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Abstract

Inflammatory disease management poses challenges due to the complexity of inflammation and
inherent patient variability, thereby necessitating patient-specific therapeutic interventions.
Theranostics, which integrate therapeutic and imaging functionalities, can be used for simultaneous
imaging and treatment of inflammatory diseases. Theranostics could facilitate assessment of safety,
toxicity and real-time therapeutic efficacy leading to personalized treatment strategies. Macro-
phages are an important cellular component of inflammatory diseases, participating in varied roles
of disease exacerbation and resolution. The inherent phagocytic nature, abundance and disease
homing properties of macrophages can be targeted for imaging and therapeutic purposes. This
review discusses the utility of theranostics in macrophage ablation, phenotype modulation and
inhibition of their inflammatory activity leading to resolution of inflammation in several diseases.

Key words: macrophages, theranostics, inflammation, phenotype, photodynamic therapy and

photothermal therapy.

1. Introduction

Recognizing the heterogeneity of diseases and
inter-patient variability, there has been a shift in dis-
ease management from a generalized approach to-
wards personalized treatment strategies. Develop-
ment of dedicated therapeutic interventions in col-
laboration with specific disease markers (companion
diagnostics) was the first step towards achieving this
goal. This strategy was originally referred to as
‘theranostics’ i.e. specific therapy based on molecular
diagnosis.[1] An appropriate example is Herceptin®
for the treatment of breast cancer, which expresses a
specific biomarker, human epidermal growth factor
receptor 2. Theranostics are also defined as an inte-
gration of therapeutic and diagnostic or imaging
functionalities on a single platform that can diagnose,
deliver drugs and monitor the therapy leading to in-
dividualized treatment.[2, 3] By fusing imaging and
therapeutic functionalities together, it is possible not
only to visualize and track the biodistribution of the

theranostic in real-time but also to predict efficacy and
toxicities based on the tissue accumulation.[3] This
information can be used to adjust or modify the
treatment strategy.

Nanotechnology has taken center stage in the
development of theranostics.[4] Nanoparticles possess
promising features to be utilized as theranostics,
namely high surface-area-to-volume ratio that yield
high therapeutic and imaging agent loading, surface
functionalization with targeting ligands and small
size for extravasation to leaky vasculature.[5] They
can be functionalized to modulate the release based
on environmental stimuli such as pH, temperature,
enzymes, and redox potential [6]. Blood circulation
times of nanoparticles can be enhanced by surface
functionalization with a hydrophilic polymer, poly-
ethylene glycol (PEG). [5] High therapeutic and im-
aging payload, combined with targeted delivery, can
increase the therapeutic and imaging efficacy while
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reducing off-site toxicity. Nanoconstructs such as gold
nanoparticles [7] and carbon nanotubes [8, 9] also
possess inherent theranostic functionalities due to
their photothermal and optical properties.

Due to the highly variable treatment efficacies
and the heterogeneity of cancer, much theranostic
research is focused on oncology. Similar to cancer,
inflammatory disease management poses a challenge
due to the complexity of inflammation and inherent
patient variability.[10-13] This necessitates the use of
patient-specific therapeutic interventions. Cancer,
cardiovascular, neurodegenerative and autoimmune
diseases have an active inflammatory compo-
nent.[14-17] Inflammatory diseases are a major con-
tributor to global health costs estimated at $57.8 bil-
lion in 2010.[18] As a result, theranostics are now be-
ing investigated for inflammatory diseases. Addi-
tionally, theranostic technology transfer to inflamma-
tion research has become feasible, as the principles
governing the theranostic design and the biological
players involved coincide with cancer.[19]

Inflammation can be broadly defined as a host’s
response to infection, injury or metabolic imbalance to
restore homeostasis.[20] Aberrant or prolonged in-
flammation can produce significant endogenous tis-
sue injury leading to several diseases.[21, 22] Macro-
phages are a major cellular component present in the
inflammatory milieu.[23] The inflammatory media-
tors produced by macrophages cause significant tis-
sue injury leading to initiation, promotion and pro-
gression of many diseases.[24] Due to their abundance
and pathogenic roles, macrophages have been tar-
geted for therapeutic and imaging purposes. For ex-
ample, visualization of macrophage infiltration by
targeted imaging agents has been used to assess dis-
ease severity and treatment efficacy.[25-27] An-
ti-inflammatory therapies targeting macrophages by
specific ablation [28], inhibition of their infiltration
[29] and reduction of pro-inflammatory mediator re-
lease [30] has shown efficacy in rheumatoid arthritis
(RA), atherosclerosis, vascular injury and cancer.
However, anti-inflammatory therapies have shown
variable efficacy results across the patient popula-
tion.[31, 32] In some instances, significant depletion of
macrophages has been associated with immunosup-
pression, infection [33, 34] and reduced wound heal-
ing.[35] This combination of therapeutic and harmful
effects can be attributed to the different activated
states of macrophages in disease environments.[36]

To delineate the protective and detrimental ef-
fects of targeting macrophages, there is a need to
bring therapy and diagnosis together. In this regard,
theranostics could provide essential information
about the delivery of drug carriers to macrophages as
well as their biodistribution, treatment efficacy and

toxicity profile in real-time, leading to better thera-
peutic intervention. This review focuses on the ex-
ploration of macrophages as targets for theranostics
with the intention of simultaneous imaging and
therapy. A brief introduction on the role of macro-
phages in diseases and an overview of molecular im-
aging techniques used in imaging macrophages is
presented. Studies utilizing nano- and micron-sized
particles as theranostics for macrophages in different
disease models are described. Ultimately, critical
analysis of the current theranostic approaches in
macrophage modulation and the potential opportuni-
ties and limitations for clinical translation are dis-
cussed.

I.1. Role of macrophages in inflammation and
pathogenesis

Macrophages are a type of leukocyte belonging
to the mononuclear phagocytic system. They are de-
rived from progenitor cells of hematopoietic origin in
bone marrow.[37] They are replenished on a regular
basis from circulating blood monocytes.[37] Macro-
phages are constitutively present in all the tissues
where they participate in tissue survival, regulation
and modeling processes.[36] Their primary function is
to clear by phagocytosis apoptotic cells and cellular
debris generated during tissue remodeling and ne-
crosis. In addition to these homeostatic roles, macro-
phages are essential immune cells participating in
both innate and adaptive immunity.[23] During in-
flammation, macrophages are recruited to remove the
injurious stimuli and aid in the wound healing pro-
cess.[38]

Inflammation represents a highly complex net-
work of cellular and sub-cellular components, which
work in a regulated fashion to defend the host against
deleterious stimuli. [21] In response to injurious
stimuli, local endothelial and immune cells release
inflammatory mediators, which increase blood flow
and vascular permeability. Leukocytes such as neu-
trophils and macrophages migrate to the site of injury
based on released chemotactic factors (cytokines and
chemokines) by a process known as diapedesis. The
inflammatory endothelium and local immune cells
also upregulate cell adhesion molecules (CAMs) such
as selectins, integrins and cadherins, which further
aid in the adhesion and transmigration of leuko-
cytes.[39] Amongst leukocytes, neutrophils are the
first responders to the site of injury and act to remove
the stimuli by phagocytosis and release of inflamma-
tory mediators. Neutrophils are present in the first
few hours to days, while macrophages are recruited
by further downstream signals to aid in resolution
and repair.[39] This cascade is known as acute in-
flammation which is self-limiting and results in the
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restoration of homeostasis. Failure to cease the inju-
rious stimuli leads to chronic inflammation.

During the chronic phase, macrophages are con-
tinuously recruited and release inflammatory media-
tors such as chemokines, cytokines, lipid mediators,
proteases and reactive oxygen species (ROS).[23]
These mediators cause detrimental effects to the host
leading to initiation, exacerbation and progression of
several infectious and non-infectious diseases. This
review majorly focuses on pathologies involving
non-infectious chronic inflammatory conditions. One
example of these is rheumatoid arthritis (RA), in
which macrophages have a prominent role through
their production of inflammatory mediators that
cause considerable inflammation and joint destruc-
tion.[40] Another example is Type 2 diabetes, in which
accumulation of macrophages is associated with sev-
eral complications such as neuropathy, nephropathy
and atherosclerosis.[41] A third example is athero-
sclerosis, in which macrophages uptake low density
lipoprotein and transform into lipid-laden cells called
foam cells that contribute to initiation and progression
of atherosclerotic lesions.[42] Additionally, proteases
produced by macrophages degrade the extracellular
matrix (ECM), which leads to plaque rupture and
myocardial infarction (MI). Also, tumor-associated
macrophages (TAMs) are involved in several tumor-
igenic activities leading to angiogenesis and metasta-
sis.[43] Similarly, macrophages are involved in several
stages of pathogenesis in neurological, auto-immune,
cardiovascular and pulmonary diseases.[40, 44, 45]

In addition to the discussed pathogenic roles,
macrophages also display protective functions in
chronic inflammatory diseases. Depending on the
pathological environment, macrophages adapt to dif-
ferent phenotypes which exacerbate or resolve the
disease.[36] They are broadly classified as classically
activated (M1) pro-inflammatory and alternatively
activated anti-inflammatory (M2) phenotypes mir-
roring Th1l and Th2 states of T cells.[46] Due to the
vast biochemical and physiological differences within
M1 and M2, it was suggested that macrophages form
part of a continuum and possess overlapping func-
tions of different macrophage subsets.[47] For the
purpose of this review, the two extreme states of
macrophages, M1 and M2 are considered. Figure 1
shows the activation states and the biomarkers of
macrophage phenotypes. The diverse roles of mac-
rophages are attributed to these phenotypes. For ex-
ample, TAMs exhibit M1 and M2 phenotypes de-
pending on the local cytokine milieu. M2 macro-
phages are involved in the release of growth factors,
angiogenesis and degradation of the ECM leading to
metastasis, while M1 macrophages exhibit tumoricid-
al activity.[48] In atherosclerosis, macrophages par-

ticipate in the initiation, progression and rupturing of
atheroma.[15] In contrast, a subset of macrophages
(M2) is involved in the resolution and tissue remod-
eling of the disease.[49] Likewise, macrophages play a
diverse role in autoimmune [50], pulmonary [44] and
neurological diseases.[45] Therefore, macrophages
represent promising targets for the treatment and
diagnosis of inflammatory diseases.

