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a b s t r a c t

Airway inflammation is a central component of the manifestation of asthma but is relatively inaccessible
to study. Current imaging techniques such as X-ray CT, MRI, and PET, have advanced noninvasive research
on pulmonary diseases. However, these techniques mainly facilitate the anatomical or structural
assessment of the diseased lung and/or typically use radioactive agents. In vivo fluorescence imaging is a
novel method for noninvasive, real-time, and specific monitoring of lung airway inflammation, which is
particularly important to gain a further understanding asthma. Compared to conventional techniques,
fluorescent imaging has the advantages of rapid feedback, as well as high sensitivity and resolution.
Recently, there has been an increase in the identification of biomarkers, including matrix metal-
loproteinases, cathepsins, selectins, folate receptor-beta, nanoparticles, as well as sialic acid-binding
immunoglobulin-like lectin-F to assess the level of airway inflammation in asthma. Recent advances
in our understanding of these biomarkers as molecular probes for in vivo imaging are discussed in
this review.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Asthma is a common chronic inflammatory disease character-
ized by a variable degree of bronchial obstruction, airway hyper-
responsiveness and mucus hypersecretion. More than 300 million
people worldwide suffer from asthma and this number is growing
steadily [1]. Therefore, asthma is still a major public health concern
that affects the quality of life and causes a huge financial and social
burden. Chronic allergic airway inflammation is the central
component of asthma. The airways exhibit a strong or untimely
contraction reaction (airway hyperresponsiveness) to various
stimulating factors due to a long-term local inflammatory re-
sponses [2]. Finally, the continuous chronic injury and repair pro-
cess in the airways is characterized by changes in the composition,
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quantity, and structure of cells and molecules referred to as irre-
versible airway remodeling [3]. Therefore, all of the clinical mani-
festations of asthma, including the onset, progress, treatment, and
prognosis of the disease are directly or indirectly related to the
changes in the levels of the airway inflammation. Controlling the
degree of airway inflammation is the primary goal of asthma
treatment. Evaluation of airway inflammation is an important
means of asthma management and, of great significance for
determining the treatment options [4].

Studies in humans have enabled us to extend our understanding
of allergic airway inflammation, however, technical and ethical
difficulties associated with in vivo human studies have limited
research aimed at elucidating the inter-relationship between the
main cell types involved in the pathology of the airway disease and
their role in disease development [5]. As a result, the widespread
use of animal models has greatly contributed to our understanding
of the cellular and molecular pathways underlying human allergic
asthma [6].

Until recently, techniques routinely used in humans to diagnose
asthma are lung function tests, CT, exhaled nitric oxide (FeNO), as
well as blood and sputum eosinophil count. However, pulmonary
function tests are insensitive and often normal or unchanging in
patients [7], and the CT of most asthma patients are also normal.
Similarly, FeNO, levels have not exhibited a superiority for the
treatment of asthma compared with clinical symptoms and
spirometry/peak flow and cannot be routinely recommended for
clinical practice [8]. In patients with asthma, blood and sputum
eosinophil counts are often, but not always, elevated [9]. The best
characterized new asthma biomarkers derived from a variety of
biological sources including exhaled gases, induced sputum, serum
and urine have been summarized elsewhere [10], are not discussed
here. Likewise,weoftenuse invasiveor terminal procedures, such as
pulmonary function, bronchoalveolar lavage (BAL), and histology of
excised tissue, to assess airway inflammation in animal models of
asthma, particularly in rodents and guinea-pigs [11]. Although these
animal models provide valuable insight into inflammatory cell and
mediator changes in the context of asthma, they are terminal pro-
cedures that preclude the possibility of a repeated, longitudinal
assessment of test subjects and are not in real-time [12,13]. Current
imaging techniques, such as X-ray CT, MRI, and PET, have advanced
noninvasive research on pulmonary diseases [14]. However, these
techniquesmainly facilitate the anatomical or structural assessment
of the diseased lung and/or typically involve the use of radioactive
agents. In contrast, optical molecular imaging provides a novel,
more specific approach which can perform a real-time assessment
of inflammation by combining specific biological molecules with
optical sensors in vivo. Presently, matrix metalloproteinases
(MMPs), cathepsins, selectins, folate receptor-beta (FR-b), sialic
acid-binding immunoglobulin-like lectin-F (Siglec-F), and nano-
particles are biomarkers for airway inflammation. In addition, the
use of optical probes with near-infrared fluorescence (NIRF) allows
for improved photon penetration through tissue andminimizes the
effects of tissue autofluorescence, resulting in increased sensitivity
[15,16]. Importantly, NIRF imaging lacks radioactivity and is there-
fore considered to be an alternative to nuclear imaging, the current
gold standard for clinical functional imaging [17]. The development
of near-infrared fluorophores and nanomaterials over the past
decade has facilitated the translation of fluorescence imaging from
the microscopic (e.g., epifluorescence, confocal and multifocal mi-
croscopy, and mesoscopic optical projection tomography) to
macroscopic imaging (e.g., fluorescencemolecular tomography and,
fluorescence reflectance imaging) [15]. Therefore, all of these bio-
markers are NIRF-labeled probes. Recent advances in fluorescence
imaging have been reviewed elsewhere in-depth [18]. This short
review is not intended to be a comprehensive discussion of all
aspects of in vivo fluorescence imaging, but instead focuses on the
application of imaging probes during allergic inflammation.

