
despite a variety of pathogen and host factors identified as playing roles in A. fumigatus
uptake by AECs [21,32,139,140], the functional relevance of this process to disease outcome
remains unclear, and novel techniques are needed to determine whether AECs internalise
A. fumigatus during mammalian infection.

Initial experiments in murine models used transmission electron microscopy (TEM) on
histopathological sections to quantify the conidial uptake by bronchial cells in corticosteroid
models of infection [34]. These experiments were unable to identify any internalisation
events by the bronchial epithelial cells at 6 and 18 h post infection. However, due to
the poor sensitivity of TEM and the low frequency of uptake by AECs in vitro [17,141],
in vivo internalisation by the bronchial epithelial cells cannot be excluded. Additionally,
this study focused solely on identifying in vivo uptake by bronchial epithelial cells, and
uptake by alveolar epithelial cells was not explored. Indeed, Bertuzzi et al. (2022) recently
coupled differential fluorescence staining and imaging flow cytometry (IFC) to demonstrate
and quantify in vivo uptake of A. fumigatus by AECs in a leukopenic murine model of
IPA [17,141]. AECs were isolated from dissociated lungs of the leukopenic mice infected
for 8 h with tdTomato-expressing A. fumigatus strains. Prior to IFC analysis, staining of
A. fumigatus—AEC complexes with the cell impermeant dye calcofluor white allowed for
differentiation of the AECs that had internalised A. fumigatus or had A. fumigatus attached
to their surface (see Figure 1), while staining with antibodies against EPCAM, podoplanin
and CD74 allowed for typing of murine bronchial, type-I and type-II alveolar epithelial
cells [17]. Using this optimised experimental pipeline, it was found that 3.5% of murine
type-II alveolar epithelial cells internalise A. fumigatus. Importantly, this provided the first
ever in vivo evidence of A. fumigatus uptake by AECs, demonstrating that primary murine
type-II epithelial cells internalise A. fumigatus at rate and stoichiometry similar to cultured
type-II epithelial cells [17]. Furthermore, by fluorescence-activated cell sorting (FACS), this
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study also assessed the ability of AECs to kill internalised conidia in vivo. Type-II AECs
were able to kill 69.9% and >97% of the internalised fungi following 4 and 16 h of infection
respectively, in strong agreement with previous in vitro evidence [17,122,141].

Given that AECs provide a potent means of antifungal defence against A. fumigatus
in vivo, dysfunctional epithelial protective activities in at-risk patients may provide an
opportunity for A. fumigatus to exploit AECs as a safe haven in which to reside intracellu-
larly, thereby escaping immune cells’ recognition and clearance. A variety of pre-existing
conditions are known as key risk factors for aspergillosis (such as COPD, asthma and
CF) [2–6]. Indeed, a study by Chaudhary et al. (2012) showed that the uptake and killing of
conidia by bronchial epithelial cells is impaired by the presence of a non-functional cystic
fibrosis transmembrane conductance regulator (CFTR, DF508), thereby supporting the
view that dysfunctional epithelial responses might at least contribute, if not be the basis of,
increased susceptibility to aspergillosis in at-risk patients [142]. Following this hypothesis
and considering that recent estimates indicate that nearly 3.9% of COPD patients admit-
ted to hospital annually develop IA, with 540,451–977,082 predicted deaths annually [5],
Bertuzzi et al. (2022) went on to test the ability of AECs derived from patients with COPD
to internalise and kill A. fumigatus. The COPD-derived primary human AECs were found
to internalise conidia more efficiently than their healthy counterparts (~4 and ~2 times
for commercially available and locally-sourced AECs, respectively); however, importantly,
gorging COPD-derived AECs were also half as capable of killing internalised conidia [17].
The observed dysregulation of epithelial protective activities in primary human diseased
AECs [17,142] provides a novel understanding of how the disease kinetics of Aspergillus
infections are altered in at-risk patients, suggesting that AECs play a key role in antifungal
defence at very early stages of the infection process and are, therefore, an appealing target
for therapeutic intervention.