Macrophage activation

LPS/IFN-y IL-4/1L-13

M1 M2

B
Released products and
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TNF-a IL-10.

IL-6.IL-1 8 TGF-B.
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Figure |. Activation states, released products and functions of macrophage phe-
notypes. The colored bar indicates macrophage phenotype continuum with M| and
M2 at the extreme ends. LPS-lipopolysaccharide (bacterial toxin), IL-interleukin;
IFN-y-interferon gamma; TNF-tumor necrosis factor; ROS-reactive oxygen species;
iNOS-inducible nitric oxide synthase; TGF-transforming growth factor; CD-cluster of
differentiation.

1.2. Imaging modalities

Molecular imaging techniques are indispensible
for understanding the role of macrophage dynamics
in a pathophysiological setting. Molecular imaging
has been applied to study macrophage infiltration,
modulation and spatio-temporal distribution in neu-
rological diseases [25, 26], atherosclerosis [51, 52] and
RA.[53] In these cases, imaging macrophages pro-
vided opportunities to assess the severity of the dis-
ease [54] and therapy efficacy [27] which could help in
strategizing the treatments. Several imaging agents
can be incorporated for the purpose of detection,
quantification and in vivo localization of theranostics
or labeled macrophages. Imaging modalities and im-
aging agents used in macrophage theranostic appli-
cations are briefly reviewed here. Imaging modalities
differ in their spatio-temporal resolution, depth of
penetration, acquisition time, safety, cost and clinical
applicability. Most imaging modalities utilize elec-
tromagnetic radiation of different energies to obtain
anatomical and functional information. They can be
broadly divided into those utilizing ionizing (high
energy) and non-ionizing (low energy) radiation with
the exception of ultrasound imaging, which uses high
frequency sound waves.
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[.2.1. Nuclear imaging

Nuclear imaging techniques such as positron
emission tomography (PET) and single-photon emis-
sion computed tomography (SPECT) detect 3 or
y-radiation from radionuclides localized within the
body. PET detects two coincident high energy pho-
tons that result from annihilation of 3+ and sur-
rounding tissue electrons.[55] SPECT detects the de-
cay of y-rays emitting radioisotopes (**"Tc, 123I). PET
and SPECT are 3D-tomographic techniques with na-
nomolar to picomolar detection sensitivity [56], but
with low spatial (1-4 mm) resolution.[57] They are
widely used non-invasive clinical imaging tools.
However, the use of ionizing radiation is a concern
with nuclear imaging techniques. The requirement for
cyclotrons to produce radioisotopes and their short
half lives (typically a few hours), may reduce the time
available to perform the required quality controls. The
development of long-lived radioisotopes such as 12|
(tr/2 = 4.2 days) has increased their clinical and pre-
clinical research applications. To obtain anatomical
context, PET and SPECT are usually coupled with
computed tomography (CT), magnetic resonance
imaging (MRI) and ultrasound imaging. CT utilizes
ionizing radiation (X-rays) whereas the latter use
non-ionizing radiation and sound waves respectively.
Combined nuclear and ionizing radiation-based im-
aging modalities, although providing excellent sensi-
tivity and resolution, are limited due to potential ra-
diation exposure, especially for multiple imaging ses-
sions.

[.2.2. Magnetic resonance imaging

MRI is a commonly used non-invasive clinical
diagnostic tool utilizing non-ionizing radio waves.
MRI has high spatial resolution (~100 um) and un-
limited tissue penetration.[56, 58] Clinically, MRI is
used for detection, staging, image guided surgery and
assessment of therapy responses in many diseases. In
MR], a strong magnetic field aligns magnetically sus-
ceptible nuclei such as 'H and “F. Radio frequency
pulses are then used to excite the nuclei and their
transverse and longitudinal relaxation properties (11
and T2) are detected to construct an image.[58] Based
on the tissue environment, the density and relaxation
properties of 'H nuclei vary leading to contrast. Tis-
sues with low proton density such as lungs are not
readily visible in MRIL In addition, it has low sensi-
tivity (102 to 10 M) and requires long acquisition
time. MRI can evidently delineate soft tissues and can
be used for repetitive imaging sessions. Signal to noise
ratio (SNR) in MRI can be increased by targeted con-
trast agents.

'H MRI contrast agents

Most contrast agents are paramagnetic gadolin-
ium or superparamagnetic iron oxide (SPIO) con-
structs. They function by altering the relaxation time
of the surrounding protons, thereby producing con-
trast. 1H contrast agents are not detected directly, but
their effect on relaxation of surrounding water mole-
cules produces contrast.[58, 59] Contrast agent-based
MRI has been used clinically for gastrointestinal and
blood pool contrast as well as to visualize many
pathological conditions. To obtain high target con-
centrations, contrast agents are incorporated in na-
noparticles and can be targeted to a specific tissue.
The sensitivity of MRI contrast agents is usually in 103
M range.[60] Nanoparticles incorporating iron oxide
and gadolinium agents have been used to image
macrophages in pathologies such as atherosclerosis
[52], RA [61] and multiple sclerosis.[62] Although
contrast can enhance the local signal, the inherent
inhomogeneities of tissues limit the unambiguous
detection of a pathological condition.[63]

"F MR

19F MRI detects organic fluorine, which is intro-
duced exogenously into the host. Similar to 'H, the
fluorine ('°F) nucleus has a half spin, comparable MRI
sensitivity (83%) and resonance (differs by 6%) to
1H.[64] Therefore, 'TH MRI machines can detect °F
nuclei by tuning to an appropriate frequency. 1°F MRI
is not a contrast imaging as there is virtually no im-
ageable endogenous fluorine present in the body. To
obtain °F images, non-toxic perfluorocarbons (PFCs)
with a large number of fluorine atoms are introduced
into the body in biocompatible formulations.[58, 65]
H MRI can be registered during the same session to
obtain anatomical context for the 19F signal. Similar to
'H MRI, F MRI has 10 M detection sensitivity.[66]
To increase SNR, gradient echos, ultrafast radial se-
quences and paramagnetic ions in close proximity to
PFCs can be used.[66] Nanoparticles, liposomes and
nanoemulsions incorporating PFCs for F MRI are
extensively reported.[64, 67] PFC nanoemulsions have
been utilized to study cell-cell interactions in a whole
animal [64], label macrophages for in vivo inflamma-
tion quantification [68] and track the biodistribution
of drug loaded nanoparticles.[69-71] Successful in vivo
macrophage visualization using °F MRI has also been
reported in cancer [67, 72], diabetes [68], RA [73],
pulmonary inflammation [74], and transplantation
models.[75] Unlike 'H contrast agents, 1°F nuclei can
be quantified in vivo due to near zero background [76]
and imaging prior to PFC administration is not re-
quired. Clinical use of F MRI is still in its infancy,
however recently clinical trials have been initiated to
use F MRI in cell based immunotherapy.[77]

http://lwww.thno.org



Theranostics 2015, Vol. 5, Issue 2

154

[.2.3. Optical imaging

Optical imaging is a widely employed tool for
cellular, sub-cellular and whole animal imaging in
preclinical research, due to its low cost and high de-
tection sensitivity (picomolar to femtomolar).[82] Op-
tical imaging utilizes electromagnetic radiation in the
ultraviolet, visible and near-infrared (NIR) region to
produce images based on the emitted light. A source
of detected light can be from bioluminescence or flu-
orescence. Bioluminescence imaging utilizes the
chemical reaction between luciferase and a substrate
to produce detectable light. Bioluminescence imaging
is primarily restricted to preclinical studies as genet-
ically modified luciferase expressing cells are re-
quired. Fluorescence imaging is one of the most
commonly used techniques where light of an
appropriate wavelength is used to excite an endoge-
nous or externally introduced fluorescent moiety and
the light emitted at a longer wavelength is detect-
ed.[82] Light scattering and tissue attenuation effects
with visible light based fluorophores limit their use
for deep tissue in vivo imaging. Fluorophores active in
the NIR (700-1000) region can reduce the tissue effects
and increase penetration depth up to few centime-
ters.[83] Fluorescence imaging is regularly used in
preclinical setting to visualize bioaccumulation of
drug carrying nanoparticles to macrophages. Many
organic and inorganic fluorescent dyes are used for
this purpose such as cyanine derivatives (indocyanine
green) and quantum dots. [84] With the availability of
different wavelength lasers and emission filters, a
combination of fluorescent reporters can be used to
study the complex inflammatory mechanisms. Fluo-
rescence reporters can also be equipped with pH,
enzyme, temperature, and redox sensitivity.[85] For
example, in vivo fluorescence molecular tomography
(FMT) was used to visualize protease enzyme activity
in macrophages labeled with a protease active fluo-
rescent reporter in a mouse atherosclerosis model.[80]
Clinically, fluorescence imaging is used for surface
tissue imaging (breast), intravital microscopy and
real-time image guided surgery.[86] However, it is
limited by quenching and photobleaching effects of
fluorophores.