2. Proteinases

2.1. MMPs

MMPs are secreted by a variety of pro-inflammatory cells,
including neutrophils, macrophages, eosinophils, and mast cells
that are characteristically present in asthma. MMPs are composed
of 20 types of highly conserved zinc and calcium-dependent pro-
tein enzymes and can degrade most of the proteins in the extra-
cellular matrix [19]. MMPs play a significant role during different
stages of asthma and are closely linked to the pathogenesis of the
disease. MMPs can also degrade tissue extracellular matrix; pro-
mote the recruitment, proliferation, and survival of inflammatory
cells; and participate directly in bronchoconstriction and airway
remodeling [14]. In addition, MMPs may play a role in the loss of
lung elastic recoil exhibited in a subset of patients with chronic
persistent asthma [20]. Of the MMPs, MMP-2 and MMP-9 are of
particular relevance to asthma. Genetic knockout animal models
have demonstrated that MMP-2 and MMP-9 are important in
asthma pathogenesis [21,22]. Moreover, studies have confirmed
that the increase of MMP2/9 is associated with asthma, and the
concentrations of MMP-9 correlate with the number of neutrophils
in the airways [14,23e27]. Based on these preceding findings,
MMPs can serve as possible biomarkers to detect airway inflam-
mation. Cortez et al. [14] described the use of an injectable MMP-
targeted optical sensor that specifically and quantitatively
resolved the eosinophil activity in asthma. In addition, Csilla et al.
[28] appliedMMP-targetedmolecular imaging to detect the level of
airway inflammation of asthma. The elevated in vivo MMP-2/9
protease activity corresponded to the areas of high inflammation
surrounding the airways. The elevated activity was also maintained
throughout the early stages of airway remodeling, and the elevated
levels of MMP-2/9 in murine asthmawere in agreement with those
generated in the studies by Kumagai et al. [29] and Kim et al. [30].

Studies on the use of MMPs as molecular imaging biomarkers of
asthma are abundant. Nevertheless, the immediate application of
the current fluorescence design to clinical use requires adminis-
tering fiberoptic bronchoscopy to detect asthma in the clinic, which
can be applied to image up to the fourth-order bronchi. Optical
sensors may also detect inflammation unrelated to eosinophils or
other inflammatory cells. Their insufficient specificity in asthma,
however, limits the clinical application.

2.2. Cathepsins

Cathepsins are the primary members of the cysteine protease
family, the largest subfamily among the proteases [31]. More than
20 cathepsins have been discovered in living organisms, including
11 human cathepsins, which are related to many human diseases,
such as tumors, osteoporosis and arthritis. Cathepsins have recently
received much attention as important drug targets. Eosinophilia is
the main feature of asthma inflammation. Cathepsins are active in
the intracellular lysosomes of inflammatory eosinophils, providing
intracellular accumulation of the imaging agent and, thus, a se-
lective quantification of eosinophils [32]. Cathepsins could provide
greater specificity in analysis than MMPs since: (1) cathepsins are
present within the cell, which permits the specific internalization
of the imaging agent in cells, whereas MMPs are primarily secreted
into the environment outside the cell; and (2) MMPs also
contribute towards the pathogenesis of asthma due to the role in
eosinophil functionality, which can complicate the analysis the
results from noninvasive imaging procedures [33]. Korideck et al.
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successfully used quantitative fluorescence molecular tomography
paired with a cathepsin-activated imaging agent (ProSense 680) to
noninvasively visualize pulmonary eosinophilia in mice. This study
reported an excellent correlation between BAL eosinophilia and the
assessment of ProSense 680 in quantifying disease severity [33].