This innovative single-cell approach allowed for the first ever evidence and quantifi-
cation of in vivo A. fumigatus uptake by AECs and demonstrated that uptake results in
effective killing of the internalised fungi, not only in vitro, but, importantly, also during
mammalian infection. A drawback of this technique is that the analysed cells have to
be in suspension; therefore, when starting from in vitro infections, the infected epithelial
monolayers need to be disaggregated and detached, whereas when starting from in vivo
infections, the infected organs need to be extracted and dissociated. Thus, unlike LSFM
(see Section 2), IFC does not place the host–pathogen interactions in the context of the 3D
architecture of an intact lung, and, unlike fluorescence tomography (see Section 3), IFC
cannot provide longitudinal data on infection burdens and lung environments in live mice.
However, overshadowing this drawback, IFC offers the unique and crucial advantage of
enabling assessment of the host–pathogen interactions in vitro or in vivo with single-cell
resolution, even when these interactions are relatively rare events. The combination of
IFC with different fluorescent stains and dyes provides a flexible toolkit for an in-depth
analysis of the host–pathogen interactions, which permits simultaneous testing of distinct
host cell populations (in addition to AECs) interacting with different morphotypes or
mutants of A. fumigatus in vitro or in vivo. Importantly, this could lead to the identification
of pathogen factors that could be inhibited or host immunomodulatory targets that could
be potentiated for therapeutic purposes.

5. How Does Germination Alter the Interactions of A. fumigatus with Immune Cells?

The genetic programming driving the germination of fungal spores into vegetatively
growing cells is poorly understood, yet the process of germination is essential for the
majority of spore-mediated fungal diseases [143–145]. For A. fumigatus, the process of ger-
mination involves a multi-step morphological transition, whereby small, circular, resting
conidia undergo isotropic growth into large, swollen conidia, which form germ tubes and
later progress into hyphae. Throughout these morphological changes, epitopes on the
surface of A. fumigatus change significantly, with important implications for immune recog-
nition by the host [21,146–148]. Accordingly, different morphotypes are known to interact
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differently with host immune cells and elicit varied immune responses [21,134,146,148–154].
In turn, the host cells inhibit germination to varying degrees. For example, in vitro evi-
dence suggests that the antifungal activity of neutrophils is primarily targeted at the hyphal
morphotype rather than conidia [155,156]; however, evaluation of the fungal and host
composition of the bronchioalveolar lavage fluid (BALF) from infected mice suggests that
neutrophil aggregates inhibit the germination of A. fumigatus conidia in an ROS-dependent
manner [113]. Macrophages can inhibit the germination of intracellular conidia in vitro via
ROS-dependent and independent mechanisms [157–159], and this inhibition is crucial to
fungal clearance, as intracellular germination of A. fumigatus otherwise drives programmed
macrophage necrosis in vitro [154]. Finally, in vitro AECs inhibit the germination of both
internalised and external conidia, but internalised conidia are more efficiently killed as a
result of phagolysosomal trafficking and acidification [17,120,122,126,129,160–162]. Taken
together, this evidence suggests that the process of germination in vivo might dictate varia-
tions in morphotype-dependent interactions with the host and, in turn, the disease kinetics
of A. fumigatus.