[.2.4. Multimodal imaging

Since no imaging modality ideally serves all re-
search and medical needs, multiple imaging agents
are integrated into a single platform. Multimodal na-
noparticles with complementary imaging agents offer
high sensitivity detection, anatomical localization and
data validation from different imaging modalities.[56]
Nanoparticles incorporating combinations of optical,
MR and PET imaging agents have been reported.[65,
72] Imaging macrophages labeled with PET and MRI

multimodal nanoparticles has been demonstrated.[81]
Availability of multimodal imaging instruments
combining MRI, CT, optical, PET and ultrasound have
helped to obtain anatomical and molecular imaging
simultaneously. Functional PET imaging has been
combined with CT to precisely locate the radio iso-
tope labeled macrophages.[78] Similarly, combination
of functional °F MRI and fluorescence with anatomi-
cal MRI and CT respectively has been reported. [74,
80]

2. Theranostics for macrophage detection
and therapy

The pathogenic roles of macrophages coupled
with their phagocytic nature and abundance are the
key features that make them feasible targets for
theranostics. Although macrophages can readily
phagocytose nanoparticles, several attributes, namely
size, shape, surface charge, targeting ligands, and
surface functionalization with PEG influence their in
vivo targeting efficiency and performance. The phys-
icochemical characteristics of macrophage-targeted
nanosystems have been reviewed elsewhere.[87]
Macrophages express several receptors that can be
used for active targeting with ligands such as dextran
[7, 88], tuftsin [89], mannose [90], and hyalu-
ronate.[87] The disrupted vasculature in the inflam-
matory environment provides an additional oppor-
tunity to passively target theranostic nanosys-
tems.[19] As blood monocytes are continuously re-
cruited to sites of inflammation, monocytes and
macrophages have an intrinsic disease-homing prop-
erty which can be utilized for targeting
theranostics.[19] Through these properties, macro-
phages have been used as Trojan horses to deliver
drugs and imaging agents to the disease site.[91, 92]

Theranostics that target macrophages and asso-
ciated pro-inflammatory substances have been inves-
tigated to visualize and treat the underlying pathol-
ogy. In this section, theranostic applications are cate-
gorized based on therapeutic approaches, divided
into ablation and non-ablation sections. Macrophage
ablation uses photo and chemotherapy, while
non-ablation approaches include phenotype change,
and inhibition of macrophage infiltration and
pro-inflammatory mediators. A schematic of multi-
functional theranostics for macrophages is shown in
figure 2.

2.1. Theranostics for macrophage ablation

Reduction in macrophages deprives the patho-
logical environment of macrophage-mediated
pro-inflammatory mechanisms, and thus reduces in-
flammation.[7] Selective macrophage ablation was the
major strategy used in experimental studies to inves-

http://lwww.thno.org



Theranostics 2015, Vol. 5, Issue 2

155

tigate their role in pathogenesis of several diseases.
Macrophage depletion has been applied in the treat-
ment of atherosclerosis [93], restenosis [94], RA [28]
and cancer.[95] However, the lack of selectivity for
disease specific macrophages could lead to immuno-
suppression and infections as observed previous-
ly.[33-35] In this section, the potential utility of
theranostics to enhance selective macrophage deple-
tion using photo and chemotherapy based approaches
is presented.

| Photosensitizer/absorber |
hv
Cytotoxic '_) \
ROS/heat

Imaging agent

Targeting ligand
Dextran

Glycan

CD11b antibody
Hyaluronic acid

SPIO/Gd Envi t iti
il ﬂv ronment sensitive
Perfluorocarbons Eﬁempemmre
joiso
_radlols topes Redox
Enzymes

Therapeutic agent

Figure 2. Schematic showing a theranostic with targeting, imaging and therapeutic
functionalities.

2.1.1. Photodynamic therapy

Photodynamic therapy (PDT) is an externally
activatable treatment modality utilizing photosensi-
tizers that produce cytotoxic singlet oxygen upon il-
lumination.[96] Photosensitizers are chemicals that
absorb light and react with oxygen to produce ROS,
singlet oxygen and radicals, which are cytotoxic and
damage the tissue.[96] Their inherent fluorescence
and the ability to produce ROS makes photosensitiz-
ers theranostic agents. Since photosensitizer accumu-
lation and photo-irradiation are required to release
the cytotoxic products, PDT is a selective technique.
PDT is clinically used to treat cancer, skin conditions
and other surface accessible pathologies.[96] Typical
therapy includes photosensitizer administration, time
delay allowing accumulation of photosensitizers in
the diseased region (while washing out from other
tissues) and finally photo-irradiation of the tissue.
Accumulation in the diseased tissue is driven by in-
creased vascular permeability. Ideal photosensitizers
are non-fluorescent and non-toxic in the absence of
light, and provide selectivity to the target cells. Pho-
tosensitizers that are active in the NIR region are par-
ticularly attractive because background absorption,
autofluorescence and non-specific tissue toxicity can
be minimized.[2] Clinically used photosensitizers are
derivatives of porphyrins, chlorophylls and cyanine

dyes.[97] Theranostics have promising applications in
PDT, since the imaging component can be used for
light dosimetry and guidance, real-time therapy
modulation and therapeutic efficacy assessment.[2]

Small molecule photosensitizers such as
5-aminolevulinic acid (ALA) have been used for
macrophage PDT in RA [98] and atherosclerosis.[99]
ALA preferentially accumulates in inflamed tissues
and converts to a fluorescent photosensitizer, proto-
porphyrin IX [100]. Due to its low molecular weight
and non-selectivity, ALA has been shown to accu-
mulate not only in macrophages, but also in endothe-
lial cells.[98, 99] Endothelial cell destruction could be
detrimental in diseases such as atherosclerosis be-
cause they are involved in plaque stabilization. Low
molecular weight photosensitizers have also showed
short half lives, thereby requiring multiple admin-
istrations that could lead to skin sensitivities.[2]

To overcome rapid elimination from the target
tissue, non-specific accumulation, high dose require-
ments, and low water solubility, nanoparticles incor-
porating photosensitizers have been developed.
In order to increase tissue retention, Schmitt et al. de-
veloped chitosan-hyaluronate nanogels incorporating
different anionic porphyrin-based photosensitizers
and evaluated them using a mouse arthritis mod-
el.[101] The fluorescence of the photosensitizer aided
in the assessment of cellular uptake and joint resi-
dence time, the latter of which was higher for nano-
gels when compared to free photosensitizer. Since the
nanogels were functionalized with a targeting ligand,
hyaluronate, selective uptake in macrophages (but not
in fibroblasts) was observed due to the increased
phagocytosis. In addition to selective uptake, in vitro
macrophage depletion was observed only with the
combination of nanogels and light demonstrating the
selectivity of the theranostic. Imaging also helped to
select the delay time required before PDT, which was
obtained from the time showing the highest joint flu-
orescence. Based on these results, PDT (diode laser at
652 nm) was performed 2.5 h after injection of nano-
gels in the synovial cavity of an arthritic mouse. PDT
and a standard corticosteroid treatment showed
comparable serum amyloid A content. Serum amyloid
A is an acute phase protein used in clinical diagnosis
of RA. In this study, the theranostic helped increase
the retention and assess the uptake, joint residence
and delay time. However, invasive local injection
could reduce the patient acceptance of this
theranostic. Further exploration of nanogel retention
and PDT efficacy after intravenous (i.v.) administra-
tion is warranted. Since one of the photosensitizers
used in the study (chlorin e6) has previously shown
skin toxicity [102], photosensitivity tests are required.
Finally, the mechanism of cell death needs to be ex-
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plored as PDT can cause necrosis and apoptosis [2]
and necrotic cell death can lead to tissue inflamma-
tion.[103]

Another major area where macrophage targeted
theranostics for PDT has been studied is atheroscle-
rosis. In atherosclerosis, macrophages contribute to
plaque instability leading to stroke and MI. McCarthy
et al. developed cross-linked dextran-coated iron ox-
ide (CLIO) nanoparticles for depletion of atheroscle-
rotic macrophages.[104] CLIO nanoparticles are
widely used in drug delivery and imaging because
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macrophages can selectively uptake these nanoparti-
cles.[105] A fluorescence and MR visible (Fig. 3A)
multimodal theranostic was constructed by conju-
gating CLIO to a NIR fluorescent dye, Alexa Fluor 750
(AF750) and a photosensitizer, 5-(4-carboxyphenyl)-
10,15,20-triphenyl-2,3-dihydroxychlorin  (TPC). In
vitro studies in mouse macrophages showed cytotoxi-
city of the theranostic only upon illumination (Fig.
3B); however, this preparation had stability problems
associated with flocculation and low conjugation effi-
ciency of the hydrophobic TPC.
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Figure 3. PDT using dextran cross-linked iron oxide (CLIO) theranostic nanoparticles (TNP). A) IH MRI and fluorescence images of TNPs. B) Percent cell viability, as de-
termined by the MTS assay, of human macrophages after incubation (| h) with the respective nanoparticles (0.2 mg Fe per mL) and light treatment (42 mWcem-2, 7.5 J). The TNP
dark experiment consisted of TNP exposed cells that did not receive PDT treatment. Control cells were incubated with saline. MNP-magnetic nanoparticles,
MFNP-magnetofluorescent nanoparticles (fluorescent labeled iron oxide), TNP-theranostic nanoparticles (fluorescent/iron oxide/photosensitizer). C) Phototoxicity (650 nm, 50
mWcem-2) of second generation CLIO-THPC (photosensitizer) theranostics compared with a conventional photosensitizer, chlorin e6. D) Intravital fluorescence microscopy
image (top) of CLIO-THPC localized to carotid atheroma. Fluorescence image obtained in the AF750 channel demonstrates particle uptake. Fluorescence angiogram utilizing
fluorescein-labeled dextran outlines the vasculature (middle). Merged image of the two fluorescence channels (bottom). E) Fluorescence microscopy (excitation: 750 nm) of an
aortic root plaque section, 24 hours after fluorescent CLIO-THPC injection shows subendothelial deposition of CLIO-THPC in atheroma of atherosclerotic mouse (ApoE-/-). F)
Skin photosensitivity of chlorin e6 versus CLIO-THPC based on the change in thickness in the treated edema paw 24 hours after laser irradiation (** p=0.009, * p=0.02). Figures