3. Selectins

Selectins, are type I membrane molecules that bind carbohy-
drates and are involved in the recruitment of eosinophil, leukocyte-
endothelial, and cell-platelet specific adhesion processes [34].
Selectins decisively contribute to the pathology of asthma because
they mediate the migration of inflammatory cells and promote the
recruitment of inflammatory and airway hyperresponsiveness [35].
Selectin family members consist of L-selectin, E-selectin, and P-
selectin, in which L, E, and P represent the initial obtainment of
these three selectins on leukocytes, endothelial cells, and platelets,
respectively. L-selectinwas discovered on lymphocytes as a homing
receptor and was later found to be expressed on a variety of other
leukocytes. P-selectin is stored in alpha-granules of platelets and
endothelial cells and is translocated to the cell surface of activated
endothelial cells and platelets [36]. Selectin-mediated adhesion of
leukocytes to the vascular endothelium is a critical early event in
the initiation of the inflammatory response [37]. L-selectin appears
to play a key role in inducing endothelial leukocyte accumulation
and the homing of inflammatory cells to sites of airway inflam-
mation [38]. Pitchford et al. showed that P- selectin plays an
important role in pulmonary eosinophil recruitment [39]. Momose
et al. demonstrated that L-selectin played a crucial role in the
infiltration of eosinophils, and dexamethasone and theophylline
significantly decreased L-selectin expression on eosinophils [40].
Research has also indicated that L-selectin-deficient mice have
significantly abrogated airway hyperresponsiveness [41]. The role
of selectin-ligand interactions in allergic asthma is well established,
making them an attractive target for the visualization of inflam-
mation [41,42]. Biffi et al. utilized a dendritic polyglycerol sulfate
(dPGS) near infrared fluorescent dye conjugate known to bind to L
and P-selectin and C3/C5 complement factors to monitor the
inflammation sites in an allergic asthma mouse model [43]. They
found that the fluorescence intensity ratio between the lung areas
of asthmatic and healthymicewas four times higher for the dPGS in
comparison to the free dye in vivo after intravenous administration.

Compared with the classical protease probe, selectins have the
advantage of rapid uptake in vivo [43]. For example, a significant
fluorescence difference is exhibited between the asthmatic lung
and healthy groups a few hours following probe injection. However,
the MMPSense and ProSense probes, which are activated in the
presence of inflammation-associated enzymes, such as cathepsin
and MMP present in the lungs, demonstrate a maximal fluores-
cence intensity within the lungs approximately 24 h after probe
injection. Moreover, the activated MMPSense and ProSense probes
do not remain at the site of interest for a long time. Instead, they
produce a strong liver signal owing to their excretion pathway. On
the other hand, L-selectin/P-selectin-targeting imaging is not spe-
cific for allergic airway inflammation since that it can also visualize
the extent of inflammation in arthritis [44].

4. FR-b expression on lung macrophages

Type 2 helper T cells (Th2) secrete cytokines that regulate the
synthesis of allergen-specific IgE cause airway hyper-reactivity,
stimulate mast cell infiltration, promote pulmonary eosinophilia,
and induce the accumulation of alternatively activated macro-
phages (AAMs) in the lungs during the inflammatory process in
asthma [45]. A wealth of data indicates that AAMs are involved in
the pathogenesis of asthma. In particular, arginase-1 (Arg1) and
acidic mammalian Chitinase (AMCase), molecular markers of
AAMs, are both markers for asthma [46,47]. Treatment with either
an inhibitor of Arg1 or a neutralizing antibody to AMCase has been
found to ameliorate the symptoms of asthmatic mice [47,48]. The
chemokines specifically released by AAMs also attract Th2 polar-
ized T cells, eosinophils, and basophils into asthmatic lung tissue.
Studies have found that the adoptive transfer of AAMs into the
lungs of sensitized mice increases the influx of myeloid dendritic
cells and thereby exacerbates airway inflammation [49].