While germination is clearly a key driver of host–pathogen interactions, its role in
shaping the disease kinetics of A. fumigatus is just starting to be investigated. A comparison
of A. fumigatus, A. nidulans, A. niger and A. terreus shows that faster germination rates corre-
late with a higher cytotoxicity than those of cultured AECs in vitro (A549 cells) [117,163].
Similarly, when infecting macrophages in vitro with A. nidulans and A. fumigatus, the former
germinates more readily than the latter, but differences in uptake, phagosome acidification,
fungal killing, phagocyte migration and cytokine induction are also observed, thereby pre-
venting a clear indication of the role of germination in the species-specific host–pathogen
interaction [164]. Importantly, while A. nidulans germinates the fastest and causes the most
damage in vitro, it is not a leading cause of IA [165], which suggests that germination rates
in vitro do not always directly mirror the disease kinetics in the host. Along these lines,
an evaluation of five A. fumigatus strains with different germination rates across different
models of infection demonstrated that there was a large variation in virulence across strains,
depending on the model used, but no direct correlation to their germination rate [166]. To
better understand the role of germination in aspergillosis, two commonly used A. fumigatus
clinical isolates, namely CEA10 and Af293, have been thoroughly investigated in murine
and zebrafish models of IA [31,59,166–168]. Through histological analysis and evaluation of
the BALF of infected murine lungs, Caffrey-Carr et al. (2017) found that CEA10 germinates
faster than Af293 in vivo, resulting in increased lung damage, inflammation due to IL-1α-
dependent neutrophil recruitment and increased virulence in IL-1α−/− mice. Importantly,
infection of macrophage cultures with Af293 germlings was sufficient to induce equiva-
lent damage and IL-1α release as with CEA10 germlings, which suggests that this was a
morphotype-specific host response, absent with conidia. Germlings needed to be alive for
IL-1α induction, suggesting that the surface-exposed factors of hyphae were insufficient
for this response and that morphotype-dependent secreted factors from A. fumigatus may
modulate the host response dramatically [138,167]. Visualising where and when these
secreted factors act, using similar fluorescent protein technology to that applied in the
study of bacterial effector translocation [169], will therefore be a key step to understanding
the impact of fungal germination and development on A. fumigatus disease kinetics.

These results indicate that germination upon lung deposition is a key factor in deter-
mining disease outcomes, yet detailed characterisation of the germination of individual
fungal cells is not technically feasible in murine models. This is due to the lack of high-
resolution imaging technology to assess fungal morphotypes in live mice using longitudinal
studies. Crucially, the recent development of an optically-clear zebrafish model of IA by
Knox et al. (2014) has permitted the use of 4D confocal or widefield microscopy to visually
quantify fungal development, immune cell recruitment and the A. fumigatus–host interac-
tions in vivo [170–174]. Using this model, Rosowski et al. (2018) were able to demonstrate
that variations in germination rates among A. fumigatus strains could shape disease ki-
netics [18]. As mentioned previously, CEA10 germinates faster than Af293, both in vitro
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and in murine and zebrafish models [167,168]; however, in vivo germination of individual
A. fumigatus cells had never been monitored before. Thanks to the possibility to image
infected zebrafish daily, Rosowski et al. (2018) directly quantified fungal germination and
growth in larvae for 5 days [18]. Indeed, the CEA10 isolate was found to germinate and
grow into mature hyphae faster than the Af293 isolate, with 20% more larvae infected
with CEA10 containing the germinated A. fumigatus than those infected with Af293 (in
immunocompetent larvae) as early as 2 days post infection. On the other hand, the authors
found that Af293 was less efficiently killed than CEA10 in immunocompetent fish, which
was surprising given that, while neither strain is virulent in immunocompetent fish, CEA10
is more virulent in neutrophil-deficient zebrafish [168]. In zebrafish, neutrophils are known
to preferentially migrate and associate with hyphal forms of A. fumigatus; therefore, to
understand the preferential killing of CEA10, Rosowski et al. (2018) were able leverage
the in vivo cellular imaging of larval zebrafish to link the germination rate with increased
neutrophil killing activity [18,170].

The ability to visualise specific immune cell clusters over time in individual zebrafish
provides a temporal assessment of recruitment of specific populations for distinct infection
events. By exploiting zebrafish with fluorescently labelled phagocytes, Rosowski et al.
(2018) were able to monitor variations in macrophage and neutrophil recruitment and
behaviour in individual larvae over 5 days of infections. Compared with Af293 infections,
the CEA10 strain was found to elicit over two-fold greater recruitment of both macrophages
and neutrophils as early as 2 dpi and correlated with significantly larger immune cell
clusters surrounding A. fumigatus (see Figure 1). Recruited phagocytes, initially mainly
macrophages, formed tight clusters around A. fumigatus as early as 1 dpi and lasted across
the 5 days of evaluation, while neutrophils gradually infiltrated the immune clusters
at later time points. Using a combination of neutrophil- and macrophage-deficient (or
depleted) fish, the authors found evidence that the killing of CEA10 (but not Af293) isolates
was largely attributed to neutrophils, rather than macrophages. Moreover, macrophage-
deficient fish show 60% more efficient killing of CEA10 than immunocompetent fish at
2 dpi, which suggests that macrophages may provide a protective niche for A. fumigatus
to evade neutrophil-mediated killing. Importantly, in macrophage-depleted zebrafish, a
larger amount of germination is observed for both strains, suggesting that macrophages
have germination-inhibitory activity that may mask A. fumigatus from the hyphal-specific
antifungal potency of neutrophils [18]. Together, in vivo imaging in zebrafish was able to
show that a germination rate can alter the recruitment and antifungal activity of immune
cells while also being modulated by macrophages.