adapted and reprinted with permission from references [102, 104].
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In a subsequent study, second generation CLIO
nanoparticles with a hydrophilic photosensitizer, me-
so-tetra(m-hydroxyphenyl)chlorin (THPC) were re-
ported.[102] Compared to TPC, a 3-fold increased
loading was observed with THPC. As shown in figure
3C, fluorescently labeled nanoparticles
(CLIO-THPC-AF750) exhibited cytotoxicity upon il-
lumination with significantly lower LD50 of 14 nM
compared to a conventional photosensitizer, chlorin
e6 (800 nM). PDT (650 nm laser) was performed on
exposed carotid artery of an atherosclerotic mouse
after i.v. administration of nanoparticles. Intravital
fluorescence microscopy, fluorescence imaging and
histology showed nanoparticle accumulation in the
apoptotic macrophages of the atherosclerotic plaque
(Fig. 3D-E). THPC-free nanoparticles were PDT inac-
tive showing the inertness of the delivery vehicle.
Compared to chlorin e6, CLIO-THPC showed mini-
mum skin phototoxicity (Fig. 3F) validating the bene-
fit of using targeted nanoparticles. The construct was
rationally designed to impart therapeutic and dual
mode imaging capabilities, but the multistep synthe-
sis and purification involved in preparation warrants
further optimization. Also, the presence of residual
organic impurities and solvents needs to be carefully
evaluated. From a clinical standpoint, MRI can pre-
cisely visualize the in vivo localization of CLIO nano-
particles prior to PDT, while the NIR dye can aid in
microendoscopic fluorescence imaging for image
guided therapy. Meanwhile, although the scaffold
showed efficient macrophage delivery and potent
phototoxicity, the effect of macrophage ablation on
plaque reduction was not shown. Even though
non-invasive i.v. administration was utilized, surgical
exposure of carotid artery reduces the potential ap-
plicability in a clinical setting. The nanoconstruct
could be modified with a longer wavelength (>800
nm) photosensitizer to enable deep tissue imaging
and therapy without the need for surgical exposure.

To further improve selectivity towards plaque
rupturing macrophages, Shon et al. reported an en-
zyme sensitive theranostic.[106] A protease activated
photodynamic agent (L-SR15) was utilized to selec-
tively deplete cathepsin-B (Cat B) producing macro-
phages.[107] Cathepsin, a protease enzyme involved
in matrix degradation, can cause plaque rupture.[108]
In its native state, L-SR15 is non-toxic and
non-fluorescent, but proteolytic cleavage by Cat B
releases the fluorescent photosensitizer, chlorin e6.
Fluorescence imaging after multiple i.v. administra-
tions showed accumulation of L-SR15 in a mouse
atherosclerotic model. Cat B activity, in response to
PDT, was assessed in vivo and ex vivo using a Cy7-Cat
B sensing fluorescent probe. L-SR15 showed enhanced
fluorescence and reduced Cat B activity compared to

D-SR16 (a Cat B inactive chlorin e6 conjugate) and
saline. Cat B reduction was exhibited only by carotid
arteries subjected to PDT, thus showing the selectivity
of L-SR15. Skin phototoxicity assessments showed
significantly larger damage in areas treated with free
chlorin e6 compared to L-SR15. The study clearly
demonstrated the multilevel selectivity of the con-
struct, which means that theranostic accumulation,
Cat B specific activation and external photo illumina-
tion are required for macrophage ablation. However,
the efficiency of this strategy is compromised by the
requirements for multiple injections and PDT with
invasive surgery. Also, further studies are required to
investigate the effect of Cat B producing macrophage
depletion on plaque stability and size. Finally, trans-
lating this theranostic to other diseases is not feasible
as the role of Cat B is primarily implicated in athero-
sclerosis.  Nevertheless, such stimuli-sensitive
theranostics promise increased selectivity while
sparing benign cells. Similarly, thrombin-sensitive
photosensitizer theranostics have been applied for
increased selectivity in thrombin-rich synovial sites of
RA.[109, 110]

The major aims of photodynamic theranostics in
macrophage ablation are to increase retention, tar-
geting and selectivity to reduce off-target toxicities. It
is important to note that in certain diseases, a subset
of macrophages show beneficial effects (e.g. M2 mac-
rophages in atherosclerosis) and their depletion could
hamper wound healing. A more selective targeting of
macrophage subsets, such as enzyme activated PDT,
could overcome this problem. There is also a need for
imaging and treatment of deep tissues to widen the
spectrum of applications for these theranostics. To
some extent, NIR activatable photosensitizers can
increase the penetration depth of PDT. Furthermore,
MRI and PET contrast agents can help to visualize the
theranostic accumulation in deep tissues, while mi-
croendoscopic techniques could be used to deliver
light and guide the therapy. These multimodal con-
structs have already been utilized in vivo for cancer
[111] and the technology could be transferred to in-
flammatory diseases.

2.1.2. Photothermal therapy

Similar to PDT, photothermal therapy (PTT) is
an externally activatable light therapy. PTT utilizes
photoabsorbers such as organic dyes to generate lo-
calized hyperthermia upon illumination by visi-
ble-NIR light. [2] Hyperthermia can induce cell death
by protein denaturation and disruption of the cyto-
skeleton. [7] Unlike photosensitizers, photoabsorbers
do not produce cytotoxic oxygen products. Prefera-
bly, NIR-absorbing (650-900 nm) material is used to
enable treatment of deep tissues (up to few centime-
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ters). To overcome the limitations of photobleaching
and reduced absorbance by small molecule organic
dyes, several nanomaterials such as gold nanorods
(GNRs), nanoshells and carbon nanotubes have been
studied as NIR absorbing materials.[9, 88, 112] Addi-
tionally, these materials have optical properties that
can be used for in vitro and in vivo imaging. Since ex-
ternal irradiation is required to generate heat, PTT is a
targeted therapy similar to PDT.

Nanoparticles containing gold are promising for
PTT as they are non-photobleaching, generate rapid
heat, and possess optical properties for imaging.[2]
Ma et al. reported the use of dextranated iron oxide
nanoparticles with surface gold coating (nanoroses)
for thermal ablation of atherosclerotic macrophag-
es.[112] Dextran coating provided colloidal stability
during preparation and storage (for 8 months stabil-

O

Optical density

SWNTs

laser + +

ity), apart from acting as a ligand for macrophages.
NIR reflectance imaging showed selective uptake of
nanoroses by macrophages compared to endothelial
and smooth muscle cells, while NIR irradiation ex-
hibited macrophage death by apoptosis in vitro (Fig.
4A). In an in vivo rabbit atherosclerosis model, i.v.
administration of nanoroses and ex vivo analysis
showed their presence in plaque macrophages (Fig.
4B). Since these nanoroses incorporate iron oxide,
they provide an additional imaging capability, MRI.
Furthermore, the authors prepared multimodal na-
noroses by a one-step self-assembly process, which
shows potential for large scale production. Although
the nanoroses showed uptake in plaque macrophages,
further studies are needed to ascertain their in vivo
efficacy.
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Figure 4. PTT of macrophages using gold nanoroses (A-B) and carbon nanotubes (C-E) in atherosclerosis. A) PTT was performed on macrophages in vitro with a single 50 ns
pulse (755 nm, 18 J/cm2). After irradiation without nanoroses, a bright field image indicates that the macrophages were intact (left). After irradiation with nanoroses, a dark field
image shows a zone of macrophage ablation (right). B) Histological sections of atherosclerotic rabbit aorta injected (i.v.) with nanoroses or saline control. Macrophages (brown
color RAM 11 stain) are co-present with nanoroses (bright red reflections). C) Significant decrease in macrophage viability (with SWNTs), assessed by MTT assay, 24 hours after
thermal treatment (*p<0.05). D) Representative serial in vivo FMT images of a carotid-ligated mouse (top) and a sham-operated mouse (bottom) before and after injection of
Cy5.5-conjugated SWNTSs. The low intensity signal in sham mice represents some inflammation from the surgical procedure. E) White light image (left) and intrinsic SWNT NIR
fluorescence image (right) of ex vivo ligated carotid arteries. Solid arrows point to ligated carotid artery from a mouse injected with SWNTs showing high NIR signal, but the
ligated carotid artery from a mouse without SWNTSs show no signal (dashed arrows). Images reproduced with permission from references [9, |12].
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Compared to spherical gold nanoparticles,
GNRs produce intense absorption with tunable ab-
sorption properties, and can be readily synthe-
sized.[113] GNRs also possess optical imaging prop-
erties providing contrast for dark field imaging in the
cellular environment, and two-photon lumines-
cence.[113] Pissuwan et al. synthesized GNRs dis-
playing longitudinal plasmon resonance around 710
nm conjugated to a macrophage targeting monoclonal
antibody (CD11b).[114] Approximately 80 % cell
death was observed upon NIR irradiation (650 nm)
compared to 1 % for unexposed macrophages. Tar-
geted GNRs exhibited cytotoxicity in macrophages,
but not in Chinese hamster ovary cells, thus showing
their selectivity. However, only a moderate increase
in cell death compared to naked GNRs was observed,
which is probably due to the similar cellular uptake of
targeted and naked GNRs. Modification of nanorods
for absorption in the far NIR (>800 nm) could increase
the penetration depth and selectivity for their in vivo
utility. Choi et al. reported dextran coated GNRs ab-
sorbing at a slightly longer wavelength (760 nm).[7] In
comparison with the PEGylated GNRs, dextranated
nanorods showed almost complete cell death upon
NIR illumination (808 nm) which can be attributed to
the higher uptake (2.5 fold) in macrophages. Though
GNRs showed efficient macrophage ablation, further
studies are required to characterize the mechanism of
cell death before pursuing in vivo applications.