FRs are cell surface receptors that bind and transcribe folate folic
acid derivatives and exist as three main subtypes in vivo. FR-b
expression is restricted primarily to the placenta and white blood
cells of myeloid lineage, including AAMs [50]. Although it can be
detected on both CD34 þ bone marrow cells and normal human
neutrophils, the receptor on these cells is functionally inactive and
unable to bind folate or folate-linked drugs [51,52]. The upregula-
tion of a functional FR-b on AAMs is assumed to be intrinsically
involved in the development of asthma. Thus, folate-linked imaging
agents can be specifically targeted to these FRs to depict the lung
inflammation in asthma. Shen et al. [53] successfully detected the
allergic inflammatory process underlying asthma by targeting FR-b.
However, the molecular imaging of lung diseases particularly
asthma, using FR-b has inherent limitations. For example, folate
conjugate uptake can also be observed in the liver as a consequence
of FR-b expression on AAMs or Kuppfer cells [54]. Functional FR-b is
identified on AAMs that accumulate in autoimmune diseases, such
as rheumatoid arthritis [55] and bacterial infections [56]. Hence,
folate conjugate uptake is not specific to asthma inflammation.

5. Nanoparticles

NIRF imaging agents can be divided into two groups: 1) small-
molecule agents and 2) nanoparticle-based probes. Nanoparticles
are novel fluorescent probes that can enhance tissue contrast or can
identify specific biological changes. They are defined as a class of
colloidal materials having physical dimensions in the sub-100 nm
range [57]. This field of study has advanced rapidly in recent years,
due to the capabilities to target tissues or different cell types in vivo.
Compared with conventional molecular probes, including small
organic dyes and fluorescent proteins, fluorescent nanoparticles
based on aggregation-induced emission fluorogens have shown
significant advantages in tunable emission and brightness, good
biocompatibility, superb photo and physical stability, potential
biodegradability and facile surface functionalization [58]. A com-
bination of fluorescence imaging and nanoparticles can overcome
many of the individual limitations and have a high sensitivity and
resolution.

Alveolar macrophages (AMs) are the most prominent sentinel
immune cells in the defense of the respiratory tract from airborne
pathogens and have been implicated in the development and
progression of asthma [59]. AMs are recruited to the airways during
asthma, suggesting an important role for these cells in asthma
pathogenesis. New investigations indicate that AMs may play
central roles in promoting airway inflammation, particularly in
asthma that is resistant to steroid therapy [60]. Asthma is a T-helper
(Th)2-oriented disease, in which Th2 cytokines skew macrophage
differentiation into AMs with an M2 phenotype [56]. The enhanced
presence ofM2macrophages in asthma are not surprising given the
Th2-driven lung environment during asthma [61]. However, it is
not yet clear whether they actively contribute to asthma patho-
genesis [62]. Since nanoparticles can be recognized by phagocytic
cells and consequently accumulate in macrophages [63], a recent
study firstly used NIRF-loaded in combination with fluorescence
reflectance imaging for successfully distinguishing healthy mice
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and mice with allergic lung inflammation in vivo. Additionally,
verified Itrybe nanoparticles were phagocytosed by alveolar M2
macrophages in the peribronchial and alveolar areas [64]. However,
nanoparticles are foreign substances and, for human application,
factors such as toxicity or biocompatibility must be broadly
considered for long-term effects. Further studies are needed to
undergo rigorous toxicological examination before incorporation
into clinical practice.

6. Siglec-F expression on eosinophils

Siglecs are a family of single-pass transmembrane cell surface
proteins that are predominantly found on leukocytes [65]. To date,
15 and 9 Siglecs have been discovered in humans and mice,
respectively [66]. Previous studies have shown that Siglec-8 is
exclusively expressed on eosinophils, and its ligation with mono-
clonal antibodies could specifically reduce eosinophil viability
through the induction of apoptosis [67]. Siglec-F is a functional
homolog of the human Siglec-8. Both proteins preferentially
recognize a sulfated glycan ligand closely related to sialyl Lewis X.
Tateno et al. found that mouse Siglec-F also preferentially recog-
nized by 6’-sulfo-sLex as a glycan ligand identical to Siglec-8 [68].
Zimmermann et al. [69] discovered that the administration of a
single dose of Siglec-F antibody resulted in a rapid reduction in
eosinophils in the blood and peripheral tissues. The induction of
allergic lung inflammation in mice also caused the upregulation of
Siglec-F on blood and bone marrow eosinophils, as well as the
quantitative upregulation of endogenous Siglec-F ligands in the
lung tissue and airways [70]. Furthermore, one study found that the
application of an NIRF-labeled anti-Siglec-F antibody in fluores-
cence imaging could significantly differentiate asthma fromhealthy
lung tissues and assess the treatment response of dexamethasone
[71].