The authors were able to further link germination to neutrophil killing activity, in vivo,
using uridine-uracil auxotrophs (pyrG mutants) with known germination defects. In
macrophage-deficient hosts, neutrophils were able to clear ~85% of CEA10 by 1 dpi; how-
ever, for the germination-defective strain, the clearance was lower with only ~40% by 1 dpi,
a difference that was maintained throughout later time points of infection. Together, these
results suggest that germination of A. fumigatus is key to neutrophil-mediated killing and
explains why faster germinating strains are more effectively cleared. Based on all of these
findings, it seems like the role of germination in virulence is likely a balancing act between
host invasion and host evasion, where it is beneficial to germinate fast enough to become a
resistant, vegetatively growing cells (hyphae), while also trying to avoid immune response,
primarily neutrophil-mediated killing. This does put forth an interesting question: in
which scenarios would it be beneficial to inhibit germination to minimise host damage or,
rather, to increase germination to activate host defences? Variations in disease presentation
(IA, ABPA and CPA) could be due to variations of germination kinetics in the presence of
different host immune environments, and more research into understanding the kinetics
of germination is needed before we can successfully use it as a target in the prevention
of aspergillosis.

Zebrafish offer many advantages for in vivo imaging [171,172,174,175]. Due to their
transparent nature, zebrafish larvae provide an infection model that allows for non-invasive
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cellular imaging in the same live hosts over multiple days of infection (longitudinal studies).
With the development of genetically engineered fluorescent fungal strains and transgenic
fish with fluorescently labelled immune cell populations, the complex host–pathogen inter-
actions occurring during the early stages of infection can be investigated. Notably, temporal
assessment of the same fungal clusters and cells over time can be performed. The high
resolution of such imaging not only allows for characterisation of immune recruitment,
but also for changes in fungal morphology. For instance, using this zebrafish model, a
comparison of A. fumigatus and A. niger indicates that A. fumigatus is more readily taken up
by macrophages than A. niger and that A. fumigatus readily germinates inside macrophages,
while A. niger depends on extracellular germination to establish an infection [173]. These
differences in intracellular versus extracellular germination are likely key to understand-
ing the disease kinetics of these opportunistic pathogens. The use of this model can be
expanded to A. fumigatus mutants with cell wall defects and transgenic zebrafish lacking
specific immune cell receptors to explore the role of specific fungal epitopes and host
receptors in morphotype-specific immune cell recruitment and activity. An additional
benefit of this model is that, because live imaging can be performed for the whole organism,
collection and imaging bias are avoided. For infection with A. fumigatus, this infection
model also only requires a very small infectious inoculum (only 10–100 conidia), while
murine models require significantly more (on occasions up to 107 conidia) [171]. This
is not only more physiologically relevant to human exposure dosages from the environ-
ment [1], but it is also more practical, for example, when using strains that have poor
conidiation, thereby requiring larger culturing volumes to harvest a sufficient number
of spores. By replacing mice with larval zebrafish, partial replacement is also achieved,
hence representing an improvement in line with the principle of the 3Rs (replacement,
reduction and refinement), aimed at performing more humane animal research. However,
there are some notable drawbacks of using this infection model. The biggest limitation is
that infections are performed by injection into the hindbrain, thus not mimicking human
infections, which generally start via spore inhalation. Alterations in infection route might
affect the nutritional and immunological context in which infection takes place, bypassing
the complex interaction with different host cell types that ultimately contributes to disease
outcome. It is also important to note that zebrafish are kept at 28 ◦C, which is a significantly
lower temperature than that of mammalian hosts (37 ◦C), with possible implications for
the growth, behaviour and virulence of A. fumigatus [176]. However, the development of
an Arabian killifish (Aphanius dispar) model holds promise for infection models, as this fish
can function physiologically at 37 ◦C [177]. Finally, zebrafish larvae only have an innate
immune system, so one cannot assess the role of the adaptive immune system in this model;
however, the lack of an adaptive immune system ultimately provides a simplified host
environment, which can be exploited to understand in-depth the innate immune system’s
role in infection. The limitations listed here do not overshadow the incredible benefits of
this model, which is proving valuable in the study of in vivo host–pathogen interactions.