In addition to gold-based nanoconstructs, single
walled carbon nanotubes (SWNTs) have also been
used for PTT. Compared to GNRs, SWNTs can
achieve comparable thermal destruction at a 10-fold
lower dose and 3-fold lower power.[115] SWNTs have
intrinsic luminescence above 800 nm, which can be
used to image their uptake.[115] A recent study by
Kosuge et al. showed the feasibility of using SWNTs as
theranostics for PTT and imaging of atherosclerotic
macrophages.[9] In NIR light (808 nm) exposed cul-
ture, more than 90% ablation of macrophages was
observed at nanomolar concentrations of SWNTs,
while SWNTs or light alone showed no toxicity (Fig.
4C). In vivo and ex vivo fluorescence imaging showed
significant (p<0.05) signal accumulation in ligated
carotids compared to mice receiving sham surgery
(Fig. 4D-E). PTT (808 nm) of excised carotids showed
apoptotic macrophages in ligated carotid arteries with
SWNTs, but not in control groups without SWNTs or
without light exposure. Ex vivo PTT is uncomplicated
where focused illumination and plaque access is rela-
tively easy compared to in vivo whole animal PTT.
Therefore, further studies can attempt to perform PTT
in live mice. Furthermore, the selectivity of SWNTs
could be increased by surface coating with targeting
ligands such as dextran. Since carbon nanotubes have

shown toxicities previously [116], a detailed investi-
gation for biocompatibility is needed to use this
nanoconstruct for selective in vivo macrophage erad-
ication in vascular tissue without causing detrimental
effects to the vasculature.

Based on the studies presented, PTT for macro-
phage ablation could be promising in inflamed tissues
that are superficial and accessible by NIR light, such
as RA and atherosclerosis. Several challenges need to
be addressed, such as focused irradiation of target
tissues, release of cellular products post cell death,
light penetration depth in clinical subjects and dissi-
pation of heat by blood flow. Toxicities due to long
term accumulation of photoabsorbers and inflamma-
tory responses caused by damaged tissues during
light therapy [117, 118] mandates in-depth investiga-
tion of this approach.

2.1.3. Cytotoxic chemotherapy

Limited light penetration makes photo-based
therapies impractical for inflammatory conditions in
deeper tissues where surgical or invasive endoscopic
interventions become inevitable. In these conditions,
target-specific accumulation of cytotoxic chemother-
apeutic drugs could be an alternative. Several cyto-
toxic drugs such as clodronate, glucocorticoids, dox-
orubicin and methotrexate are utilized for this pur-
pose.[119-121] Systemic release of a cytotoxic drug
can reduce the global macrophage population, there-
by affecting homeostasis and making the host prone
to infections.[33, 34] In this regard, theranostics could
be employed to target cytotoxic drugs to inflamed
tissue actively (using ligands) or passively (using size)
while the imaging functionality could help visualize
biodistribution and thus predict toxicities.

For this purpose, the effect of prednisolone
phosphate (PLP) encapsulated in MRI-fluorescence
active liposomes was studied on TAMs.[120] PLP is
an anti-inflammatory glucocorticoid with high anti-
cancer activity, but its effect on tumor reduction
comes at the expense of severe side effects. Therefore,
PLP has been previously incorporated in liposomes to
increase tumor targeting and reduce the side effects.
Liposomal PLP (PLP-L) has shown enhanced tumor
reduction compared to PLP alone, though the mecha-
nism was not fully understood.[122] This very de-
tailed study demonstrated the utility of combined
imaging and therapy to understand the mechanism of
PLP action at the tumor site. Fluorescence was used
for histological analysis and microscopy, while con-
trast enhanced MRI with gadolinium (Gd) liposomes
was used to evaluate drug delivery to the tumor site
in a mouse melanoma model. T1-weighted imaging
showed intra-tumoral distribution of Gd-PLP-L based
on pixel contrast enhancement (Fig. 5A). Longitudinal

http://lwww.thno.org



Theranostics 2015, Vol. 5, Issue 2

160

relaxivity changes (AR1, enhanced relaxivity com-
pared to pre-contrast administration) indicated ac-
cumulation of liposomes at the tumor site after single
dose i.v. administration (Fig. 5B). AR1 after Gd-PLP-L
injection showed that the accumulation increased
with tumor volume. Treatment outcome was assessed
by measuring excised tumor volume using MRI. Ir-
respective of the tumor accumulation assessed by
MRI, drastic tumor reduction was observed.
Gd-PLP-L and PLP-L showed similar therapeutic ef-
ficacy while drug free Gd-L showed no effect. How-
ever, only 5% of Gd-PLP-L was accumulated in TAMs
and a 90% drop in systemic leukocyte count was ob-
served. The authors concluded that the systemic drop
in leukocyte count as opposed to TAM depletion
could be the reason for therapeutic efficacy. While
systemic reduction could reduce the tu-
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mor-infiltrating monocytes, a high drop in their count
can make the host susceptible to infections. This
theranostic could be modified with a targeting agent
for increased accumulation in TAMs. Future studies
should evaluate the effect of PLP-L on macrophage
phenotype and their contribution to tumor reduction,
because glucocorticoids have previously shown to
change macrophage phenotype.[123] The relaxivity
changes in the tumor environment could be a function
of local vascular changes during treatment and the
clearance of Gd, which could lead to errors in quan-
tifying PLP-L tissue accumulation. Alternatively,
background free 9F MRI using PFC formulations
could be used. While the use of FDA approved lipo-
somes and Gd makes this platform promising for
clinical translation, detailed in vitro and in vivo char-
acterizations for toxic effects are needed.
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Figure 5. Studies with cytotoxic chemotherapeutic theranostics. A) T|-weighted images of a slice through a tumor-bearing mouse pre- and post- (5 min and 85 min) Gd-PLP-L
theranostic administration. The red line indicates the tumor boundary and the yellow color represents contrast-enhanced pixels that show enhanced tumor accumulation at 85
min. B) T1 distribution maps of a slice through a tumor-bearing mouse before and after (2 h and 24 h) Gd-PLP-L theranostic administration, “T” represents the tumor. C)
Schematic of SPIO-PLGA nanoparticles with surface Avidin for conjugation to antibodies. D) Extended release of methotrexate (MTX) and clodronate (Clod) from PLGA
nanoparticles with and without SPIO. MTX and Clod shows 100% and 35% release respectively after 8 days, while iron release was negligible. Figures adapted and reproduced
with permission from references [120, 121].
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In order to retain imaging capabilities during
controlled drug release, SPIO-PLGA (poly(lactic-co-
glycolic acid)) nanoparticle theranostics were report-
ed.[121] The MR contrast based theranostic platform
has incorporated cytotoxic methotrexate or clodronate
to target macrophages. Fatty acids were used to load
SPIO clusters in the PLGA matrix and surface func-
tionalize with macrophage specific antibody (an-
ti-F4/F80). A schematic of the nanoparticle is shown
in figure 5C. A fluorescent dye (coumarin-6) was in-
corporated to enable confocal imaging, which showed
enhanced uptake in RAW 264.7 and bone marrow
derived macrophages (BMDMSs). Most importantly,
the nanoparticles did not alter the metabolic functions
of macrophages. Methotrexate or clodronate encap-
sulated nanoparticles showed controlled drug release
over several days and a negligible iron oxide release
(Fig. 5D). Drug-loaded nanoparticles exposed to
macrophages showed cytotoxicity while free drugs or
naked nanoparticles did not induce cytotoxicity. The
versatility of the formulation was shown by effective
internalization of nanoparticles functionalized with a
tumor targeting agent in B16 melanoma cells, which
are not phagocytic. In vivo biodistribution studies in a
xenograft tumor model displayed enhanced blood
pool kinetics and tumor retention. These results sug-
gest that the antibody conjugated SPIO-PLGA
theranostic is expected to localize at inflammation
sites and reduce the macrophage burden, while the
clustered SPIO provides enhanced contrast for MRI.
Since the iron release from nanoparticles was mini-
mal, the target tissue could be imaged with high con-
trast during drug release, thus avoiding multiple ad-
ministrations of contrast agent for therapeutic moni-
toring. Besides prolonged release, target site retention
of nanoparticles is crucial for longitudinal imaging
studies. Since the theranostic was constructed with
clinically approved materials, it could have high util-
ity, provided future studies attempt to increase the
retention. Finally, the long term effects of SPIO ac-
cumulation in the body due to high retention and
slow release should be investigated.