The direct binding of Siglec-F to eosinophils overcomes the
deficiencies that the above mentioned biological probes may pre-
sent by binding to other sites of inflammation not specific to the
lung. However, Siglec-F expression is not exclusive to eosinophils,
but also binds to AMs [72]. Moreover, recent reports have
demonstrated that Siglec-F functions differently in animals and
humans. For example, Mao et al. showed that Siglec-F-mediated
apoptosis differed in magnitude and underlying mechanism in
mice from Siglec-8-mediated human eosinophil apoptosis [73].
However, there are other biomarkers, such as CCR3, EMBP, CD23,
CD48, and CD147, which are considered useful as potential in vivo
targeting probes. They also bind to other immune cells, such as
mast cells or Th2 cells, and might affect the course of the disease.
Thus, their application is limited.

7. Summary

Fluorescence imaging has the potential to increase the sensi-
tivity and specificity of the airway to guide diagnostics. A crucial
part of this review consists of in the development of novel mo-
lecular imaging probes that can highlight more specific bio-
markers of allergic airway inflammation. These biomarkers can be
targeted probes for allergic airway inflammation for mainly two
reasons: 1) the most important are that the in vivo administration
of NIFR imaging agents is efficient delivery and/or activation of
the agent in the tissue of lung; 2) and have no toxic threat to
living animals. All the abovementioned specific probes, such as
MMPs, cathepsins, selectins, FR-b, Siglec-F and Itrybe nano-
particles can detect and help evaluate airway inflammation, but
none of these biomarkers are without problems and limitations.
Among them, Siglec-F serves as the most specific biomarker for
allergic lung inflammation. Unfortunately, they have not yet been
used in humans until now, although they work well and were
effective in preclinical models. There are some limitations in the
translation from animals into the clinic. For example, these bio-
markers have been reported to monitor allergic lung inflamma-
tion successfully in animal models, but no animal model
completely recapitulates all features of the human disease [74].
Animal models of allergic airway disease based on natural or
active sensitization to allergens have been reported in mice [75],
rats [76], guinea pigs [77], cats [78], dogs [79], pigs [6], sheep [80],
rabbits [81], horses [82], and non-human primates [83]. It must be
recognized that most of the animal models do not develop
‘‘asthma’’ (only cats and horses can spontaneously develop a
condition physiologically similar to asthma [74]), they exhibit an
asthma-like syndrome that is similar to the disease in humans.
This fails to model the etiology and natural history of human
asthma, which develops over time through multistep processes
[84]. Therefore, some species differences including anatomical,
physiological and immunological responses of human asthma and
animal models must be considered. Problems arise due to the
different way that lung function is monitored in animals and
humans, which might produce different results. Moreover, vali-
dating the toxicity associated with small-molecule and
nanomaterial-based probes is also critical for the translation of
these materials to the clinic [15]. Further studies are needed to
safety and dose finding before human studies, especially for
nanoparticles. Despite this, optical imaging provides relatively
inexpensive and non-harmful methods and is preferred over
other imaging methods used in preclinical research and drug
development. Furthermore, NIRF imaging is already used daily in
the ophthalmology clinic, and there is no doubt that pulmonary
clinical use will result from the ongoing advances in near-infrared
fluorophore chemistry and optical engineering [85]. Biomarkers
of fluorescence imaging hold considerable promise for advancing
personalized medicine. In the future, further research is necessary
to establish the specific contributions of different biomarkers in
differentiating asthma phenotypes and in monitoring airway
inflammation and treatment responses. Taken together, fluores-
cence imaging of biomarkers provides a novel, noninvasive, spe-
cific, quantitative, and real-time approach to monitoring airway
inflammation in asthma. Although it is still in the preclinical
phase, this imaging technique has the potential to expand the
horizons of asthma research.
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