6. Conclusions

State-of-the-art technologies for imaging of the host–pathogen interaction during
infection have helped to derive novel insights into A. fumigatus pathogenesis and host
response, as highlighted by the four separate examples provided here, which illustrate how
these techniques have been used to answer key questions in the field. We placed these
questions in the context of known research and highlighted key studies that have used these
techniques to make significant leaps in our understanding. While each of the techniques
used has its advantages and disadvantages (see Table 1), different questions require different
approaches. Each of these techniques is, and will be, essential to developing a more
complete understanding of the mechanisms underlying A. fumigatus pathogenesis and host
response to inform the use of current and novel antifungal therapeutics and diagnostics
and minimise the high mortality caused by aspergillosis.
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Table 1. Summary of advantages and disadvantages associated with different in vivo imaging techniques discussed in this review.

Light Sheet Fluorescence Microscopy
(LSFM)

Fluorescence
Tomography/Bioluminescence

Tomography
Imaging Flow Cytometry (IFC) Zebrafish Model of Aspergillosis

Advantages

− Maintains 3D lung architecture
and provides spatial-anatomical
context of an infected lung.

− High enough resolution to image
entire lung lobes at cellular
resolution allows for the
characterisation of fungal growth
and host immune recruitment.

− Allows for longitudinal studies of
the same mice over time.

− Provides improvement in the 3Rs
(reduction).

− Maintains 3D lung architecture
and provides spatial-anatomical
context of an infected lung.

− High resolution enables the
assessment of host–pathogen
interactions with single-cell
resolution, even when these
interactions are relatively rare
events.

− Large number of cells analysed.

− High resolution live cell 4D
imaging to monitor individual
fungal cell morphology and
immune cell recruitment to
specific infection sites.

− Allows for longitudinal studies of
the same zebrafish over time.

− Requires a relatively small
inoculum if limited samples are an
issue.

− Provides an improvement in the
3Rs (partial replacement).

− Lack of adaptive immune system
provides a simpler system to
characterise the innate immune
system.

Disadvantages

− Laborious and expensive sample
preparation that requires fixation.

− Not feasible to do longitudinal
studies of the same host over time.

− Quantifying A. fumigatus is
hampered by the use of
luminescence strains affected by
local oxygen levels and poor
resolution.

− Lower resolution than other
in vivo imaging techniques.

− Requires cells to be in suspension,
thus does not provide
spatial-anatomical context of an
infected lung.

− Not feasible to do longitudinal
studies of the same host over time.

− Infectious route does not mimic
natural infection and ignores lung
environment.

− Host temperature much lower
than mammalian host.

− Inability to assess role of adaptive
immune system.

Processing
− Requires harvesting of lung

lobules for whole lung clearing.

− Imaging of live mice (no
processing).

− Requires anesthetising mice prior
to placing into imaging chamber.

− Analysed cells have to be in
suspension (infected organs need
to be extracted and dissociated).

− In live zebrafish (no processing).
− Requires anaesthetising fish and

low-melting agarose preparation.

Key Study Amich et al. (2020) [15] Gresnigt et al. (2016) [16] Bertuzzi et al. (2022) [17] Rosowski et al. (2018) [18]

Alternatives
Histology: labour intensive and practically unfeasible for whole lungs, potentially resulting in sampling bias;Confocal laser-scanning microscopy: requires same clearing

process as LSFM and has similar disadvantages but may provide higher spatial resolution; however, the imaging depth is limited to approx. 1mm fluorescence
signal-pending;ImmunoPET/MRI: similar to fluorescence tomography but primarily being explored as a diagnostic tool.
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