2.1.4. Summary

Macrophage ablation therapies are inherently
aggressive; therefore, selectivity is very crucial. Alt-
hough light-mediated theranostics are selective, they
were shown to cause significant tissue damage and
induce inflammatory reactions, which can lead to re-
currence of the disease.[124] From a technological
perspective, guiding light to the anatomically com-
plex locations without causing collateral damage is a
challenge. Chemotherapeutic ablation of macrophag-
es is useful to treat deep-tissue pathologies which are
inaccessible by PDT and PTT. Conferring the

theranostic with tissue selectivity by targeting lig-
ands, stimuli sensitivity, or external activation, is vital
in order to confine the activity to the target tissue.
These aggressive approaches are valuable in
life-threatening diseases such as cancer and less inva-
sive alternatives need to be explored.

2.2. Theranostics utilizing non-ablation ap-
proaches

Reducing the pathogenic activity of macro-
phages could be promising since the detrimental ef-
fects of macrophage ablation and the released toxic
products can be avoided. Macrophages produce a
plethora of pro-inflammatory mediators that damage
the host tissue and these can be targeted by
theranostics. This section discusses non-ablation
based applications of macrophage theranostics.

2.2.1. Macrophage phenotype modulation

As mentioned earlier in this review, macro-
phages in inflammation present with different phe-
notypes that participate in pro- and an-
ti-inflammatory processes. In post-MI, M2 macro-
phages participate in wound healing process. During
the acute phase, pro-inflammatory M1 macrophages
dominate the infarct site and the duration of this
phase affects the infarct size and remodeling process.
Harel-Adar et al. reported the utility of phosphati-
dylserine (PS)-presenting liposomes to modulate
macrophage phenotype in MIL[125] PS is expressed on
apoptotic cells, which are recognized by macrophages
and cleared. Apoptotic cells produce an-
ti-inflammatory effects by inhibiting production of
pro-inflammatory cytokines from macrophages con-
comitant with the secretion of anti-inflammatory cy-
tokines. In this comprehensive study, micrometer size
liposomes encapsulating iron oxide were surface
modified with PS. The presence of iron oxide enabled
visualization of PS-liposome accumulation at the in-
farct site after femoral vein injection in a rat model of
acute MI (Fig. 6A). Following uptake of PS-liposomes
by macrophages, an increase in anti-inflammatory
cytokines (TGF-f and IL-10) and a reduction in
pro-inflammatory tumor necrosis factor- o (TNF-o)
were seen in both in vitro and in vivo (Fig. 6B). The
mannose receptor CD206 was upregulated while the
CD86 surface marker was downregulated showing
the shift of macrophage phenotypes from M1 to M2.
Histological studies revealed the co-localization of
PS-liposomes and macrophages. PS-liposome treated
rats showed increased angiogenesis, preservation of
scars and prevention of heart dilation and left ventri-
cle remodeling, indicating effective wound healing.
Though not evaluated in this study, MRI can be po-
tentially used for dynamic visualization of
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PS-liposome infarct accumulation and monitoring the
response. The contribution of iron oxide to the phe-
notype change requires further investigation because
iron oxide has been previously known to produce
anti-inflammatory cytokine release consistent with
the M2 phenotype.[126] It should also be noted that
excessive scar tissue formation by M2 macrophages
could lead to arrhythmias. Nevertheless, this con-
struct has promising potential for clinical translation
as FDA approved liposomes and iron oxides were
used for constructing the theranostic and clinically
viable i.v. administration was employed.

Another approach to increase M2-activity is by
increasing the infiltration of M2 macrophages to the
MI site. The mineralocorticoid receptor antagonist,
Eplerenone, has previously shown to increase mac-
rophage infiltration and M2 polarization leading to
infarct healing effects.[127] Theranostics for macro-
phage phenotype changes could also be effective in
other diseases such as cancer. Celecoxib, a selective
COX-2 inhibitior, has been shown to change the TAM
phenotype from pro-tumor (M2) to tumoricidal
M1-like.[128] Specific receptors are expressed by
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macrophages displaying different phenotype. There-
fore, these can be used for selective targeting.[129,
130] The advantage of this approach is that, compared
to aggressive macrophage depletion, modulation of
macrophage phenotype is non-destructive and the
likelihood of benign tissue damage is minimal since
no cytotoxic products are released.

2.2.2. Inhibition of macrophage infiltration

Recruitment of macrophages to the inflamma-
tion site increases the pro-inflammatory activities
which can exacerbate disease. Besides selective de-
pletion strategies, macrophage infiltration can be re-
duced by inhibiting the mediators involved in their
recruitment. Bindarit, an inhibitor of monocyte
chemoattractant protein-1 (MCP-1), and Natalizumab,
a leukocyte adhesion molecule inhibitor, have shown
anti-inflammatory effects.[131] However, clinically
CAM inhibitors have been associated with serious
infections due to reduced global leukocyte activity.
Alternatively, theranostics could be promising tools to
study the effects due to the inhibition of these medi-
ators by imaging macrophage infiltration.
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Figure 6. Macrophage phenotype modulation using iron oxide loaded PS-liposomes. A) IH MRI showing contrast changes with the accumulation of PS liposomes (arrow). B)
Cytokine analysis of supernatants from macrophage cultures exposed to PS liposomes. PS-liposomes show an increase in IL-10 and TGF-3 and a reduction in TNF-a compared
to saline and phosphatidyl choline (PC) liposomes. Figures adapted and reproduced with permission from reference [125].
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Inflammatory monocyte/macrophage recruit-
ment to pathological site is mediated by MCP-1 and
its receptor, C-C chemokine receptor type 2 (CCR2).
The non-inflammatory monocyte subset does not de-
pend on this chemokine/chemokine-receptor. [132]
MCP-1 is upregulated in inflammatory mono-
cytes/macrophages leading to enhanced movement
to the disease site. Leuschner ef al. developed a fluo-
rescently-tagged siRNA (small interfering
RNA)-loaded theranostic lipid nanoparticle for CCR2
silencing activity in inflammatory monocytes.[133] A
detailed study outlining the utility of this delivery
vehicle in MI, atherosclerosis, diabetes and cancer
showed compelling results. Dynamic FMT-CT and ex
vivo fluorescence reflectance imaging was used to
visualize nanoparticle/siRNA biodistribution (Fig.
7A), which were predominantly present in splenic,
bone marrow and blood inflammatory monocytes. MI
is characterized by a strong inflammatory response,
which negatively affects the infarct size and heart
function. Compared to a control siRNA (siCON),
CCR2 siRNA (siCCR2) showed a 71% reduction in
inflammatory monocytes while the infarct/area-at-
risk ratio was reduced by 34% in a mouse MI model
(Fig. 7B). Consistent with previous reports [134], in

siCON

siCCR2

vivo imaging studies showed the spleen as the major
organ of theranostic accumulation. Splenectomy per-
formed at the time of MI showed splenic monocytes
as a major target for siCCR2. This theranostic was also
applied in a pancreatic islet transplantation model,
which shows high infiltration of inflammatory mon-
ocytes participating in graft rejection. In a strepto-
zotocin-induced murine diabetes model, siCCR2 na-
noparticles showed increased islet survival and graft
function compared to untreated and siCON groups.
In atherosclerosis, a 3 week siCCR2 therapy showed
82% reduction in inflammatory monocytes and a 38%
reduction in lesion size. TAMs are involved in
pro-tumorigenic functions and their numbers show
negative prognosis. In a xenograft tumor model,
siCCR2 reduced the tumor size compared to siCON
(Fig. 7C) concomitant with a significant reduction in
TAMs (54%). The fluorescence imaging component of
the theranostic is used for in vivo biodistribution
studies and histological analysis. As a theranostic, this
construct has limited clinical applicability due to the
imaging depth limitation associated with fluorescent
agents. Since splenic monocytes were the major tar-
gets, there is a potential for side effects due to the re-
duction in systemic monocyte activity.

Spleen
— Liver

— Kidney

Feces

— Lung

_ Lymph
node

Bone

siCCR2

Figure 7. MCP-1 inhibition by a fluorescent theranostic. A) FMT-CT longitudinal imaging of siCCR2 nanoparticles show spleen accumulation at 120 min (circled region). Ex vivo
imaging of the organs show high fluorescence in the spleen. B) Reduced infarct risk area in siCCR2 compared to siCON, imaged by fluorescence reflectance imaging. C) X-ray
CT image showing tumor reduction in an siCCR2 treated mouse compared to siCON (circled region). Figures reproduced with permission from reference [133].
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Majmudar ef al. [135] evaluated the therapeutic
efficacy of this theranostic by imaging macrophages
in an atherosclerosis model employing clinically used
dextran coated nanoparticles (DNPs). Zirconium-89
radiolabeled (*#*Zr) DNPs were further conjugated to a
NIR dye for cellular visualization. Therapeutic and
imaging agents were incorporated in distinct nano-
particles. Multimodal PET and MR imaging showed
reduced macrophage-labeled DNPs in siCCR2 com-
pared to siCON treated mice, concomitant with
plaque reduction. A potential future expansion of this
concept would be to combine #Zr-DNPs and siCCR2
for simultaneous imaging and therapy. DNPs have
been previously used to incorporate siRNA.[136]
Whether the combination of siCCR2 and DNPs will
increase target site accumulation can be answered by
further studies. These findings show that silencing
inflammatory-monocyte CCR2 has great therapeutic
potential using nanoparticles across the disease mod-
els. Furthermore, only inflammatory mono-
cyte/macrophages depend on MCP-1/CCR2, silenc-
ing CCR2 should not affect the function of wound
healing macrophages.

In addition to MCP-1, CAMs can also be targeted
to reduce macrophage infiltration. CAMs are over
expressed in the inflammatory environment and aid
the adherence and transmigration of leukocytes and
lymphocytes to the target tissue. CAMs have been
used for targeting nanoparticles to the inflamed tis-
sue.[137] Theranostics incorporating CAM inhibitors
such as natalizumab could be functionalized to reduce
side effects and increase target site accumulation.
Macrophage theranostics incorporating CAM inhibi-
tors have not yet been investigated, but could hold
potential for future studies.

2.2.3. Inhibition of pro-inflammatory mediators

Macrophages secrete several pro-inflammatory
mediators in response to injurious stimuli, which if
unchecked can lead to significant tissue injury. In-
flammatory mediators such as prostaglandins, TNF-a
and cytotoxic oxygen products are upregulated in
macrophages during inflammation. Thesecould be
targeted for imaging and therapeutic purposes.

Tumor necrosis factor-a

TNF-a is a potent pro-inflammatory cytokine
produced primarily by activated M1 macrophages.
Dysregulated production of TNF-a has been impli-
cated in cancer, RA, inflammatory bowel disease
(IBD), and Alzheimer’s disease.[138, 139] Clinically
used anti-TNF-a therapeutics, infliximab and etaner-
cept are associated with severe infections and malig-
nancies due to their non-selectivity.[140] Nanoparti-
cles inhibiting TNF-a expressed by inflammatory

macrophages have been widely investigated. Nano-
particles facilitate targeted delivery of TNF-a
inhibitors such as siRNA to inflammatory
macrophages and increase their oral absorption.[141,
142] The following studies present theranostics that
incorporate TNF-a siRNA to target macrophages,
thereby increasing oral absorption and site specific
delivery.

Microparticles encapsulating Map4k4 siRNA
were prepared for oral delivery to inhibit systemic
TNF-a.[141] Map4k4 is an enzyme involved in the
TNEF-a signaling pathway. It was proposed that gut
associated macrophages can take up microparticles
and infiltrate other organs leading to TNF-a reduc-
tion. Microparticles were prepared by a series of alka-
line, acid and solvent extractions from baker’s yeast
and fluorescently tagged (GeRPs). The outer shell of
GeRPs contained 1,3-p-glucan to facilitate recep-
tor-mediated uptake by macrophages
through B-glucan receptors. Fluorescent labeling of
GeRPs and siRNA with distinct fluorescent reporters
enabled in vitro and in vivo macrophage uptake as-
sessment using confocal microscopy. Fluorescence
cellular imaging of tissue macrophages showed that
orally administered siRNA-GeRPs migrated to liver,
spleen and lungs thereby reducing systemic TNF-a.
The formulation protected mice from LPS-induced
lethality. However, multiple preparation and purifi-
cation steps, along with a dosing frequency of 8 days,
present challenges in the large scale production and
clinical utility of this theranostic.

A subsequent study by Yin et al. reported su-
pramolecular self-assembled nanoparticles (SSNPs)
involving a simpler formulation method and with
multiple functionalities.[142] In SSNPs, chitosan was
used for permeation enhancement, mannose for
macrophage uptake, cysteamine for mucoadhesion,
and a polypeptide for cell internalization and endo-
somal escape. Similar to the previous study, fluores-
cent dye (Cy3 or Dy800) labeled siRNA-SSNPs
showed uptake in intestine, lung, liver and spleen. In
LPS-induced mouse hepatic injury, a single oral dose
of SSNPs produced an 80% reduction in systemic
TNEF-a, which is comparable to multiple administra-
tions of GeRPs.[141] The increased efficacy could be
attributed to the multivalent targeting functionality of
the nanoparticles and also the use of TNF-a specific
siRNA. Clearly, this system is an improvement over
GeRPs in terms of potency and dosing regimen. Fur-
thermore, a widely accepted oral route of administra-
tion and high potency are promising features of this
platform. However, a large number of components
can be a concern for scalability and a systemic reduc-
tion in TNF-a could lead to opportunistic infections
similar to current antibody therapies, necessitating

http://lwww.thno.org



Theranostics 2015, Vol. 5, Issue 2

165

careful monitoring.

Komano et al. reported the use of anti-TNF-a
siRNA-loaded liposomes called wraposomes (WS)
targeting synovial macrophages in a mouse model of
arthritis.[143] First, biodistribution studies were per-
formed using a fluorescent labeled non-therapeutic
siRNA liposome (Cy5-siRNA/WS). Fluorescence
imaging showed specific accumulation in arthritic
joints after i.v. administration and increased fluores-
cence compared to naked siRNA. Synovial macro-
phages (70%) were the major cellular targets of the
siRNA/WS. To evaluate therapeutic efficacy,
Cy5-siRNA was replaced with a non-fluorescent an-
ti-TNF-a siRNA which showed reduced arthritic
score, paw thickness and TNF-a compared to con-
trols. As the construct showed negligible accumula-
tion in liver, spleen and blood, side effects related to
systemic TNF-a inhibition are likely to be minimal.
Despite the absence of targeting ligands, WS showed
high selectivity for synovial macrophages. Although
the same construct is used for both imaging and
therapy, the inter-subject variability could lead to
differences in bioaccumulation. For future studies,
co-incorporation of imaging agents and TNF-a siRNA
in the same construct can enable individualized as-
sessment of bioaccumulation, which could vary due
to the differences in arthritic inflammation among
subjects. [13]

Cyclooxygenase-2

Cyclooxygenase (COX) enzymes, COX-1 and
COX-2 are involved in several homeostatic functions.
COX enzymes convert arachidonic acid into potent
inflammatory mediators called prostaglandins.
COX-1 is constitutively present and involved in
‘housekeeping’ functions whereas COX-2 is mainly
implicated in inflammation.[144] COX-2 plays an
important role in the pathogenesis of inflammatory
diseases, where it is over-expressed.[145, 146] A sub-
class of mnon-steroidal anti-inflammatory drugs
(NSAIDs) that selectively inhibit COX-2 has proven
effective against cancer, atherosclerosis, RA, IBD, and
neurodegenerative diseases.[146-149] Development of
COX-2 specific PET and fluorescence imaging agents
to detect cancer and inflammation have demonstrated
the role COX-2 plays in inflammatory diseases.[150,
151] COX-2 is highly induced in Ml
(pro-inflammatory) macrophages.[36] Due to its
ubiquitous presence in inflammatory diseases,
theranostics inhibiting macrophage COX-2 activity
could find wide applicability. In cancer, COX-2 si-
lencing has delayed tumor formation and reduced
metastasis. Lisposomal COX-2 siRNA co-incorporated
with iron or gadolinium-based MRI contrast agents
were used to visualize COX-2 siRNA delivery to tu-

mors.[152] The presence of MRI contrast agent al-
lowed for tracking biodistribution and cancer tissue
accumulation. Though the study did not evaluate the
effect of the COX-2 siRNA theranostic in macrophag-
es, it could be applied to inflammatory diseases in-
volving macrophages.

We have recently developed a PFC theranostic
incorporating celecoxib for COX-2 inhibition in acti-
vated macrophages.[153] NIR fluorescent reporter
and celecoxib incorporated non-toxic PFC nanoemul-
sions were prepared using microfluidization. Dual
mode imaging capabilities helped us to assess
nanoemulsion uptake in macrophages by confocal
microscopy, NIR fluorescence imaging and F NMR
(Fig. 8A-B). A high correlation between F NMR and
fluorescence signal intensities at different doses indi-
cated that either of the imaging modalities can be uti-
lized. In LPS activated macrophages, celecoxib-loaded
nanoemulsion showed complete shutdown of COX-2
activity assessed by PGE2 release compared to con-
trols (Fig. 8C). The presence of PFC aided in quantita-
tive uptake measurements by °F NMR (101! F per
cell) and could help visualize macrophages in in-
flammatory diseases with F MRI. In addition to
COX-2 inhibition, celecoxib has shown to reduce
MCP-1 [146] and CAMs [148] in other studies, which
could further reduce the inflammatory activity. Taken
together these effects, theranostics utilizing COX-2
inhibitors have promising potential against inflam-
matory diseases. Further in vivo studies to evaluate
the effect of our celecoxib theranostic on macrophage
phenotype in inflammatory disease models are cur-
rently underway. Compared to using biologics such
as siRNA and oligonucleotides, well studied small
molecule COX-2 inhibitors have greater potential for
clinical translation.

Reactive oxygen species

Reactive oxygen species (ROS) is a collective
term for highly reactive small chemical molecules
possessing oxygen, such as hydrogen peroxide
(H20,), superoxide and hydroxyl radicals, which are
byproducts of cellular metabolism.[154, 155] ROS are
involved in cell signaling pathways in several biolog-
ical and pathophysiological settings. Excessive ROS
causes oxidative stress and is implicated in several
inflammatory diseases. H2O.is a precursor of several
ROS and is overproduced in an inflammatory envi-
ronment making it a selective marker of inflamma-
tion. Activated macrophages and neutrophils are the
major source of ROS in the inflammatory environ-
ment.[154]

Cho et al. showed in vitro and in vivo the an-
ti-inflammatory activity of chemiluminescent antiox-
idant micelles incorporating the antioxidant, hydroxyl
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benzyl alcohol (HBA) and a fluorescent dye (Fig.
9A).[156] Pluronic® F127 micelles were prepared with
biodegradable copolyoxalate polymers conjugated to
HBA. Fluorescent dye was incorporated in the micelle
for close proximity. The presence of HO; resulted in a
POCL (peroxylate chemiluminescence) reaction
leading to the transfer of energy to the nearby fluo-
rescent dye (Fig. 9B). In LPS activated macrophages,
the theranostic micelles reduced H>O, production
compared to control and HBA-nanoparticles (Fig. 9C).
Micelles were injected at the site of inflammation in-
duced by LPS in a mouse model. Chemiluminescence
was observed at the inflammation site and reduced
when H>O» degrading catalase was present due to
inhibition of the POCL reaction (Fig. 9D). Micelles
were specific to H>O but no other ROS metabolites,
showing the specificity of the theranostic. Since lu-
minescence as well as release of HBA occurs in the
presence of HxO», this theranostic shows high in-

A

flammation sensing potential. Intravenous admin-
istration of these micelles could therefore provide
selectivity for diseased sites, thereby avoiding
non-selective systemic reduction in HO», which could
shutdown cell signaling pathways leading to meta-
bolic imbalance. The study shows the promising fea-
tures of this theranostic as an in vitro, ex vivo and pre-
clinical diagnostic and therapeutic tool. Clinically,
such constructs could find potential applications in
surface accessible inflammatory conditions similar to
PDT and PTT, where fluorescence intensity can be
used to sense ROS activity and hence the treatment
efficacy. Redox sensitive MR contrast agents [158] and
ROS sensing PET imaging agents were reported be-
fore, which could find clinical applicability as a
H>O»-responsive theranostic in macrophage-mediated
diseases.

L =] ® ©
@ S W @
« © - «
@ ~ Q 9
600,
* vs Untreated
~ 5004 # vs DMSO
E $ vs Control
2 4004
& 300
w Cells
e RN Eme= Cells
' 2004 ,
& : |
1004 A ke 1t
0
Untreated Control DMSO Free drug Emulsion
in DMSO B I T T T T T
ppm (t1 IGO.O £5.0 -710.0 -75.0 £00 85.0 900 5.0
LPS treated

Figure 8. A multimodal theranostic for COX-2 in macrophages. A) Confocal microscopy of macrophages showing cell membrane in green (FITC) and nanodroplets in red
(Cellvue® burgundy dye). B) Representative '9F NMR and NIRF imaging of cells labeled with PFC theranostic. C) PGE; estimation in supernatants of cells exposed to different
treatments followed by 4 h LPS activation (¥, #, $ = p<0.0001). Figures reproduced from reference [153].

http://lwww.thno.org



Theranostics 2015, Vol. 5, Issue 2

167

A
OO~

HPOX
Self -
—_—
F-127

Fluorescent Dye *

O
O

100 —
g
il 80 :
1=
o
o
o 60
=]
~
&
- 40
@
o
=}
% 20
) Ij
0
control micelles micelles micelles nanoparticles
25ug/mL S0ug/mL 100ug/mL 1000ug

FOMO~

Copolyoxalate

H.0 \ H.0;

HO.
St = , -OH CO
on HO™ :

NoLPS § +LPS
i ps'cm?sr!
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Myeloid-related protein-8/14

In addition to the above discussed targets, mac-
rophages express many enzymatic, protein and lipid
based targets for therapeutic intervention. Mye-
loid-related protein-8/14 (Mrp-8/14) is a member of
the S100-family of Ca?*-modulated proteins.[159] It
participates in vascular inflammation, macrophage
recruitment and pro-inflammatory cytokine release.
Mrp-8/14 is found abundantly in atherosclerotic
plaques making it a target for anti-inflammatory
theranostic. Mrp-8/14 is detected in the cytoplasm of
neutrophils and macrophages. Maiseyeu et al. target-
ed Mrp-8/14 in a mouse atherosclerotic model using a
multivalent theranostic containing PS,
w@-carboxynonanoyl-cholesteryl ester and an anti-Mrp
antibody coupled with gadolinium nanoparticle
(aMrp-NP).[159] The ®-carboxynonanoyl-cholesteryl
ester (expressed on foam cells) and PS were utilized
for uptake by macrophages, while the anti-Mrp anti-
body was used as an anchor for retention in athero-
sclerotic plaques. These functionalities gave the na-
noparticle a multivalent targeting capability. In vitro
studies in BMDMs of the atherosclerotic mouse
showed neutralization of Mrp 8/14 pro-inflammatory
effects with aMrp-NP possibly by antigen-antibody
interactions. In vivo studies in the murine atheroscle-
rotic model confirmed the presence of aMrp-NP

around the plaque by MRI. Nanoparticles were ac-
cumulated mostly in neutrophils, monocytes and
endothelial cells. Although, in vivo theranostic utility
was not shown, multivalent targeting has the poten-
tial to be effective in plaque reduction. Also, the
presence of PS might enhance the therapeutic effect by
changing the macrophage phenotype and targeting a
subset of macrophages as observed previously.[125]
Further in vivo studies to outline the therapeutic ef-
fects of these functionalities are warranted.

2.3. Summary

Inhibition of macrophage infiltration and
pro-inflammatory mediator production has been the
main strategy for current clinical anti-inflammatory
therapies. Nanoparticles and more specifically,
theranostics are promising platforms to assess and
limit the toxicities of these therapies. Based on the
presented studies, theranostics can facilitate evalua-
tion of macrophage uptake, biodistribution of the
drug carrier, targeted delivery, increased oral absorp-
tion and environment sensitive drug release.

3. Limitations and Future Perspective

A significant growth in the field of theranostics
has occurred in the last decade, primarily for cancer
and inflammatory diseases. However, clinical trans-
lation of theranostics still remains a distant dream.
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One of the greatest challenges for the translation is the
feasibility of large-scale economic production.
Theranostics contain multiple active functionalities
(Fig. 2) and usually require several preparation, puri-
fication and processing steps, which present scale-up
challenges. As a result, most of the developed
theranostics are confined to the laboratory and pre-
clinical research. Regulatory approval of theranostics
could hit many roadblocks due to the complexity of
their design and the materials used with minimum
characterization. Utilizing FDA approved
well-characterized excipients, imaging and therapeu-
tic agents could speed up the regulatory approval
process. Yet, safety of individual components may not
translate into safety of the theranostic system as a
whole. Therefore, rigorous toxicological characteriza-
tion of theranostics needs to be performed. Macro-
phage theranostics could require additional charac-
terization for phenotype modulation effects because
components of the reported theranostics such as glu-
cocorticoids, celecoxib, iron oxide and liposomes have
been shown to change the macrophage phenotype.
[123,125, 126, 128]

As detailed in this review, macrophage targeted
theranostics have shown promising results in pre-
clinical models for simultaneous imaging and thera-
py. However, several limitations need to be ad-
dressed. For example, the majority of the presented
theranostics utilized optical imaging, whose clinical
applicability is limited by light penetration. While,
PET and SPECT can be used for evaluation studies in
preclinical and clinical subjects, regular use of these
modalities for diagnosis and therapy monitoring are
limited by radiation exposure. Theranostics that in-
corporate paramagnetic MRI contrast agents have
potential, but the inherent tissue background limits
unambiguous detection of macrophages. Although °F
MRI is in the developmental stages, this imaging
technique holds great potential due to near-zero
background leading to quantitative detection. The
low sensitivity of MRI, which requires a large amount
of imaging agents necessitates careful evaluation for
their biocompatibility, elimination and toxicity.

Since macrophages exhibit varied phenotypes,
development of theranostics that selectively target
specific phenotypes could overcome the toxicities
associated with the non-selective macrophage abla-
tion by PDT, PIT and cytotoxic drugs. Current an-
ti-inflammatory therapies are majorly concentrated in
targeting inflammatory mediators such as TNF-q,
prostaglandins (COX-2) and inhibition of macrophage
migration. In this regard, biologics such as siRNA
showed potent anti-inflammatory properties, but
were usually associated with severe toxicities. While
theranostics could limit these toxicities by site-specific

targeting, challenges associated with large scale pro-
duction of biologics [160] could add to the existing
limitations of theranostics for clinical translation. Al-
ternately, small molecule anti-inflammatory drugs
with well characterized efficacy, toxicity and safety
profiles could be applied for theranostic research.
Amongst these drugs, NSAIDs have shown efficacy
across inflammatory disease models, but their effect
on macrophage modulation is not well understood.
For example, celecoxib reduces inflammation by in-
hibiting COX-2 production, whereas in cancer, it has
shown to increase the pro-inflammatory activity of
TAMs by changing their phenotype to Ml-like. An
interesting area for future research could be the ap-
plication of theranostics to elucidate the mechanism of
action of such drugs on macrophage activity. In this
regard, theranostics could help visualize macrophag-
es in the inflammatory environment, while the in-
corporated drug modulates their activity.

4. Conclusions

Macrophages are widely present and generally
accessible cellular components in inflammatory dis-
eases. In this review, a number of molecular targets of
macrophages that are indicated in several diseases
were discussed and the potential of theranostics in
simultaneous imaging and therapy were demon-
strated. The presented theranostics showed selectivity
for disease-specific macrophages by light-based acti-
vation, the use of targeting ligands, enzyme and redox
sensitive drug release. Studies also showed the utility
of imaging for the assessment of macrophage uptake,
biodistribution, visualization of target accumulation
and therapy monitoring. Macrophage targeted
theranostics have demonstrated efficacy in several
inflammatory diseases either by reduction of macro-
phage numbers or inhibition of inflammatory activity.
Theranostics have also been shown to increase the
oral absorption of biologics through macro-
phage-mediated uptake. Based on these results, it can
be concluded that the theranostics targeting of mac-
rophages holds great promise for diagnosis and
treatment of the inflammatory diseases, leading to to
effective disease management.
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